A Study Of Novel Methods For The In Situ
Remediation Of Arsenic Contaminated
Soils.

William Hartley

A thesis submitted in partial fulfilment of the requirements of Liverpool John
Moores University for the degree of Doctor of Philosophy.

July 2002



ACKNOWLEDGEMENTS

My sincerest thanks go to Professor Nicholas W. Lepp, for his encouragement,
much valued guidance and especially for the long hours that he spent proof-reading this

thesis. It was his continued confidence in me that enabled this work to be completed.

I would like also to thank Dr. Robert Edwards for his guidance and support during
the early part of this work.

. A special thank you goes to the all research technicians; Nicola Dempster, John
Pinnington, Ted Sayers, Rob Allen and Ken Woodman for their invaluable help,

especially in carrying the many bags of soil up to the greenhouses.

I would also like to thank John Garner for his help in ordering chemicals and

providing stationary and computer discs.

My thanks go to the ecology technicians for their assistance and to Don Thompson

in allowing me the use of the greenhouses to carry out my plant studies.

I would also like to thank Dr. Phil Rowe for his valued guidance in statistical

analysis. Without his help statistical analysis of the data would not have been possible.

I would also like to express thanks to my friends in the laboratory, Andy Worgan,
Bill Beesley and Art Rakbamrung for providing me with advice at the start of this project.

I would also like to thank Liverpool John Moores University who funded this

work.

I finally express appreciation to my family, who have provided me with continual

support and encouragement over the last few years.



Contents

List of tables
Abstract
1. Introduction
1.1 Arsenic contaminated land
1.2 The chemistry of arsenic in soils
1.2.1 Soil Properties
1.2.2 Arsenic adsorption /desorption in soils
1.2.3 The importance of competing ions
1.3 Remediation methods

1.4 Reasons for research

2. Site characterisation and general methods
2.1 The collection and preparation of soil samples
2.2 Soil and site characterisation
2.2.1 Kidsgrove
2.2.2 Merton Bank, St Helens
2.2.3.Rixton clay pits
2.3 Preparation of soils for analysis
2.4 Analysis of soil characteristics
2.4.1 pH
2.4.2 Organic matter
2.4.3 Moisture content of fresh soil
2.5 Arsenic analysis using Hydride generation
2.6 Heavy metal analysis using inductively coupled
plasma emission spectrometry (ICP AES)
2.7 Total metals analysis by X-ray fluorescence spectrometry (XRF)
2.8 Preparation of plant tissue samples for metal analysis
2.8.1 Microwave digestion of plant / soil material
2.8.1.1 Leaves
2.8.1.2 Soil

2.9 Preparation of goethite (a— FeOOH)

Pages

V-1X
X-X1
1-16
1-5
5-6

8-10
10
11-14
14-16

17-26
17
17-19
17
18
18-19
19
19-21
20
20
21
21-22

22
23
23
24-23
24
25

25-26



3. Adsorption studies using iron oxide additives
3.1 Introduction
3.2 Natural occurrence of iron oxides
3.3 Structure
3.4 Adsorption process
3.5 Characterisation of additives
3.5.1 X-ray Diffraction
3.5.2 Thermal analysis
3.5.3 Surface area
3.5.4 Scanning electron microscopy
3.6 Experimental batch adsorption investigations

3.7 Results and discussion

3.8 Conclusions

4, Metal partitioning and speciation in iron oxide-amended soils
4.1 Introduction
4.2 Experimental
4.2.1 Preparation of reagents
4.2.2 Preparation of soil samples
4.2.3 Extraction procedure
4.2.3.1 Stage 1
4.2.3.2 Stage 2
4.2.3.3 Stage 3
4.2.3.4 Stage 4
4.2.3.5 Analysis
4.3 Results and discussion
4.3.1 Exchangeable metals

4.3.2 Carbonate metals
4.3.3 Metals bound to iron and manganese oxides

4.3.4 Organic matter bound metals

4.3.5 Statistical analysis

4.4 Conclusions

27-47
27
27-28
28-29
29-32
32-34
33
33
33-34
34
34
35-46
46-47

48-76
48-51
52
52
52-33
35-56
55
35
29
55-56
56
57-67
57-58
58-59
59-64
64-65
65-67
67-68

1]



5. A comparison of leaching tests to determine arsenic mobility
in iron oxide-amended soils

5.1 Introduction

5.2 Experimental
5.2.1 UK Environmental Agency leaching test (UKEA)
>.2.2 American Society of Testing and Materials leaching

test (ASTM)

5.2.3 Dutch Environmental Agency leaching test NEN 7343)
5.2.4 Modified column leaching test

5.3 Results

5.3.1 Statistical analysis

5.4 Discussion

5.5 Conclusions

6. The effect of additives on plant growth in arsenic contaminated soil

6.1 Introduction
6.2 Experimental
6.2.1 Matenals and methods

6.2.2 harvesting and analysis of plant material
6.3 Growth observations

6.4 Statistical analysis

6.5 Results
6.5.1 Plant productivity: Spinach and tomato

6.5.2 Microcosm plant growth (Perennial ryegrass)

6.5.3 Accumulation of metals in spinach and tomato
6.5.4 Accumulation of arsenic by perennial ryegrass
6.6 Discussion

6.7 Conclusions

7. Conclusions and suggestions for future work

References

77-113
77-79
79-83
79-80

80

80-82
82-83
83-93
93-95
95-97
97-98

114-172
114-117
117-118
117-118
118

118

119

119-151
119-125
126-127
127-134
134-135
152-157
157-158

173-184

185-208

1i



Appendix 1

1.1 X-ray fluorescence spectrometry
1.1.2 Instrumentation
1.2 Atomic absorption spectrometry
1.2.1 Introduction
1.2.2 Principle
1.2.3 Apparatus
1.2.4 Radiation source
1.2.5 Flame atomic absorption spectrometry (FAAS)
1.3 Arsenic analysis by Hydride generation AAS
1.4 ICP-AES
1.4.1 The ICP source unit

209-218
209
209-210
211
211
211
211-212
212-213
213-214
214-216
217
217-218

1V



List of Tables

Table 1.1

Table 2.1

Table 3.1

Table 4.1

Table 4.2

Table 4.3
Table 4.4
Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Table 4.11

Table 4.12

Table 4.13

Table 4.14

Table 4.15

Table 4.16

Current remediation technologies available
for remediation of contaminated land

Operating parameters for the analysis of
Arsenic with a Perkin Elmer 100 FIAS system

Specific surface areas for the additives

Background edaphic factors

XREF total iron, calcium and sulphur present in
the contaminated soils.

XRF total metal concentrations

Nitric acid-extractable total metal concentrations

Scheme for sequential extraction

Mean concentrations of arsenic (ppb) extracted
sequentially from the three soils

Mean concentrations of copper (ppm) extracted
sequentially from the three soils

Mean concentrations of cadmium (ppm) extracted
sequentially from the three soils

Mean concentrations of zinc (ppm) extracted
sequentially from the three soils

Mean concentrations of lead (ppm) extracted
sequentially from the three soils

Cumulative concentration of arsenic and heavy metals
Extracted sequentially from Kidsgrove soil

Cumulative concentration of arsenic and heavy metals
Extracted sequentially from Rixton soil

Cumulative concentration of arsenic and heavy metals
Extracted sequentially from Merton Bank soil

General linear model for arsenic

General linear model for copper

General linear model for cadmium

13

22
40
53

53

54
54
56

69

70

71

72

73

74

74

74

75

75

75



Table 4.17
Table 4.18

Table 5.1

Table 5.2

Table 5.3

Table 5.4
Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12

Table 5.13

Table 5.14

Table 5.15

Table 5.16

General linear model for zinc
General linear model for lead

Eluate volumes collected during the Dutch
Leaching tests

Eluate volumes collected during the modified
column leaching tests

Standard leaching tests for the three soils. Leached
arsenic from Un/treated soils.

Leached arsenic from the Dutch test
Leached arsenic from modified column test

Effect of additives on contaminated soils (% change
in leachable arsenic.

Copper, cadmium, zinc and lead concentrations present
in the leachates of the UK EA leaching test

Copper, cadmium, zinc and lead concentrations present
in the leachates of the ASTM leaching test

Copper, cadmium, zinc and lead concentrations present
in the leachates of the modified column test

Changes in pH of fractions from Kidsgrove soil during
the modified column test.

Changes in pH of fractions from Rixton soil during
the modified column test.

Changes in pH of fractions from Merton Bank soil during

the modified column test.

pH values for the three contaminated soils from the UK EA

and ASTM tests

General Linear Model for arsenic leached from modified

column tests

General Linear Model for arsenic leached from EA water

extract tests

General Linear Model for arsenic leached from the ASTM

Tests

76
76

82

83

99

100
100

101

102

103

104

105

106

107

108

109

109

109

Vi



Table 5.17

Table 5.18

Table 5.19

Table 5.20

Table 5.21

Table 5.22

Table 5.23

Table 5.24

Table 5.25

Table 5.26

Table 5.27

Table 5.28

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

General Linear Model for copper leached from the
modified column tests

General Linear Model for cadmium leached from the
modified column tests

General Linear Model for zinc leached from the
modified column tests

General Linear Model for lead leached from the
modified column tests

General Linear Model for copper leached from the EA
water extract tests

General Linear Model for cadmium leached from the EA
Water extract tests

General Linear Model for zinc leached from the EA
Water extract tests

General Linear Model for lead leached from the EA
Water extract tests

General Linear Model for copper leached from the ASTM
tests

General Linear Model for cadmium leached from the ASTM
fests

General Linear Model for zinc leached from the ASTM
fests

General Linear Model for lead leached from the ASTM
tests

Effect of additives on yield, mean metal concentration and
metal uptake in spinach plants growing in Kidsgrove soil

Effect of additives on yield, mean metal concentration and
metal uptake in tomato plants growing in Kidsgrove soil

Effect of additives on yield, mean metal concentration and
metal uptake in spinach plants growing in Rixton soil

Effect of additives on yield, mean metal concentration and
metal uptake in tomato plants growing in Rixton soil

Effect of additives on yield, mean metal concentration and
metal uptake in spinach plants growing in Merton Bank soil

110

110

110

111

111

111

112

112

112

113

113

113

159

160

161

162

163

vil



Table 6.6

Table 6.7.a

Table 6.7.b

Table 6.7.c

Table 6.7.d

Table 6.7.e

Table 6.7.1

Table 6.8.a

Table 6.8.b

Table 6.8.c

Table 6.8.d

Table 6.8.e

Effect of additives on yield, mean metal concentration and
metal uptake in tomato plants growing in Merton Bank soil

Eftect of additives on yield, mean metal concentration and
arsenic uptake in ryegrass shoots grown in Kidsgrove soil
for the 1 harvest.

Eftect of additives on yield, mean metal concentration and
arsenic uptake in ryegrass shoots grown in Kidsgrove soil
for the 2™ harvest.

Effect of additives on yield, mean metal concentration and

arsenic uptake in ryegrass shoots grown in Kidsgrove soil
for the 3™ harvest

Effect of additives on yield, mean metal concentration and

arsenic uEtake In ryegrass shoots grown in Kidsgrove soil
for the 4" harvest

Eflect of additives on yield, mean metal concentration and
arsenic uEtake in ryegrass shoots grown in Kidsgrove soil
for the 5" harvest

Total yield, arsenic concentration and arsenic uptake in
ryegrass shoots grown in Kidsgrove soil over one growing
season

Eftect of additives on yield, mean metal concentration and
arsenic uptake in ryegrass shoots grown in Rixton soil
for the 1% harvest

Effect of additives on yield, mean metal concentration and
arsenic uptake in ryegrass shoots grown in Rixton soil
for the 2™ harvest

Effect of additives on yield, mean metal concentration and
arsenic ugtake in ryegrass shoots grown in Rixton soil
for the 3™ harvest

Effect of additives on yield, mean metal concentration and
arsenic u'?take in ryegrass shoots grown in Rixton soil
for the 4" harvest

Effect of additives on yield, mean metal concentration and
arsenic ugtake 1n ryegrass shoots grown in Rixton soil
for the 5" harvest

164

165

165

165

166

166

166

167

167

167

168

168

Vilii



Table 6.8.f

Table 6.9.a

Table 6.9.b

Table 6.9.c

Table 6.9.d

Table 6.9.¢e

Table 6.9.f

Table 6.10

Table 6.11

Table 6.12

Table 6.13

Total yield, arsenic concentration and arsenic uptake in
ryegrass shoots grown in Rixton soil over one growing

S€asSon

Effect of additives on yield, mean metal concentration and
arsenic uptake in ryegrass shoots grown in Merton Bank soil
for the 1% harvest

Effect of additives on yield, mean metal concentration and
arsenic uptake in ryegrass shoots grown in Merton Bank soil

for the 2™ harvest

Effect of additives on yield, mean metal concentration and
arsenic ugtake in ryegrass shoots grown in Merton Bank soil

for the 3™ harvest

Effect of additives on yield, mean metal concentration and
arsenic uEtake in ryegrass shoots grown in Merton Bank soil

for the 4" harvest

Effect of additives on yield, mean metal concentration and
arsenic uE)takc in ryegrass shoots grown in Merton Bank soil
for the 5™ harvest

Total yield, arsenic concentration and arsenic uptake in

ryegrass shoots grown in Merton Bank soil over one growing

SCASOI

ANOVA (one-way) with Dunnett’s Test

Balanced analysis of variance for ryegrass grown in
Rixton soil

Balanced analysis of variance for ryegrass grown in
Kidsgrove soil

Balanced analysis of variance for ryegrass grown in
Merton Bank soil

168

169

169

169

170

170

170

171

172

172

172



ABSTRACT

The aim of the work described in this thesis was to evaluate the effectiveness of a
number of iron-bearing additives in order to attenuate the toxic trace element arsenic in
contaminated soil. These were selected for their known or potential ability to adsorb
arsenic anions, thus changing the speciation of As in a soil system. Three arsenic

contaminated soils were chosen: canal dregings, coal fly ash deposits, and low-level alkali

waste. The selected amendments were goethite (aFeOOH), iron grit, iron II and III
sulphates (plus lime), and lime. A series of investigations were conducted to evaluate the
potential of these amendments.

Initial investigations focused on in vitro studies, to determine if changes in pH
and/or arsenic concentration affected the adsorption capabilities of the additives. The
resulting 1sotherms demonstrated that all iron oxides adsorbed arsenic effectively at pH 5
but, with the exception of iron III sulphate (plus lime), As adsorption decreased under
alkaline conditions (pH9).

Changes in the speciation of arsenic in iron oxide-treated soils were evaluated
using a sequential extraction procedure. Test soils were initially incubated with each
amendment, and then extracted using a sequence of reagents with increasing chemical
action. These displaced As from different soil fractions. Results demonstrated that As
was mostly released in stage three of the extraction procedure, which removed metals
bound to iron and manganese fractions. Reduced As liberation was also evident in the
magnesium chloride fraction (stage 1), which released metals from the exchangeable pool.
This is important because this compartment contains plant available As. A range of
leaching studies were then conducted to evaluate the mobility of arsenic in the amended
contaminated soils. Tests demonstrated both the short and long-term efficiency of the iron
oxides, which significantly reduced concentrations of arsenic in the leachates from all
treated soils. Amended soils were also observed to contain higher levels of lead in their
leachates, signifying that Fe-oxides potentially increased Pb mobility in treated soils.

Changes in plant-available As were monitored with greenhouse trials. These used
spinach (Spinacia oleracea) and tomato (Lycopersicon esculentum) for short-term tests
and ryegrass (Lolium perenne) for a longer-term evaluation in amended As contaminated
soils. Concentrations of As in plant tissues were reduced in treated soils, and visual

appearance of plants was improved when compared to those grown in untreated



substrates, indicating that the bioavailability of arsenic had been reduced. The overall
conclusions were that whilst Fe-oxides may be used as effective in situ amendments to

reduce labile As in soils, their effects on other elements, such as Pb, should not be

ignored.
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CHAPTER 1.

INTRODUCTION

1.1. Arsenic contaminated land

Arsenic (As) is the fifty-second most abundant element in the Earth’s crust
(Adriano, 1986) and belongs to subgroup V in the elemental table, having an atomic
number of 33 and an atomic weight of 74.922. Arsenic has an outer electronic
configuration of 4s* 4p°. In its elemental state arsenic is a crystalline metalloid that may
exist in its yellow, black, or grey (the most stable) allotropic forms (Peters et al., 1996). It
occurs naturally in mineral ores, with approximately 60% being arsenates, 20% sulphides
and sulphosalts and the final 20% being arsenides, arsenites, oxides and elemental arsenic
(Onishi, 1968). Arsenopyrite, (FeAsS) 1s the most common arsenic mineral, but arsenic is

also a dominant constituent of 245 other species of mineral (National Academy of

Sciences, 1977a).

Increased levels of arsenic have been associated with the presence of sulphide
minerals such as pyrites and in this form it is very stable and insoluble. After exposure to
air the pyrites oxidise, yielding water-soluble arsenic salts (Woolson, 1983a). As well as
occurring naturally in mineral ores, arsenic is present in igneous rocks and sedimentary
deposits. However, concentrations are higher in sedimentary rocks compared to igneous

strata (Bhumbla and Keefer, 1994).

In a soil system, the main source of arsenic is the parent material from which it has
been derived (Yan-Chu, 1994). There are numerous ways in which arsenic can exist in
the soil environment, either as a mineral deposit, complexed with organic material or

bound as an inorganic oxyanion to cations in the soil (Peters et al., 1996). Due to its

readiness to bind with sulphur ligands, arsenic is found associated with mineral deposits
producing sulphides. These sulphide ore deposits may have arsenic concentrations of as

much as 8000 mg/kg (National Academy of Sciences, 1977a). Therefore soils in

mineralised areas will have increased concentrations of arsenic present within them and

typical levels may vary between 0.1 to 40 mg/kg (Colboumn ef al., 1975), however an
average of 5 to 6 mg/kg is more typical.



Atmospheric deposition is the greatest contributor of arsenic to the geochemical
cycle (O’Neill, 1990). For atmospheric cycling 60% has been estimated to result from
low-temperature volatilisation, followed by activity from volcanic regions (Chilvers and
Peterson, 1987). As an outcome of volcanic activity, airborne particulate matter may
contain volatile arsenic species (Woolson, 1983b) and therefore on a localised scale, such
activity may be a dominant source of deposition (O’Neill, 1990). Natural reduction
processes such as weathering and biological reduction of arsenic species by
microorganisms usually occur in soil environments. Such reductions can create levels as
high as 0.01 pg/m’ (Onishi, 1968).

As a result of the industrial revolution in the United Kingdom, land contaminated
with arsenic is ubiquitous. Due to industrialisation, soil, sediment and water sources have
become contaminated with toxic metals and metalloids (Vangronsveld & Cunningham,
1998). Arsenic sources may be derived from aerial deposition from coal burning power
plants and metal mining / refining and smelting. Arsenic is also present in ashes / clinter

from coal combustion and fly ash. Therefore the soil is an important sink for arsenic

compounds (Smith et al., 1998).

Levels of arsenic present in the soil compartment depend not only on the
geological composition of the area but also from the contributions of industry and
agriculture. The mining and smelting of metals is the greatest contributor of arsenic input
into the environment from anthropogenic sources. Smelting of copper (Cu) 1s the largest
single anthropogenic input (approx. 40% of the total). Lead (Pb) and gold (Au) ores also
contain arsenic and the smelting of these will produce by-products as either a solid waste
or a gaseous emission. Emissions tend to be localised around the area adjacent to the

smelter. For example in Tacoma, USA, airborne levels of arsenic adjacent to a smelter

were found to be around 2.5 pg/m°. However 8 miles away levels had decreased to 0.02

ug/m’ (Nelson, 1977). Emissions can also vary depending on the degree of
industrialisation of the country and the pollution control levels employed. In Virginia,
USA an estimated 40, 000 mg/kg™ arsenic has been reported close to old spoil-tip and
tailings-dam materials, whilst in South West England over 20, 000 mg/kg™ As have been

reported (Peterson et al., 1979).

The mining of ores, although not a great contributor to the total arsenic input into

the environment, can have an important part to play on a local scale. Weathering of the



waste will result in leaching of arsenic into the groundwater and soils, and if the waste is
to be moved to another region this spreads the contamination elsewhere (Grantham and
Jones, 1977). Abandoned mines and industrial wastes linked to non-ferrous metal ore
extraction are commonplace in the United Kingdom with mine spoil heaps being typical
features in areas such as Central/North Wales and South West England (Lewis, 1967).
Many spoil heaps are unstable and flooding has caused the redistribution of spoil onto
agricultural land adjacent to derelict mine sites (Davies and Alloway, 1970). Levels of
arsenic were found to be elevated above background measurements (7.69-8.97 mg As Kg
") in three ore smelting areas in England — Derbyshire, Cornwall and Somerset, that were
studied by Li and Thomton (1993). They reported ranges of arsenic between 16 and 925
mg Kg™'. Although most mining ceased at the end of the 19" century this emphasises the
long-term problems associated with soil contamination from industrialisation (Smith et
al., 1998). An economically viable solution to reduce such pollution hazards and
therefore enhance the value of these sites is required (Johnson et al., 1977).

Arsenic present in sewage sludge originates mostly from surface run-off, via
atmospheric deposition. Phosphate detergents add to the levels of arsenic present, as do
industrial effluents. Pesticide residues will also increase levels, although arsenic is not
now widely used for this purpose. Arsenic-based herbicides like sodium arsenite, arsenic
acid and methane arsonic acid, have shown an increase in usage recently. A total 0f90%
of the arsenic pesticide industry is taken by the preservation of wood using ammoniacal
copper chromium arsenate, and also for its use in the cotton industry (Woolson, 1983a;
Ndiokwere, 1985).

The combustion of coal releases huge quantities of arsenic into the environment,
and represents a major source of contamination. Due to the vast quantities of fly ash that
are produced from coal-fired power stations, it is continually used as landfill (Beretka and

Nelson, 1994). Levels of arsenic reaching 1500 mg/kg can be found in coal (Piver, 1983),

but depending on its source there are differences in the concentrations encountered. For
example in Eastern Europe, where hard coal is used, this has a higher level of arsenic than

the soft variety used in North America (Benko and Simon, 1977).

Arsenic occurrence in soils becomes an environmental concern when the levels
begin to affect human health and the environment (Vangronsveld & Cunningham, 1998).

Plant growth and development in these areas is restricted due to phytotoxicicty of the high



levels of contamination, and this leaves the land biologically barren, and susceptible to
erosion and leaching of arsenic off-site. The presence of As in most agricultural soils is
due to the application of pesticides, herbicides and fungicides that are arsenic based.
Compounds such as lead arsenate, copper acetoarsenite and sodium arsenate are used as
pesticides and herbicides (WHO, 1981) and may accumulate in plants and so enter human
food chains. The total amount of As present in soils will therefore be an important
influence to plant growth and human health (Yan-Chu, 1994).

The development of natural plant populations at these contaminated sites may take
many years, if not centuries to establish and so there is a need for intervention by man in
order to create and maintain a healthy ecosystem in these contaminated areas.

Arsenic is well known for its toxicity and possible carcinogenic properties. The
metalloid is phytotoxic, its chemical behaviour determining its uptake into plants and
other soil biota (Sachs and Michaels, 1971; Otte ef al., 1991). However there are major
differences between arsenic species with regards to their toxicity. The organo-arsenic

compounds are less harmful than the inorganic compounds, and this difference separates

arsenic from many of the common heavy metals.

Arsenic can be present in more than one oxidation state under a range of soil
conditions, but exists preferentially as an oxyanion with a +3 or +5 oxidation state. There
is a descending order of toxicity of arsenic compounds with elemental arsenic being most
toxic, then arsenite, arsenate, monomethylarsenate (MMA) and dimethylarsenate (DMA)
(WHO, 1981). Compounds in the trivalent state are generally more toxic than the
pentavalent species and the pattern of toxicity can be represented as: AsH; > As" > As" >
RAs-X (Fowler, 1977).

In humans, the LD s, of arsenic poisoning has ranged from 1 to 5 mg As kg ™
(Fowle Ill et al., 1991). In developing countries domestic coal use can cause a number of
health problems related to arsenic poisoning. The residents of the Guizhou Province of
China are affected by a variety of symptoms ranging from hyperkeratosis (scaly skin

lesions) to Bowen’s disease (dark, horny, precancerous lesions of the skin) (Finkelman et

al., 1999). Arsenic poisoning has developed here because the coals are highly mineralised
and the residents use them on open stoves in poorly ventilated houses. Important dietary
items, Chilli peppers, are also dried over the coals and may contain around 500 ppm

arsenic within their tissues (Finkelman et al., 1999). In Bengal, thousands of people have



developed toxicity symptoms through ingestion of arsenic contaminated ground water or
consuming crops grown on contaminated land (Das et al., 1996).

However, ingestion of arsenic via crops may be unlikely due to its low transfer
from soil to plant. Further research must be carried out in order to assess this situation.
Listed as a hazardous material, and a carcinogen, arsenic has been associated with cancer
of the skin and lung tissues (National Academy of Sciences, 1977b). It has also been
described as a teratogen, and can effectively cross the placental membrane and enter the
metabolic system of a foetus. Arsenic is a cumulative substance, and may be deposited in
the skin, hair, finger / toenails and bones (Leonard, 1991). Approximately 5-15 % of
arsenic ingested by humans is absorbed (National Research Council of Canada [NRCC],
1978), with arsenic compounds being distributed in the lungs, kidney, spleen,
gastrointestinal tract wall and liver within 24 hours of adsorption.

Arsenic in the environment may be present either through natural background
sources or anthropogenic causes. However, one important sink for arsenic compounds in
the environment is the soil. Arsenic from the soil system is only depleted slowly due to

slow plant uptake and leaching, and will therefore accumulate readily. Owing to the

increasing number of contaminated sites in the world, and arsenic toxicity to humans and

animals, its dynamics are now being reviewed with possible management strategies in

order to remediate these areas.

1.2. The Chemistry of Arsenic in Soils

The behaviour of arsenic is similar to that of phosphorus (P) in the soil
environment. Phosphorus is chemically most similar to arsenic and will compete for
binding sites in soils, however arsenic can form bonds more readily with sulphur and
carbon compared to phosphorus. Under soil conditions arsenic is more mobile than P and
can undergo changes in its oxidation state. Arsenic differs from phosphorus in that it can
become volatilised by undergoing biological transformations. Arsenic chemistry is
further complicated in that changes in redox potential (E;) and pH can alter its chemical
state in the soil solution. In an oxidized soil solution, thermodynamic calculations have

shown that arsenic exists in the pentavalent state As(V), whilst in the trivalent state



As(IIl) 1t 1s found mainly in solutions that are anoxic. Masscheleyn, et al (1991b)

demonstrated that 65-98% of arsenic found in the pentavalent (V) condition was found at

higher redox levels (pe+pH>10), whereas the trivalent (III) state was found where redox
conditions had been reduced. Under high redox conditions (Eh > 200 mV), arsenic
solubility is low, and it exists predominantly as As’*. With an increase in pH the level of
mobile arsenic species in solution increases; this may also be brought about by reducing
As’ to As™ (Masscheleyn ef al., 1991b).

Duel and Swoboda (1972b), discovered that, over time, As’® became the
predominant species in a flooded soil. The transition of As’* to As’* was not unexpected
due to As™ being thermodynamically more stable than As’ under reducing conditions
(Sadiq et al., 1983). This was accompanied with the dissolution of iron oxyhydroxide
minerals, that, under oxic conditions, have a strong affinity for As'. The Process occurs
due to minerals like FeAsQ, and Fe " being reduced to the soluble form, Fe". The sorbed

As’ is then released into the soil solution (Takamatsu et al., 1982).

In a soil solution arsenic will exist as negatively charged oxyanions (HAsO;*),
however soil pH is important to arsenic chemistry. At pH 2 the most abundant species of
As is H3AsO,’ , but such acidic soils are rarely found in nature. At pH 3 to 6, H,AsO;-is
the more abundant species and as the pH increases to 7 and 8 H,AsO;- and HAsO42- can
be found. From pH 8 to 11 HAsO4- becomes more abundant. Above pH 11 arsenic
species such as AsO4”" are present, but are rarely found in nature (Sadiq, 1997). Therefore

by altering the pH and redox conditions of a soil solution the ratio of arsenic (V) to As
(III) can be altered (Smith et al., 1998).

The presence of microorganisms (fungi and bacteria) may cause
biotransformations of arsenic in soils (Sadiq, 1997). Numerous strains of soil bacteria
have been isolated that accelerate the oxidation of arsenite to arsenate and are involved in
the methylation of arsenic in soils (Boyle and Jonasson 1973; Jernelov, 1975; Mandl et
al., 1992; Weinberg, 1977). Methylation of oxyanions can form monomethylarsonic acid

CH;AsO(OH),, but the reactions that take place depend on the arsenic species and the
microorganisms present (NRCC, 1978).



1.2.1. Soil properties

There are many factors that affect the sorption of As in a soil, but the most
extensively studied has been that of soil properties. The amount of clay, and the nature of
the mineral will control the amount of As in a soil. Studies by Johnson and Hiltbold
(1969) demonstrated that of all the As present in the soil, 90% was associated with the
clay fraction. Livesey and Huang (1981) investigated As(V) retention in four
Saskatchewan surface soils. They found that sorption was related to ammonium oxalate-
extractable Al and, to a smaller degree, the clay and iron (Fe) fraction.

Wauchope (1975) also investigated the adsorption of As(V), and found that the
arsenic species were correlated (p< 0.01) to the clay and Fe oxide contents of the soils.
Iron oxide surfaces have been shown to be effectively involved in arsenic adsorption in
soils (Bowell, 1994; ElBassam et al., 1975; Harrison and Berkheiser, 1982; Lombi et al.,
1999; Lumsdon et al., 1984; Norrish, 1975; Waychunas et al., 1993; Woolson et al.,

1971) and therefore Fe coatings on clay surfaces and Fe in the soil may be significant in

controlling arsenic adsorption-desorption processes.

Modification of arsenic-clay interactions may be brought about by clays being
coated with Fe and Al oxides (Shuman, 1976; Schuthess and Huang, 1990; Naidu er al.,
1994). Fordham and Norrish (1979) reported that clay minerals were not as important,
when compared to Fe oxides and titanium oxides, with regards to As adsorption in several
acidic soils. In a further study, they controlled As adsorption using Fe oxides, with
titanium oxides competing for As(V) only when the iron oxides had been removed.
Elkhatib ef al., (1984b) studied arsenite adsorption in the A and B-horizons of five West
Virginian soils, and found that iron oxides were associated with As "' adsorption. It has
been suggested that the iron oxide/hydroxide surfaces may develop electrical charge due
to hydration, specific adsorption, etc, and so arsenic adsorption onto Fe oxides may be

explained on the basis of the type of charge (Sadiq, 1997). Manganese (Mn) oxides can

also be involved in the adsorption of As™ and As" (Oscarson ef al., 1983) and were found

to be involved in the oxidation of the more toxic arsenite to arsenate (Oscarson et al.,

1981). Therefore if a soil is contaminated with As", the presence of Mn oxides, such as

bimessite, can reduce the toxicity of arsenic by converting trivalent arsenic to the

pentavalent state.



1.2.2. Arsenic adsorption / desorption in soils

As discussed previously the amount of arsenic in a soil solution depends both on
the physical and chemical properties of the soil that will influence adsorption-desorption
processes. The adsorption of arsenic in a soil has been shown to be dependent on the
presence of adsorbing surfaces and also the concentrations of adsorbent (Elkhatib et al.,
1984a; Kabata-Pendias & Pendias, 1984). The ability of a soil to hold on to arsenic
depends on the presence of iron (Fe) and aluminium (Al) oxides (ElBassam et al., 1975),
exchangeable calcium (Ca) and also the clay content. Arsenic has a high affinity for
oxidic surfaces and will preferentially attach to Fe oxides (Akins & Lewis, 1976;

Wauchope, 1975) and to a lesser degree Al oxides.

The adsorption of arsenic onto these surfaces is due to the charges on the oxides.

The quantity of arsenic sorbed by Mn / Fe oxides is related to the pH,,. (point at which
there is a net zero charge on the mineral surface) The surfaces of many oxides change
from being positively charged at low pH to negatively charged at high pH (Parfait, 1980),
and the point at which this occurs is termed the PZC. Hydrous iron oxides at pH 7 -10
have a charge of zero. Adsorption has been shown to increase at low pH values and
declines with an increase in the pH of a soil.

Aluminium oxide surfaces carry positive charges in soils that are acidic, but are
negatively charged in neutral and alkaline conditions. Soil texture (Wauchope, 1975;
Frost and Griffin, 1977), constituent minerals (Walsh et al., 1977; Pierce and Moore,
1980) and competing ions will also exert their effects on the adsorption of arsenic.

Arsenic will also bind to Ca but not as strongly as to Fe. Clays are also important
as binding agents, but the type and quantity in the soil is important. Clays are negatively
charged silicate minerals, and will adsorb positively charged ions. Therefore due to
arsenic being present as negatively charged oxyanions they will have a limited affinity to
the metalloild. However, Greenland, (1975), Parks, (1967), and Wada and Okamura
(1977), reported that many clays had a wide pH range and that arsenic adsorption was
witnessed in acidic soils where the clay particles were positively charged. Tammes and
de Lint, (1969) found that an increased clay content in a soil represented an increase in
arsenic retention. However it was discovered by Dickens & Hiltbold (1967), that the

various types of clay sorb arsenic differently. They found that kaolinite sorbed more



arsenic than vermiculite from solution, which in turn sorbed more As than
montmorillonite. Conversely, Frost and Griffin (1977) found results that contradicted
those of Dickens and Hiltbold, their research showed that montmorillonite sorbed both
arsenate and arsenite more strongly than kaolinite from solution. Research by Goldberg
and Glaubig (1988) demonstrated that arsenic was sorbed onto clay surfaces by

chemisorption.
Other researchers have demonstrated that As was adsorbed by clays and that it was

pH dependent. Soil pH is an important component with regards to adsorption properties
and many researchers have found that arsenic adsorption increases with a fall in pH
(Anderson et al., 1976; Hingston et al., 1971; Hsia et al., 1992; Polemio et al., 1982).

Apart from the surfaces of soil particles, other components in the soil play a part in
arsenic adsorption. Phosphate ions have been shown by Hingston (1981), Peryea (1991),
Roy et al.,, (1984, 1986), and Woolson et al., (1973) to adversely affect adsorption of
arsenate. Large additions of P to a soil have been shown to displace up to 77% of the total
As concentration, with the water soluble fraction being redistributed further down the
profile (Woolson et al., 1973).

Although phosphate will displace arsenic from soils, the desorption process is
dependent on the soil type. This was discovered by Peryea (1991) who observed that,
after adding phosphate to a volcanic soil, revealed that the arsenic concentration did not
alter in solution. The volcanic soil had both a high anion-fixing and pH buffering
capacity, which was due to the presence of allophanic minerals. Therefore only after large
quantities of P are added to this type of soil may the arsenic concentration in solution be
atfected. The mechanism of arsenic sorption has also been studied. There is evidence for
the formation of inner sphere complexes (specific adsorption) with the components of a
soil (Hingston et al., 1971; Anderson and Malotky, 1979). The use of X-ray absorption
fine structure (EXAFS) spectroscopy has confirmed the formation of As’* inner sphere
complexes (Waychunas et al., 1993). The use of wide-angle X-ray scattering showed
similar complexes formed with ferrihydrite (Waychunas et al., 1996), as did infrared
spectroscopy for goethite (Lumsdon et al., 1984). It was presumed by Waychunas and co-
workers (1993, 1996) that As’* adsorbs by forming binuclear, inner sphere complexes on
ferrihydrite. However, monodentate complexes were also discovered, which accounted

for up to 30% of the As-Fe correlations (Waychunas et al., 1993). Arsenate and chromate



sorption onto goethite were studied by Fendorf et al., (1997). By using EXAFS it was
concluded that As®* formed three different complexes on goethite. At low surface

coverage the monodenate complex was favoured, but at higher surface coverage bidenate

complexes were involved.

1.2.3. The importance of competing ions

Ions of both inorganic and organic nature exist within a soil system. They include
Cl, SO,* ", PO,* ions (Naidu and Rengasamy, 1993) and also those of organic nature such
as exudates from plant roots and decomposing residues (Harter and Naidu, 1995).
Competition exists between the ligand ions and arsenic for adsorption sites and this can
afiect the concentration of arsenic sorbed by the soil.

Investigations by Xu and co-workers (1988), involving competitive adsorption
interactions using anions on pure mineral systems, have shown that at pH <7, the SO,% -
anion (20 mg litre ") reduced arsenate (V) adsorption on alumina. Further increases in the
concentration of SO,* “made little difference to the adsorption process (Xu et al., 1988).
Xu and co-workers (1988) also studied the presence of fulvic acid with regard to the
adsorption of As' on alumina at pH 3 and 7.5. They found that coulombic attraction
might be the process via which arsenic is adsorbed. However fulvic acid may react

directly with arsenic therefore reducing its adsorption (Thanabalasingam and Pickering,

1986).

A small number of studies have looked at organic matter and arsenic adsorption.

Thanabalasingam and Pickering (1986), have shown that the process of adsorption
involving both As valencies and humic acid was pH dependent. For As' the highest
adsorption was obtained at pH 5.5, whilst As ™ reached a maximum at pH 8.5. As humic

acids become more soluble as pH increases, this decreases their ability to adsorb As from

solution.
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1.3. Remediation Methods

Due to the by-products of past industrialisation, a legacy of polluted sites now exists
which are the subject of major concern for environmental protection in developed
countries. However from the industrial revolution, development of the fossil fuel-based
economy and growth of downstream chemical, manufacturing and engineering industries
from the 1800°s onward, are now the modern origins of the problem (Pollard et al., 2001).
Contaminated sites and the groundwater below them, used for industrial facilities or waste
disposal often requires that unacceptable risks are assessed and managed so that the land
can be reused for a new purpose (Pollard ef al., 2001). There are over 300,000 hectares
of contaminated and derelict land in the United Kingdom and current remediation
methods at such sites are environmentally invasive.

Without intervention these contaminated sites would remain barren, with no
vegetative cover to protect them. The lack of cover would allow leaching of the soil,
which may transport metals and metalloids into ground water sources and so contaminate
them. The barren land presents another hazard to human populations from ingestion and
inhalation of the contaminated soil from lateral dispersion of dust and particulates
(Kabata-Pendias and Pendias, 1992).

Remediation of a contaminated site will depend upon (a) the site history and
location, (b) the characteristics of the soil, (¢) the chemical and physical state of the
contaminants, (d) how polluted the site is, (¢) the end use of the site, (f) finance available
for remediation and (g) legal, environmental and social issues (Vangronsveld &
Cunningham, 1998).

Remediation technology can be divided into either (1) removal of the contaminants
from the soil, 1.e. site decontamination techniques or (2) exposure to the contaminants is

decreased, 1.e. site stabilization techniques. Engineering approaches such as excavation of

the contaminated material and disposal to a controlled landfill is a site decontamination
technique, but the process has been criticised as it only transfers the contamination

elsewhere (Wood, 2001). Further funds are then required to restore the site with
vegetation. This type of remediation on a large scale would not be feasible due to the high

costs involved and the safe disposal of the contaminated soil. Current remediation

methods for soils contaminated with heavy metals are labour intensive, expensive and
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environmentally invasive. Therefore low cost, environmentally safe alternatives are

required to the current methods of remediation. Table 1.1 outlines the current remediation

technologies available.
In situ metal inactivation is a technique whereby amendments are added to the

contaminated soil in order to convert a soluble and highly mobile phase of a toxic metal

into a more chemically stable phase. In doing so, this will reduce biological availability,

plant toxicity and solubility. By reducing the toxicity of metals in the soil, vegetation will
establish on the site, binding the soil and therefore stabilising it. Plants are important in

that they prevent wind and water erosion to the soil and reduce leaching of the soil

contaminants (Vangronsveld et al., 1991, 1993).
Vangronsveld and Cunningham (1998) summarised the main objectives for in situ

inactivation as:

e To alter the speciation of the trace element in the soil, thereby reducing the

soluble and exchangeable fraction of the elements.

e Uptake of toxic metals by plants would be reduced and the vegetation cover

would become stabilised.

o To reduce the exposure of soil-heterotrophic living organisms,

e To improve biodiversity.

In situ immobilisation includes both biological and physical / chemical processes.
The chemical processes involved are, (i) complexation in solution, (ii) specific adsorption
(clay, metal (hydr) oxides), (iii) ion exchange (clay), (iv) (Co) precipitation / dissolution,
(v) solid solution formation (stable mix of two or more solids). The ultimate aim is to
reduce metal solubility to a point where there is a limited ‘sensitivity’ for changes in

physico-chemical soil parameters (Vangronsveld & Cunningham, 1998).
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Table 1.1 Current remediation technologies available for remediation of contaminated

land (Vangronsveld & Cunningham, 1998).

Remediation approach Comment

Removal of metals from the soil

Site decontamination techniques: Engineering Approaches

Excavation & landfilling Removal of the contaminated soil to

a landfill, with backfilling of non-
contaminated soil.

Soil washing Removes solubilized contaminants
using chemical extractants.

Thermal treatment Rarely used

Electroreclamation Electrokinetic process- current
applied between cathode and
anode.

Site decontamination techniques: Biological & Chemical approaches

Microbially-based techniques Only avatilable to organic
Contaminants

Phytoextraction Plants that accumulate metals

Phytovolatilization Plant —microbe associations

Reduce risk posed by contaminant

Site stabilization techniques: Chemical & engineering approaches

Soil & asphalt capping Physical barrier to prevent leaching
In-place stabilisation/immobilisation Mixing cement to stabilise
Vitrification Conversion of matrix to solid

glass-like material

Site stabilization techniques: Biological & Chemical approaches

Phytorestoration Revegetation
Phytoextraction Hyperaccumulating plants
In situ metal inactivation (immobilisation) Addition of inorganic amendments
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There are three factors that are important when considering the quantity of trace
element that will be sorbed on a solid phase: the nature of the solid, pH and the sorbed
element and ligand concentration ratio. Together with these parameters, the presence of
competing ions, type of element and concentration and ionic strength are also important
influences. When choosing an additive to remediate a contaminated site, consideration

must be given to the elements present, the soil characteristics and the proposed end use of

the land once remediated (Vangronsveld & Cunningham, 1998).

1.4. Reasons for research

There are many techniques available for the remediation of contaminated land. As
mentioned previously certain remediation techniques require extreme measures such as
excavation of a site. Removal of the contaminated substrate appears to be a reasonable
solution but because of the high costs involved with such an operation cheaper methods of
remediation are required. The use of in situ (“soft’) metal immobilisation techniques has
gained increasing acceptance as a more viable approach to remediation. The low impact
and cost of remediating a site with inorganic additives has made the technique very
attractive. However the use of additives to remediate a site requires an extensive
knowledge of the mechanisms involved for immobilisation of the element(s) in question.
It is important to be able to predict the long-term efficiency of the additive in the soil and
its durability. To date information on the effects of inorganic additives is still developing
and is often incomplete (Mench et al., 1998).

The uptake of metals into the food chain is of importance and so the bioavailability
of the metal has to be considered together with its mobility in the soil. The idea of in situ
remediation is to reduce the uptake of metals from the soil into the food chain therefore
reducing their bioavailability. There are various ways of immobilising metals and
practices such as incorporating inorganic additives like lime or phosphates to reduce metal
mobility are common. However, such practices applied to arsenic contaminated land may
be detrimental in that the additives will increase the metalloids mobility.

There are a number of techniques for the in-situ remediation of land contaminated

with arsenic that involve either adsorption or fixation of the metalloid. The process of
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solidification/stabilisation has been applied whereby cement and/or lime is/are added to
the soil, which then becomes solidified. This has been shown to reduce the amount of
arsenic leached from the soil to a level below 1 mg/] for landfill sites. Chemical fixation
to prevent arsenic mobilisation has been carried out successfully at contaminated sites.
For example iron sulphate and Portland cement have been used to form a barrier that halts
the movement of arsenic, but also increases pH levels to alkaline conditions.

The addition of colloids such as clays, iron, manganese and aluminium oxides and

hydroxides have been effective at reducing the mobility of arsenic in soils due to their

adsorptive properties. An adsorption-oxidation system composed of goethite (o« FeOOH)
and birnessite has shown significant reduction in the toxicity of arsenic in contaminated
soils (Sun and Doner, 1998). Iron oxide applied to garden soils has shown a decrease of
as much as 50% 1n the water extractable arsenic concentrations, together with lower
accumulation levels in plant tissues (Mench ef al,, 1998). Other adsorbents such as
aluminosilicates have been added to soils to reduce arsenic toxicity. Al-smectite was
applied to a contaminated soil in Belgium that resulted in a 75% reduction in labile
arsenic (Mench er al., 1998). Studies have revealed that soils with increased clay content
represented an increase in arsenic retention. There are nevertheless different types of clay

and reported results regarding their adsorptive properties are often inconsistent. However
montmorillonite and kaolinite have both shown arsenic adsorption (Frost and Griffin,
1977; Goldberg and Glaubig, 1988).

Amorphous iron hyroxide (am-Fe(OH;)) also has an extremely high adsorptive
capacity for arsenic, and steel shots have been used for arsenic immobilisation in
contaminated garden soils (Vangronsveld et al., 1994). Iron oxides may therefore adsorb
toxic elements from the soil solution and occlude them. Steel shot, an industrial material
contains mainly iron (97%) and corrodes and oxidises to produce iron oxides that have
been shown to be effective in field trials at reducing the levels of arsenic in plant tissues
(Mench et al., 1998). In all cases, soil pH is an important factor for arsenic mobility and

the rate and extent of adsorption usually increases with a decrease in soil pH (Hingston e

al., 1971).
The objective of this study was to evaluate various Fe-based additives with respect

to their arsenic immobilising capabilities after incorporation into a variety of

contaminated soils. A number of investigations were performed to test their effectiveness,
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commencing with in vitro tests to determine their adsorption properties over a series of
arsenic concentrations and selected pH conditions. Further studies investigated the
partitioning of arsenic and a number of heavy metals in the selected soils using a
sequential extraction scheme. Following on from these investigations, a variety of
standard leaching tests were used to ascertain the stability of the additives in the soils,
indicating their long-term potential and to try and understand the mechanisms involved
during the leaching process. To complete the work, a series of plant trials were
investigated in order to determine the bioavailability of arsenic within the remediated
soils. This was an important consideration as they remain the last link, whereby toxic
metals may accumulate and thereby enter the food chain. The trials would also help to

establish if the addition of Fe-bearing additives produced any detrimental effects on plant
growth.
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CHAPTER 2.

SITE CHARACTERISATION AND GENERAL METHODS.

2.1. The collection and preparation of soil samples.

For the studies presented in this thesis, three contaminated soils were investigated.
Surface soil samples (top 10cm) were collected from the following sites located in the

North West of England. Each soil represented a different source of arsenic contamination.
The soil from Kidsgrove (O.S. Grid Ref, SJ 844 543) was obtained from an embankment

adjacent to a canal - here the soil had been contaminated with dredgings from the water

course. Merton bank, St Helens (O.S. Grid Ref, SJ 523 961) soil may have been

contaminated with low-level alkali waste, and also used as an unauthorised landfill site,

however this is uncertain. Rixton clay pits near Warrington (O.S. Grid Ref, SJ 621 885)

had some coal fly ash deposits, which contained elevated levels of arsenic.

2.2. Soil and site characterisation.

2.2.1. Kidsgrove (O.S. Grid Reference SJ 844 543)

The site is located to the north of Stoke-on-Trent. The British Waterways Board
(BWB) owns the land, which is situated adjacent to a canal. Canal dredgings have been
deposited onto adjoining land. The contaminants present in the canal dredgings may have
accumulated via atmospheric deposition, or from use of pesticides or herbicides, which

may have entered the canal via surface runoft from farmland. The soil is contaminated

with a number of toxic metals, especially arsenic and cadmium. A pigment factory

situated alongside the canal is a probable source of the large concentrations of cadmium

present in the sludge.
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2.2.2. Merton Bank, St Helens (O.S. Grid Reference SJ 523 961)

Merton Bank i1s located in the Pocket Nook area of St Helens, Merseyside. The
area consists mainly of grassland, interspersed with plots of trees. To the South East,
there is a known landfill site, Sankey Brook, which contains alkali waste. The
contamination present at Merton Bank 1s low-level alkali waste, with some local pollution
from the disused railway line. In 1872 Merton Bank alkali works was formed, operated
by George Harris. However, in 1890, the business was taken over by the United Alkali

Company Ltd, and closed down shortly afterwards. The land may also have been used as

an unauthorised landfill site.

2.2.3. Rixton clay pits (O.S. Grid Reference SJ 621 885)

The clay pits are located near Warrington, east of Liverpool in NorthWest

England. The site contains fly ash, which is an increasing waste problem due to the

combustion of coal from coal-fired power stations (Smith et al., 1998). This waste
requires special care when disposed of, due to the high levels of arsenic present in it.
Arsenic levels in coal can be large, reaching 1500 mg/kg (Piver, 1983). Therefore the
burning of coal presents an increasing problem with regards to arsenic inputs into the
environment. In coal combustion, trace elements such as Ni, Co, Cd, and Pb, present in
the coal, are concentrated especially on the surface of the finest particles of fly ash due to
volatilisation-condensation mechanisms that occur during burning (Natusch er al., 1974 &
Davidson et al., 1974).

Due to the surface nature of the fly ash, heavy metals are immediately available for
release into the aqueous environment as the trace metals are mainly concentrated on the
surface of the fly ash (Prasad ef al., 1996). Natusch and co-workers (1974) demonstrated
that elements that predominated on the fly ash surface, such as Co, Cd, Zn and Mn,
showed a higher solubility in aqueous media. A small part of fly ash is used for
construction material, roads and for backfill, however the major part is disposed of with
great environmental risk (Prasad ef al., 1996). The environmental problems that arise

from the disposal of fly ash are due to the leaching of metals from coal ash settling ponds,
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resulting in phytotoxicity, soil contamination and ground and surface water pollution
(Prasad et al., 1996). Engineered control mechanisms, for example membrane systems,
are expensive to construct (Prasad er al.,, 1996) and therefore new remediation

technologies such as in situ remediation may reduce the high costs associated with the

disposal of this and other environmental wastes.

2.3. Preparation of soils for analysis

After collection, the soil samples were returned to the laboratory, air-dried for two

weeks then crushed and sieved to a particle size of less than 4mm diameter. The drying

process did not involve high temperatures, therefore preventing loss of components

through evaporation. Additionally, higher drying temperatures may have caused

transformations to occur to some elements in the soil that would have altered the original
soil characteristics. The particle size (< 4mm) was recommended by the Dutch

Environmental Agency column tests (NEN 7343) (Chapter 5) and therefore applied to all

other investigations on soil leaching/speciation. The following analyses were then

conducted on the soils:

2.4. Analysis of soil characteristics

The following physical and chemical characteristics of the soils from Kidsgrove,

Rixton clay pits and Merton bank were determined:

e pH
e % weight loss at 110 °C (moisture content)

e % weight loss on ignition (organic matter content)
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2.4.1. pH

pH is a measure of hydrogen-ion activity. A 20g soil sample was added to a glass
beaker and 50ml deionised water was added. The mixture was then stirred thoroughly
with a glass rod to homogenise the sample and left to stand for 1 hour at room
temperature. The supernatant was tested using a PHMS85 precision pH meter with a

Radiometer GK2401C combination glass electrode. Table 4.1 shows the arithmetic mean

values that were recorded from three replicates of each soil.

2.4.2. Organic Matter

Ashing expressed as loss-on-ignition is the term used to express a crude indication
of the amount of organic matter present in a soil. The value obtained however is not a
true measure due to loss of water bound to the clay minerals at the ashing temperature

being included in the overall loss. The error is greater where a soil has a low organic

matter content (Allen, 1989).

Approximately 1g of oven-dried soil was accurately weighed in a dry crucible.
The sample was then placed in a muffle furnace at a temperature of 375°C and left
overnight. Following removal from the furnace, the sample was cooled to room
temperature in a desiccator, then re-weighed. Three replicates were recorded and a mean

value was obtained (Table 4.1). Weight loss during combustion was thus recorded as

percentage loss-on-ignition using the formula below:

Weight loss (g)
Loss-on-ignition ()= —— X100
Oven-dry weight (g)
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2.4.3. Moisture content of fresh soil.

A 10g sample of fresh soil was weighed and placed in an evaporating crucible.
The soil was then dried at 100-110°C in an air—circulation oven for 24 hours. Afier
reaching room temperature in a desiccator, the sample was re-weighed (Allen, 1989). All
soil samples were analysed in triplicate and recorded as a mean value (Table 4.1).

Percentage moisture was obtained using the formula below:

Loss 1n weight on drying (g)
Moisture (%) = ———— X 100
Initial sample weight (g)

2.5. Arsenic analysis using Hydride generation

For the detection of small concentrations of arsenic, in the range of pg 17, hydride
generation is required. All solutions were filtered through Whatman GF/C fibreglass filter
paper prior to analysis. For the determination of arsenic in all solutions, the samples were
pre-reduced prior to analysis. This was accomplished by the addition of 1 ml
concentrated hydrochloric acid (HCI) and 1ml of a reducing solution which contained
10% (w/v) potassium iodide (KI) and 5% (w/v) ascorbic acid to 1ml of sample. The
reduction rate was improved by increasing the acid concentration. All solutions were then

left to stand for 30 - 45 minutes. The above method allows for the conversion of As’' in

the sample to As °* which provides increased sensitivity. As >* can be determined with

higher sensitivity if a larger reaction coil (500 pl) is used. Table 2.1 displays the

operating conditions for the determination of arsenic using hydride generation with a

Perkin Elmer 100 FIAS system. The principles behind the technique can be found in
Appendix 1.
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Table 2.1. Operating parameters for the analysis of arsenic with a Perkin Elmer100 FIAS

system.

[Tamp HCL
mmmw”l 0.70nm (Low or Al)

|

A standard arsenic solution was prepared by the addition of 1.32g arsenic trioxide
(IIT), dissolved in a minimum volume of 1M sodium hydroxide (NaOH) solution. The
solution was then acidified with dilute hydrochloric acid (HCI) and diluted to 1 dm’ in a
volumetric flask. The hydrochloric acid was reagent grade and arsenic free. A lcm’
aliquot contained 1mg of arsenic and the necessary dilution of the stock solution was
prepared to give a range of arsenic standards from 1 to 50 mg/I”'. These were all diluted
to volume with deionised water in volumetric flasks.

For analysis of arsenic using hydride generation, standard arsenic concentrations in

the range of 10 to 60 pg 1" were made from 1 mg/l" standard arsenic solution. The

standards were acidified with HCI and the reducing solution which contained 10 % (w/v)

potassium iodide (KI) and 5% (w/v) ascorbic acid was also added to the arsenic standards.

2.6. Heavy metal analysis using inductively coupled plasma emission spectrometry

(ICP-AES)

For the determination of heavy metals copper (Cu), cadmium (Cd), zinc (Zn) and lead
(Pb) in the mg 1" range, a Philips simultaneous sequential PV8060 emission spectrometer

was used. All solutions were filtered through GF/C fibreglass filter paper prior to

analysis. For the determination of heavy metals using this technique a 10 ml analytical
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sample was required to which 0.1 ml of a 100 mg/l" yttrium solution was added. The
ICP- AES used yttrium as an internal standard. A small (0.02 ml) volume of concentrated
HNO; was also added to acidify the solution. Appendix 1. outlines the principles behind

the technique.

2.7. Total metals analysis by X-ray fluorescence spectrometry (XRF)

Each soil was analysed for total metal concentrations using a Spectro X-Lab
energy-dispersive X-Ray Fluorimeter (XRF). XRF is a non-destructive analytical
technique where the analysis is based on x-ray radiation being emitted from the atoms in a
sample.

The sample for analysis was either prepared as a solid pellet or as a powder in
cuvettes. The soil samples were initially dried in an oven at 40°C and then ground and
pulverised in a ball mill to create a fine-grained material. A 4.000g sample was then
weighed out, to which 0.9000g of wax was added. The sample and wax were then mixed
thoroughly in the ball mill. The sample plus wax was then placed in a mechanical press
and a pressure of 10 tons was applied, to create a pellet. Powdered samples for use in
cuvettes were prepared in the same way by grinding the soil in a ball mill in the absence
of wax. The cuvettes were covered by thin mylar film upon which the sample rested.
Table 4.3 shows the mean total metal concentrations (ug g™') for the three soils. Table 4.2
shows the percentage iron, calcium and sulphur present in the three soils, which are

related to the chemistry and behaviour of arsenic in the soil environment. Appendix 1.

outlines the principles behind the technique.

2.8. Preparation of plant tissue samples for metal analysis

In the plant uptake experiments, plant material for digestion was collected at the

end of the growing period. Leaves and stems were removed by cutting the base of the
plant near to the soil with a sharp knife. All plant material was washed in deionised water

to remove soil residues from the lower leaves and stems, before being oven dried at 60°C
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for three days. The matenial was then ground in a mechanical sample grinder (Cyclotec
1093 sample mill). After each sample had been ground, the grinder was thoroughly
cleaned with a stiff brush to ensure the removal of the previous sample and so prevent

contamination occurring. All samples were stored in polyethylene containers until

analysis.

2.8.1. Microwave digestion of plant / soil material

The plant / soil samples were digested by microwave digestion technique using the
MDS-81D microwave digestion instrument. The methods described are optimised

conditions for plant and soil material following the manufacturers recommendations.

2.8.1.1. Leaves

A standard aliquot (0.5g) of dry finely ground plant material was weighed into a
100% Teflon digestion vessel (120 ml). Concentrated nitric acid (HNO;) (9 ml) and
hydrogen peroxide (H;O,) (1 ml) were added to the vessel in a fume cupboard. The
vessels were allowed to stand for 15 minutes to allow any reactions to occur. Safety
valves and caps were then placed on each vessel and tightened using the capping station.

Each vessel was numbered, and the venting tubes were attached to the vessels. All vessels
were placed on the turntable of the microwave and the fan and turntable were then
activated.

The oven was programmed for 2 minutes 30 seconds at 100% power (stage 1) and
10 minutes at 80 % power (stage 2). Samples were removed on completion of the
programme and checked visually for any loss of materal or venting. Samples were then
cooled to room temperature before being placed in a fume cupboard where they were
manually vented. Samples were filtered using Whatman No. 1 filter papers, the solutions

were decanted into 25 ml volumetric flasks and made up to volume with deionised water.

Solutions were analysed via hydride AAS and ICP. Triplicate samples and blanks were

digested. Bowens Kale was used as a standard reference plant material with every batch

of digests.
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2.8.1.2. Soil

Soils were oven dried at 60°C, sieved to a particle size of less than 4 mm diameter
and 0.5g of soil was weighed into a digestion vessel. Concentrated nitric acid (HNO;) (10
ml) was added to the vessels inside a fume cupboard, and these were allowed to stand for
15 minutes. The oven was programmed for 10 minutes at 100% power (stage 1) and 10
minutes at 80 % power (stage 2). Upon completion of the programme the vessels were
treated as described above (2.8.1.1). The solutions were filtered and made up to volume
in 25 ml volumetric flasks. Triplicate samples and blanks were digested and the results
are presented in Table 4.4,

Between digests the Teflon vessels, safety valves, caps and venting tubes were
washed with 10% Decon to decontaminate them. Following the wash, concentrated nitric

acid (HNO;) was added to the vessels and then washed out with deionised water. The

vessels were then oven dried at 60°C.

2.9. Preparation of gocethite (a - FeOOH) (an iron oxide) used in the investigations

For the preparation of goethite used in the investigations, the method of Atkinson
et al (1967) was employed. A clear rust brown solution (pH 2) was formed by dissolving
50g purple Fe(NO;);.9H,0 (iron nitrate) in 800cm’ distilled water. To the Fe(NO;); a
solution of 2.5M KOH (200 cm’) (potassium hydroxide) was added and the amorphous
rust-brown precipitate formed was stirred vigorously, whilst adjusting the pH to 12.0 with

NH; (aq) (ammonia). The precipitate was aged to form yellow coloured crystals by
heating to 60°C in a water bath for 24 hours.

The solution was filtered using a vacuum pump and washed with deionised water

to remove any adsorbed K™ or NO;". All washings were discarded. The precipitate was

oven dried at 120°C and then crushed and sieved to a particle size of 180 um. The

material was kept in an oven to prevent water absorption. The precipitate was

characterised by X-Ray Diffraction (XRD) (figure 3.3.a) and compared to the JCPDS

powder file No. 17-536. This was necessary as the precipitate was prepared in the
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laboratory and therefore the authenticity of the iron oxide had to be established prior to

use.
The other additives used in the investigations were, Iron (II) sulfate heptahydrate

(98.%) (FeSO, * 7H,0) and Iron (IIl) sulfate pentahydrate (97%) (Fe,(SO,); - 5H,0)

which were both obtained from Aldrich Chemical Supplies. Iron powder was obtained

from Pometon (metal powders and granules), type 31051, which typically had a particle

size of between 2- 4 mm diameter. Lime used in the studies was obtained from a local

horticultural merchant.
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CHAPTER 3.

ADSORPTION STUDIES USING IRON OXIDE ADDITIVES.

3.1. Introduction

A variety of iron oxides were selected as potential additives, based on their
adsorptive properties for arsenic anions. These were initially characterised, prior to use in
the investigations. Iron oxides have been shown to reduce the concentration of arsenic in
solution, however the amount sorbed onto a solid phase is dependent upon the following;
the nature of the solid, pH and the concentration ratio between the selected element and
the ligand (Kabata-Pendias & Pendias, 1984). The concentration and type of element,
ionic strength and the presence of competing 1ons in solution also influence the sorption
process.

Arsenic chemistry in aqueous systems is complicated due to the element’s four
oxidation states (+5, +3, 0, -3) under varying redox and pH conditions (Ferguson &
Anderson, 1974). Research has shown that an increase in pH will reduce the effect of
adsorption onto geological materials such as amorphous aluminium hydroxides (Anderson
et al., 1976). However a low pH may cause dissolution of the metal hydroxides and
therefore release any bound metals back into solution (Khourey ef al., 1983; Singh and
Subramanian, 1984). The following investigation presents data on the adsorptive ability

of iron oxides over varying pH conditions and arsenic concentrations. Firstly an overview

of iron oxides and their adsorption processes will be described.

3.2. Natural occurrence of iron oxides

Iron i1s the fourth most abundant element and second most abundant metal in the
Earth’s crust, of which it forms 5% by weight (Moody, 1991). The principal ores of iron
(III) oxide, are found as hematite, Fe,O;, and limonite, 2Fe,05.3H,0, of tri-iron tetroxide,

magnetite, Fe;O;, (highest proportion of iron), and iron (II) carbonate, siderite, FeCO;
(Moody, 1991).

27



There are numerous oxides / oxyhydroxides of iron that exist naturally in soils,
which are responsible for their red and brown tints. The oxides of iron are often referred
to as hydrous oxides; these have a disordered structure and exist in the clay-size fraction
(< 2um) (Alloway, 1995). In the tropics, due to a more rigorous weathering environment,
iron oxides are more abundant than clay minerals (Wild, 1988).

Iron oxides can occur as either concentric nodules, fillings in voids or as a mixture
with clays that appear as coatings on soil particles. Of all the oxides present in a soil, i.e.
Fe, Al, and Mn oxides, iron oxide minerals appear to be the most abundant. Sorption of
trace metals by hydrous iron oxides is due to their high reactivity, due to the presence of

hydroxyl groups, which form ideal templates for bridging trace metals (Mench et al.,
1998). At first, the precipitation of Fe 1s in the form of gelatinous ferrihydrite

(5Fe;0;.9H,0). However this dehydrates to form goethite (-FeOOH) that is more stable

and more common in soils (O’Neill, 1985) than hematite (a-Fe,O;), which is found

mainly in tropical soils.
3.3. Structure

The oxides of iron and manganese were initially thought to posses an amorphous
structure, however they actually have small-sized scattering domains (Manceau et al.,
1992; Charlet & Manceau, 1993) that exist as a mix of cubic and hexagonal anionic
packaging (Mench et al., 1998). There are at least five separate local structures that have

been accounted for:

o The hydrolysis and oxidation of Ferrous chloride or sulphate leads to the precipitation
of ferric gels that have a local structure like that of lepidocrocite.
e The ‘2-line’ gels — either with goethite-like (o FeOOH), or akaganeite-like (§ FeOOH)
local structures are made from ferric nitrate or chloride solutions.

e Goethite and akaganite, when aged by either neutral pH or heating, can be converted

into a ferroxyhite-like form (6 FeOOH).
e Ferroxyhite forms can then be further transformed into hematite (Mench ef al., 1998).
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Spadini et al., (1994) described the ‘2-line ferrihydrite’ (HFO) structure as a single

and double octahedral chain mosaic of variable length ranging from 1 to » octahedra,

linked at the corners of the chain.

3.4. Adsorption process

The chemical process of adsorption potentially controls the bioavailability and
behaviour of metal contaminants in a soil. This process removes the contaminants from
the liquid phase to a solid phase. Numerous mechanisms may be related to adsorption,
including cation exchange, co-precipitation and complexation with organic material.
However, specific adsorption, whereby there is an exchange of anions and cations with
surface ligands forming partly covalent bonds with lattice ions, produces a far greater
adsorption effect (Alloway, 1995).

Iron oxides co-precipitate and will scavenge (i.e. adsorb) anions such as AsO,>
and also cations, for example Cr, Zn and Ni, out of solution. This is due to a pH charge
dependency, because the net charge on a mineral can change from being positive to
negative with an increase in pH. In the lower pH range, increased protonation increases
the positively charged sites and therefore arsenic anions are attracted to the iron oxide
surface, whilst at higher pH, negatively charged sites dominate, repelling anions and so
adsorption decreases (Hsia et al., 1992). The point at which the minerals charge becomes
zero is called a point of zero charge (PZC) or pH,,. and differs for various hydrous oxide
minerals. Mineral surfaces of Al oxides and hydroxides such as gibbsite, have positive
surface charges in solutions with a pH less than 9.0, and so negatively charged aqueous
species will be attracted to their surfaces, whilst the iron oxide goethite has a PZC 0of 7.3 -
7.8 (Krauskopfand Bird, 1995).

Adsorption involves the removal of a solute from the bulk solution, which is then
attached to a mineral surface. A stable molecular unit called a surface complex is formed.
Two common types exist, based on atomic arrangement and bonds between the mineral
and solute. The first type, termed an inner-sphere complex, involves covalent or ionic

bonds which are formed between the specific crystallographic site on the mineral surface

and the solute species. There are no water molecules between the absorbed species and
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the mineral surface. The second type is called an outer-sphere complex, which loosely
attaches to the surface of the mineral with one or more water molecules located between
the solute species and the mineral surface (Krauskopf and Bird, 1995). Figure 3.1 shows a

diagrammatic representation of a multinuclear surface of lead bound by two inner-sphere

surface complexes to goethite.

Figure 3.1. Diagrammatic representation of a multinuclear surface of lead bound by two

inner-sphere surface complexes to goethite (Roe ef al., 1991).

Solution

Surface complexation by trace metals may be varied for hydrous metal oxides. With
As,O,” for example, isolated inner-sphere surface complexes on ferrihydrite (HFO) are
formed (Manceau ef al., 1992; Hargé, 1997; Spadini et al., 1994). The formation of
binuclear bidenate complexes on hydrous ferric oxides may occur for arsenate at high
surface coverage, but at low surface coverage mononuclear monodenate complexes form.
Figure 3.2 shows idealised surface complexes of arsenic with ferrihydrite. By attaching
through double corner links, anions may attach to goethite and ferrihydrite by two single
coordinated assemblages (Mench er al., 1998). Three difierent stages have been shown to
occur in the adsorption of metals by goethite. Firstly, surface adsorption occurs, followed

by diffusion into the goethite particle. Thirdly, adsorption and fixation occur within the
mineral (Brummer, 1986).
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Figure 3.2. Idealised surface complexes of arsenic with ferrihydrite (Modified from
Waychunas et al., 1993).

@ ofw o

Shared edge complex Shared comner complex Isolated bidentate complex

"l

Fe dioctahedral chain unit.

Iron grit (Steel shot) used in this investigation is of industrial origin, containing
mainly iron (97%), plus resident impurities, for example, Mn (0.6 to 1%), C (0.8% to
1.2%), Si (0.8% to 1.2%) and Cr (0.2% to 0.5%) (Mench et al., 1998). The grit corrodes
and oxidises readily to form a variety of iron oxides such as lepidocrocite, maghemite and
magnetite and manganese oxides in soils (Sappin-Didier, 1995). The grit forms oxides,

which may coat particles of soil, enabling an increased surface for reaction with trace

metals in the soil solution.

There is evidence to suggest that arsenic immobilisation occurs in soils treated with
iron grit (steel shot). Greenhouse and field trials have shown reductions in plant arsenic

uptake, and an arsenic contaminated garden soil was remediated effectively by steel shots

(Vangronsveld et al., 1994).
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A further additive used in this study was Lime. This was included to determine its
effects on the arsenic anion. Lime (CaCO;), an alkaline material, is probably the oldest
technique for immobilising cationic metals in the soil. Lime affects binding sites in the
soil by binding H" ions that are attached to soil particles, thereby allowing the site to be
accessible for cationic metals to attach and bind. Liming has been carried out in

agriculture for over thirty years. For example, it was used to reduce copper (Cu)
phytotoxicity in vineyards located in France by combining it with organic matter (Delas,
1963).

The addition of Dolomitic lime acts by precipitating metals in solution, by inducing
hydrolysis of metals and / or carbonate coprecipitation. However although effective in the
sort term for remediation of soils contaminated with metals, lime will increase the pH of a
soil and this may mobilise anionic species such as arsenates (Mench ef al., 1998). Both
iron II sulphate (FeSO, - 7H,0) and iron III sulphate (Fe,(SO,4); - SH,0O) were mixed with
lime (1% w/w) and iron oxides were formed in situ by reaction of iron sulphate with the

lime. Goethite was synthesised using the method described in Chapter 2. Section 3.5

discusses the characterisation of each additive.

3.5. Characterisation of additives.

A variety of inorganic additives were used to attempt to reduce the mobilisation of
arsenic in solution. The selection of a soil additive must be chosen with respect to the
total metal concentrations present and the characteristics of the soil in question. Further,
the potential end use of the soil must be carefully considered (Mench et al., 1998). As a
result of applying additives, by spreading and tilling the material into the topsoil, it is
hoped that chemical binding of the metals to the amendment will occur, therefore
preventing mobilisation 1nto the soil solution. Iron oxides have been shown to adsorb
metals and prevent them from entering the soil solution, whilst electron-microprobe
investigations have shown accumulation of metals in iron oxides (Hiller & Brummer,
1995).

Before addition of these materials to a soil, an understanding of the mechanisms

involved in adsorption responsible for immobilisation was vital, although this knowledge
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is often lacking, or embryonic, in such circumstances (Mench et al., 1998). Prior to the
soil studies the iron oxides were firstly characterised and then investigated using pure
model systems, which would provide an insight into their adsorption capacity at varying

pH and arsenic concentrations.

3.5.1 X-Ray Diffraction

To determine the identity and crystallinity of the compounds used in the following
investigations, samples of the original materials were examined by X-ray diffraction. The
JCPDS (Joint Committee on Powder Diffraction Standards) card index was used to
identify the crystalline solids. The dry additives were analysed at room temperature using
a Philips PW 1729 X powder diffractometer, which was run by APD (Automated Powder
diffraction) softiware. The XRD powder patterns for the additives are shown in figures
3.3.a,b,c and d. No XRD pattern could be obtained for iron grit.

3.5.2. Thermal analysis

Differential thermogravimetric analysis (DTGA) was carried out using a Perkin

Elmer TGA 7. A sample of the additive (5 mg), previously dried at 60 °C, was heated at a

rate of 5 °C per minute over a temperature range of 20 °C to 850 °C. The loss in weight,
and energy differentials were recorded. DTGA is used to measure the water content of a
sample. From this information, identification of the iron oxide can be established. This is
due to each iron oxide having its own specific decomposition pattern. Firstly water is lost
from the sample followed by water loss of crystallisation. The iron oxyhydroxides then

decompose into the iron oxide and water. For all the additives, the thermogravimetric
curves reveal endothermic weight loss due to dehydration (Figures 3.4 a,b,c and d). A

TGA analysis was unobtainable for iron grit.

3.5.3. Surface Area

The additives were analysed for their specific surface areas by a Quantachrome Nova

2000, using the Nova data analysis package. A sample (1.0 g), (previously oven dried at
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60 °C), was dried at 240 °C, vacuumed, degassed and purged with nitrogen for 12 hours.

Table 3.1 shows the specific surface areas for the additives used in the investigations.

3.5.4. Scanning Electron Microscopy

Approximately 3 milligrams of iron oxide was gold sputter coated on a metal target
coated with an adhesive. A tungsten filament was used for the vacuum evaporation. The
sample was held at a 45° angle to the electron beam and the iron oxide particles were
photographed at an accelerating voltage of 25 kV on a Jeol JSM 840 scanning electron
microscope at a magnification of 3500. The photographs are presented in plates 3.1 —3.4.

3.6. Experimental batch adsorption investigations.

A standard arsenic solution was prepared by dissolving sodium arsenate (Na,
HAsO, - 7H,0 (1.3620g, A.R.)) in deionised water in a 1 dm’ volumetric flask. The
solution was then adjusted to the required pH (pH 5/9) with dilute (0.1 M) acetic acid
(CH;COOH) or dilute (0.1 M) sodium hydroxide (NaOH). 1 cm’ contained 1 mg of
arsenic, and the necessary dilution of the stock solution was prepared to give a range of
arsenic standard solutions from 1 to 100 ppm. These were diluted to volume with
deionised water in volumetric flasks and the pH readjusted if necessary. The pH of all
solutions were measured with a Radiometer PHM85 precision pH meter fitted with a
Radiometer GK2401C combination glass electrode.

Standard arsenic solutions were then added (100 cm’) to polyethylene screw cap
bottles (125 ml). The desired amendment was accurately weighed (1.00 g) and mixed
with the standard arsenic solutions. All analyses were carried out in triplicate. The
solutions were maintained at a constant temperature (25°C) in a re-circulating water bath
for 30 days. This allowed for exchange processes to occur and equilibrium to be reached.
Throughout the duration of the investigation the containers were regularly shaken to mix

the additive with the solution. Following the 30-day incubation period, all samples were
filtered through GF/C fibreglass filter paper into screw cap polyethylene containers and
analysed for arsenic content by AAS using a Perkin Elmer 100 Atomic Absorption

Spectrophotometer.
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3.7 Results and Discussion

Characterisation of the additives using XRD analysis (figures 3.3a — 3.3d) identified
their authenticity, but this was especially important for goethite, as this iron oxide had
been synthesised in the laboratory and therefore identification was paramount, to ensure
that the material produced was pure goethite. DTGA analysis (figures 3.4a - 3.4d)
revealed different decomposition patterns for each amendment and from these,
identification of the iron oxides was possible. Surface area (SA) studies (Table 3.1)
showed that goethite had the largest surface area of 71.4 Sq m/g, whereas iron grit

displayed the lowest measurement of 0.30 Sq m/g. From the surface area data it would be
possible to explain differences in the effectiveness of the iron oxides in relation to arsenic
sorption studies.

Although the SA results identified the potential area for adsorption to occur, scanning
electron microscope studies revealed the surface structure in photographic form (Plates
3.1 — 3.4). These plates show the differences between the iron oxides and it can be seen
that goethite (Plate 3.4) has a very different structure to that of the other iron oxides
(Plates 3.1-3.3). Goethite’s structure 1s amorphous when compared to iron III sulphate for
example, which is very crystalline (Plate 3.1). These initial studies have revealed
differences in the iron oxides structures that will help to explain any potential differences
that may arise with regard to their adsorptive capabilities, which will be discussed below.

Adsorption data are most frequently represented as adsorption isotherms. The plot
displays the quantity of adsorbate retained by a solid as a function of the concentration of
that adsorbate in the solution phase that is at equilibrium with the solid (McBride, 1994).
By addition of a known quantity of amendment to a known concentration of aqueous
arsenic solution, adsorption isotherms were constructed (Figures 3.6 — 3.10). They were
derived by calculating the equivalent fraction of ion in solution (As) and plotted against
the equivalent fraction of ion in the amendment (Ac).

There are a variety of adsorption isotherms, which are classified into four types
(Figure 3.5). From data obtained from the four iron oxides studied in the investigation the
Langmuir isotherm was evident, and this suggests that there was a high affinity between

the iron oxide surfaces and the arsenic’anion. = Chemisorption is usually associated with
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Figure 3.3.a. XRD pattern for Goethite (o - FeOOH)
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Figure 3.3.c. XRD pattern for Iron III sulphate and lime
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Figure 3.4.a. TGA for Goethite.
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Figure 3.4.b. TGA for Iron II sulphate and Lime
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Figure 3.4.c. TGA for Iron III sulphate and lime.
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Figure 3.4.d. TGA for Lime.
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Table 3.1 Specific surface areas for the additives.

Surface Area

Additive

Goethite i
Iron Grit i 0.30 |
[ Iron II Sulphate & lime | 18.4 |
l i |

Iron III Sulphate & lime 48.1
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Figure 3.5. Adsorption isotherm classification (Modified from Giles et al., 1960)
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Figure 3.6. Arsenic adsorption onto Iron grit
at pH S and 9 (n=3).
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Figure 3.7. Arsenic adsorption onto goethite
at pH S and 9 (n=3).
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Figure 3.8. Arsenic adsorption onto Iron Il Sulphate
and Lime at pH 5 and 9 (n=3).
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Figure 3.9. Arsenic adsorption onto Iron III Sulphate
and Lime at pH § and 9 (n=3).
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Figure 3.10. Arsenic adsorption onto lime
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Plate 3.1. Scanning electron micrograph of iron III sulphate and lime, gold sputter coated.
Magnification 3500.
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Image : Iron 111 surface, I High Voltage/kVv: 5.0
Date : 11/03/02 11:32:30 Format: 1024 x 768

Plate 3.2. Scanning electron micrograph of iron Il sulphate and lime, gold sputter coated.
Magnification 3500.

: Iron II Magnification : 3500
Image : Iron II surface High Voltage/kv: 5.0
Date : 11/03/02 11:27:46 Format: 1024 x 768
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Plate 3.3. Scanning electron micrograph of rusted iron grit, gold sputter coated.

Magnification 3500.
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Plate 3.4. Scanning electron micrograph of goethite, gold sputter coated.

3500.
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the Langmuir isotherm (McBride, 1994). The term chemisorption is a collective term for
the effect of pure adsorption and also chemical reaction (Sadiq, 1997).

Figure 3.6 shows the adsorption of arsenic onto iron grit at pH 5 and 9. The isotherm
constructed at pH 5 displayed a H-fype curve. This type of curve indicates a very strong
adsorbate-adsorbent interaction, 1.e. chemisorption (McBride, 1994). The H-type curve,
with its characteristic large initial slope, is an extreme L-type (Langmuir) curve and iron II
sulphate, iron III sulphate and goethite also demonstrated this type of isotherm at pH 5
(Figures 3.7 — 3.9). It has been described that the formation of arsenic solid phases in
soils may be due to the chemisorption of arsenic oxyanions on solid colloid surfaces, like
iron oxide/hydroxides and carbonates (Sadiq, 1997).

At pH 9 the adsorption of arsenic onto iron grit decreased (Figure 3.6). Above pH 8
iron oxide surfaces would play a limited role in the adsorption of arsenic due to their
surface charge, which at a low pH is positively charged and at higher pH becomes
negatively charged (Sadiq, 1997). Therefore, above pH 8, the negatively charged arsenic
oxyanions would be repelled from the iron oxide surfaces and remain in solution.
However iron III sulphate and lime (Figure 3.9) displayed the H-type isotherm at pH 9,
indicating that this iron oxide has an affinity for the negatively charged anions even at this
increased pH. As discussed in section 3.4, iron oxides have a point at which their surfaces
have a zero charge. This pH,,c may be higher for iron III sulphate, allowing adsorption of

arsenic onto its surface even at the higher pH encountered.

Figure 3.10 shows the isotherm constructed from data obtained using lime. The
isotherm demonstrated that lime has a limited affinity for adsorption of arsenic especially
at higher pH levels. There 1s however an adsorption effect at the lower pH and this may

be the result of arsenic reacting with calcium to form calcium arsenate.

3.8. Conclusions

By constructing adsorption isotherms the effectiveness of the four iron oxides at
adsorbing arsenic anions out of solution has been demonstrated. The most effective
additives used in the investigation were iron III sulphate plus lime (Figure 3.9), which
showed a very high affinity for arsenic at both pH’s and iron grit at pH 5 (Figure 3.6).

46



This study has indicated that iron oxides are effective at adsorbing anions at a relatively
low pH but with an increase to more alkaline conditions, adsorption was reduced. The
isotherms cannot however be used to prove the adsorption mechanisms involved and must
be regarded as curve-fitting models having a predictive capability (Sposito, 1989).

These investigations were model systems, involving a solution containing arsenic. In

soils other factors will affect adsorption rates, for example the presence of competing ions

such as phosphate. This may affect the iron oxides ability to adsorb arsenic if they are

added to a soil containing high levels of fertilizer.

The additives have shown their ability to adsorb arsenic in a model aqueous system,

but further studies are required to validate their effectiveness. Their fate in soil forms the

subject of the next chapter.
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CHAPTER 4.

METAL PARTITIONING AND SPECIATION IN IRON OXIDE-
AMENDED SOILS.

4.1. Introduction

The ecotoxicity and mobility of metals in the environment depend strongly on their
specific chemical forms or method of binding (Quevauviller, 1998). The definition of
speciation may be described by the function of the ‘species’, for example ‘plant available
forms’, ‘exchangeable cations’ or ‘labile species’ (Ure, 1996). That is, the form (physical
or chemical) in which the element exists. Chemical speciation is important in
environmental systems, because the form and amount of trace elements in a natural
system such as soil dictate the behaviour of the trace metal (Davidson et al., 1998).
Determination of a chemical species 1is difficult in soils and sediments and only a few

compounds have been accurately determined in sediment (Quevauviller, 1998). Ure

(1990), placed speciation into three class types:

) Functional speciation, the function of the species is defined.
ii) Operational speciation, the isolation procedure defines the species.

iii)  Classical speciation, determination of oxidation states or chemical compounds

are determined.

For trace element speciation of a soil sample, operational methods are normally
utilised, such as sequential extractions, where different reagents partition the analyte
content of the sample (Davidson ef al., 1999). The availability of metals in soils can
depend on many factors, such as organic matter, pH, ion exchange, the plant species
(Soon & Bates, 1982; Davies, 1992; Smith, 1994) and the presence of earthworms, whose
activities in the soil may change bioavailable metal concentrations (Ma et al., 2000).

Sequential extraction schemes have been developed to differentiate between the different

metal fractions in a soil sample.
Analysis of a soil using strong acid digest techniques or X-ray fluorescence

spectrometry (XRF) is used to assess the ‘total’ element content of soil and will show the

extent of heavy metal pollution accumulated (Ure, 1996). Many studies concerning metal
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availability in the environment have concentrated on total metals, implying that all forms
will have equal impact (Tessier et al., 1979). However 1t is the chemical form of a metal
that will determine its behaviour and mobilisation in the soil environment (Ramos ef al.,
1994). Therefore, the total metal content of soil is not a reliable indicator of those metal
concentrations that are available for plant uptake, as only a small proportion will be
actually available (Davies, 1992). To understand the chemistry of heavy metals and their
interaction with soil components such as clay minerals, organic matter and the soil
solution, or to determine their availability to plants, the usual approach is to use selective
chemical extractions (Ure, 1996). The uptake of metals by plants has become an
environmental concern, because accumulation of metals in plants is a process by which

they can enter the food chain (Zhang et al., 1998).

By using a sequential extraction scheme such as that developed by Tessier and co-
workers (1979), various extractants with increasing chemical action can be applied to a
soil sample to partition metals in that sample into definable chemical forms. The
information collected can be used to predict metal leaching rates, bioavailability and
transformations that may occur within the soil system (Salomons and Forstner, 1980).
Therefore complex information about the origin of metals, their mode of occurrence,
mobilisation and transport, plus biological and physiochemical availability can be
assessed (Tessier ef al., 1979). The chemicals used allow metal distribution to fall into
five distinct stages. Tessier and co-workers selected each of these fractions that were
likely to be affected by various environmental conditions (see below).

There are limitations to the extraction procedures, which have been questioned by
a number of investigators. Shan and Chen (1993) showed that one of the limitations to
Tessier’s method was that none of the elements were completely and fully selectively
removed due to elemental redistribution. However Zhang and co-workers (1998)
compared Tessier’s method with that of the Community Bureau of Reference (BCR)
sequential extraction procedure. From their work it was determined that there was no
significant difference between results obtained from the two methods for evaluating plant
availability of the given soil metals.

As a result of their poor selectivity and re-adsorption problems, sequential
extraction techniques cannot be used to determine specific geochemical associations, but

they are still important for the assessment of land contamination (Davidson et al., 1998).
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The reagents employed in the extraction schemes are used to estimate the
potentially available metal concentrations (Kheboian and Bauer, 1987). They include up
to five extractants and follow a general protocol.

For the initial stage of the extraction, sodium or ammonium acetate or magnesium
chloride (adjusted to pH 7) 1s added to the soil sample. These solutions affect the
adsorption of trace metals in the exchangeable fraction of the soil by acting on the ion-
exchange sites and displacing the ions in the sample. For example, changes in the ionic
composition of water may affect sorption-desorption processes.

The second stage applies sodium acetate acidified to pH 5 with acetic acid. These
reagents affect metals bound to carbonates and will dissolve a metal carbonate phase
(Kunze, 1965; McLaren and Crawford, 1973). It has been shown that trace metals are
associated with sediment carbonates (Gupta and Chen, 1975).

At stage three, hydroxy ammonium chloride in 25% acetic acid is added to the
sample. This solution attacks metals bound to iron and manganese oxides. These exist as
nodules, concretions, and cements or as a coating on particles. Oxides are efficient
scavengers of heavy metals, but are thermodynamically unstable in anoxic conditions (i.e.
low Eh).

Stage four consists of hydrogen peroxide and ammonium acetate. Hydrogen
peroxide that has been acidified with nitric acid is used as a strong oxidising agent. These
reagents will attack metals bound to organic matter and sulphides. It has been recognised
that heavy metals may bind to various types of organic matter (i.e. humic and fulvic acids)
and this is due to its properties such as peptisation and complexation (Tessier et al., 1979).
In natural waters organic matter can be broken down under oxidising conditions to release

soluble trace metals (Tesster et al., 1979).
The final stage of an extraction procedure is the addition of hydrochloric acid

(HCI), nitric acid (HNO;) and hydrofluoric acid (HF) to the sample. Concentrated acid
affects the residual fraction and with the removal of the first four fractions this stage will
contain the silicates and minerals that have held trace metals within their crystal
structures. Under normal environmental conditions, these metals would not be released
into solution, and would not be available for plant uptake. The use of strong acid is

required to dissolve the silicate fraction that the previous reagents were too weak to

achieve.
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The first four stages of the extraction procedure are most important with regard to
the mobility of trace metals in the soil solution and therefore their availability to plants.
Changes in the chemistry of a soil may affect the metals bound in these fractions and
therefore will determine their bioavailability. The use of strong acid extractants are useful
to determine the total metal content of a soil, but cannot be applied in terms of the

mobility of metals under natural conditions.

Until now most of the work done with sequential extractions has been employed
for speciation of copper (Cu), chromium (Cr), lead (Pb), zinc (Zn) and nickel (Ni) in soil
samples. It is necessary to understand how trace metals / metalloids are held within a soil
system, especially one that has been remediated, as this information will determine the
bioavailability of the elements after the addition of amendments to the soil. This
information can then be applied to the remediation of the contaminated site.

~ The sequential extraction scheme developed by Tessier and co-workers (1979) was
selected because of its wide application to metal partitioning in soils. By applying the
sequential extraction scheme, the aim was to consider arsenic partitioning in three
contaminated soils. The resulting fractionation would determine the effectiveness of the

iron oxide amendments applied to the soils in order to reduce arsenic mobility.
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4.2. Experimental

4.2.1. Preparation of reagents.

MgCl, (203.30 g, A.R.) was dissolved in deionised water and transferred to 1 litre
volumetric flask. Solution pH was adjusted to pH 7.0.

CH;COONa (82.03 g, A.R.) was dissolved in deionised water and transferred to 1 litre
volumetric flask. Solution pH was adjusted to pH 5 by adding a few drops of 1 M acetic

acid.

NH,OH.HCI (2.78 g, A.R.) in 25% CH;COOH w/v was dissolved in deionised water and
transferred to 1 litre volumetric flask. Solution pH was adjusted to pH 5 by adding a few
drops of 1 M acetic acid.

CH;COONH; (246.7 g, A.R.) was dissolved in deionised water and transferred to 1 litre

volumetric flask.
HNO; (conc. A.R.), was purchased from Aldrich.
H,0, (30% w/v), was purchased from Aldrich.

All other reagents were obtained from Merck, Poole, Dorset, UK.

4,2.2. Preparation of soil samples.

Soil samples collected from three areas of arsenic contamination, namely
Kidsgrove (canal dredgings), Rixton clay pits (coal fly ash) and Merton Bank (landfill)
(See Chapter 2 for details) were air-dried in the laboratory. The soils were ground in a
mortar and pestle then sieved to a particle size of < 4 mm diameter. Soil background
edaphic factors were analysed prior to this investigation using the methods outlined in
Chapter 2 together with the total metal concentrations for each soil, which were obtained

using XRF and nitric acid-extractable microwave digestion techniques. The results are
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presented in tables 4.1 to 4.4.

container. Appropriate amendments were added at a rate of 1% w/w and mixed

/

100g of soil was placed in a (500ml) polyethylene

thoroughly to homogenise. The soil was then moistened to field capacity with deionised

water. The soils plus amendments were then allowed to stand for one month at field

capacity and room temperature in the polyethylene containers to allow iron oxides to

form. The amendments added were lime, goethite, iron grit, iron II or iron III sulphate

plus lime.

Table 4.1. Background edaphic factors. (Mean values for soil analysis, n=3, values in

brackets represent the standard deviations).

_ Rlxton

1 Kldsgrove

8.19
(+0.02)

7.40
(£0.03)

[ 647

Merton Bank .

(£0.09)

l

|

lSonl Il I Monsture (%) !l Orgamc matter (%) ’

1195 |
(£6.87) |
;F’T
(£0.69) J

766
(£0.92)

14 00

15.40
(£0.94)

I
|I

| (£0.04) ffl *1.07) .
! .

Table 4.2. XRF total iron, calcium and sulphur present in the contaminated soils. (Mean

values for soil analysis (n=3), values in brackets represent the standard deviations).

Merton Bank

(+0.15)

3.544
(£0.94)

I
| : | 2.484
| 0.94) | &1.77)

1

(£0.19)

1.096 l

(+0.04)

0.1477

(£0.014)

I Ca (%) ‘ S (%) |
| | |

| 1.137

53



Table 4.3. XRF total metal concentrations (ug g") (n=3, values in brackets represent the

standard deviations).

Total metal concentrations (ug g )
Soil r

Zn Pb Cu Cd As

| Rixton 249 .4 08 33

(£7.9)

361.16
(£40.9)

Kidsgrove 1837.66
(£61.2)

)
|
' |
L]
b |
'Ill . 1
’ !
H ]
i :
+. m L

Merton Bank

1412.1 | 222.8

; 778.4
*_ ' (£1106.1) il (122.6) (£408.6)

Table 4.4. Nitric acid-extractable total metal concentrations (ug g') (n=3, values in

brackets represent the standard deviations).

_ ' ' Total metal concentrations (ug g ')

Soil ’ Zn Pb Cu Cd AS

78.01
(£15.53)

| 1 - i '
508.3 259.3 ‘[ 114.1 | 362
|

; Kidsgrove i
| 16.56) || (*18.01) |  (£0.40) (£2.00)

ey v T B -
| Merton Bank l 101.7 359.5 117.9 1.65

| 71.96
‘ | (£40.17) E (£124.10) l (£33.36) (£0.34) I (£9.48)
: i ; |
] _ | L

— .t iy e il alibbiivinli
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4.2.3. Extraction procedure.

All stages of the extraction procedure were carried out in the centrifuge tube to
minimise soil loss. The soil residues were washed with deionised water (10 cm®) and

shaken on a Griffin flask shaker for a period of 15 minutes, followed by centrifugation to

remove any reagent left in the residue afier each stage of the procedure.

42.3.1. Stage 1: Magnesium chloride

Each soil sample (2.000 g) was weighed into 50 cm® centrifuge tubes. To these
were added MgCl, (8 cm’, 1 M, pH 7.0). The mixture was then shaken at 25°C on a
Griffin flask shaker. After 1 hour, the aqueous extract was separated from the soil residue

by centrifugation (2500 rpm for 5 mins) using a Beckman GP centrifuge. The supernatant

was decanted into a screw top polyethylene container (60 cm®) until analysis.

4.2.3.2. Stage 2: Sodium acetate

CH;COONa (25 cm’, 1 M, pH 5) was then added to the soil residue from step 1.
The mixture was shaken continuously on a Griffin flask shaker at 25°C. After 5 hours, the

aqueous extract was separated from the soil residue as described above.
42.3.3. Stage 3: Hydroxy ammonium chloride in acetic acid.

To the residue from stage 2, NH;OH.HCI in 25% CH;COOH w/v (20 cm’, 0.04 M,
pH 2) was added. The sample was then heated in a water bath (96 °C). After 6 hours the

aqueous extract was separated from the soil residue as previously described.

4.23.4. Stage 4: Nitric acid, Hydrogen peroxide and ammonium acetate.

To the residue from stage 3, HNO; (3 cm’, 0.02 M) and H,0, (5 cm?, 30% w/v)
were added. The sample was heated in a water bath (85 °C). After 2 hours H,0; (3 cm’,
30% w/v) was added for a further 3 hours in the water bath (85 °C). After 3 hours,
CH,COONH; (5 cm’, 3.2 M) was added to the sample and left to stand for 30 minutes
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(25°C). The aqueous extract was separated from the soil residue as previously described.

Table 4.5 outlines the extraction procedure.

42.3.5. Analysis.

Each supernatant was filtered through GF/C fibre glass filter paper to remove any
fine suspended particles prior to analysis. The sample was then made up to volume with
deionised water. Standards did not require matrix matching for arsenic analysis. Standard
Cu, Cd, Zn, and Pb solutions were made up separately for each stage with the appropriate
reagent to overcome interferences from the matrix prior to analysis by ICP. All solutions

were analysed in triplicate using both standards and blanks in the same matrix.

Table 4.5. Scheme for sequential extraction. ( Tessier et al., 1979).

STAGE | FRACTION REAGENT VOLUME (CM) CONDlTIONS

Exchangeable MgCI; Imol L ! Shake for 1 hr @25 °C | hr @ 25 C !

CH;COONa I mol L

Shake for 5 hrs @ 25
°C (pHS5)

Carbonate-bound

Fe- Mn ;;}:]és--boﬁnd ‘
(reduciblc) ‘
i

- -t —rr T T e o —— ——p e o o — e —

6hrs @ 96°C watcr
bath (pH2)

NH,OLHCI 0.03 mol L
in 25% CH3COOH w/v

HNO; 0.02 mol L'/ 30% | "2 hrs @ 85°C

Organic matter-bound

(oxidisablc) H;O; (w/iv)
+ 3 hrs @ 85°C
30% H,0, (W/v) 1
+ 30 mins @25°C

CH;COONH;
3.2 mol L

EEEEE

:Detennination of total metal content was performed independently on separate soil samples (see Chap. 2 &

Tables 4.3 and 4.4).
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4.3. Results and Discussion.

The sequential extraction scheme proposed by Tessier et al., (1979) was applied to
the three arsenic contaminated soils (see Chapter 2 for details). In this study the
extraction scheme was used to assess the changes in arsenic mobility in untreated and iron
oxide-amended soil and to assess the chemical forms of arsenic in the soils upon
remediation. The chemical speciation of the predominant metal cations present in the test
soils, namely copper, cadmium, zinc and lead were also considered. This was done to
evaluate any changes in their mobility and speciation that resulted from the application of
potentially arsenic-immobilising amendments. The concentrations of metals and arsenic
extracted from the samples would also be affected by soil characteristics such as pH,
organic matter content and soil texture.

The addition of iron oxides to all soils resulted in a reduction in arsenic mobility in
stage one of the extraction procedure, i.e. the exchangeable metal fraction. In the
Kidsgrove soil a 95% reduction was observed for arsenic in iron II amended soil
compared to that of the untreated control. Iron II and IIIl amendment of Rixton soil
resulted in 94% and 75% reductions in mobile arsenic respectively. Similar results were
obtained for the Merton Bank soil, with iron II and III producing 71% and 87% reductions
in mobility respectively when compared to the untreated soil. The fact that reductions
were observed in this fraction is of importance because it is in this form that the metalloid

will be potentially most available to plants and groundwater.

4.3.1 Exchangeable metals

A dilute aqueous solution of magnesium chloride was used to determine the
proportion of metals electrostatically bound in the soils. Magnesium chloride liberates
exchangeable metals into solution, however ammonium acetate, previously used for this

purpose, was discovered to attack metal carbonate complexes (Jackson, 1958; Wagemann

et al., 1977). This gave unusually high results for freely available ion exchangeable metal
ions. Stage one of the extraction scheme liberated the most mobile metals present in the

soils and its neutral pH would not afiect the availability of those metals.
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With the exception of Kidsgrove soil (Figure 4.1), arsenic present in the freely
exchangeable form was observed to show the lowest concentrations when compared to the
other fractions. Arsenic present in a soil may, depending on soil factors such as pH, soil
texture or the presence of iron oxides, show limited mobility in this labile form. The soils
in the investigation would have had a high redox potential and arsenic would have been
present as arsenate. Arsenate displays an anionic nature that provides strong sorption in
soils (Onken & Adriano, 1997). The greater concentration of arsenic found in the Rixton
soil extraction (Table 4.6), compared to the other soils, may be due to the nature of the
substrate, in that arsenic was liberated more in sandy soil and so leaching would have
occurred more readily into the soil solution. It has been identified that arsenic mobility is
of the order: sandy loam > silty clay loam > silty clay > clay (Fuller, 1978).

The mobility of zinc was found to be very low in this fraction and as will be
discussed later was found to be associated strongly with another fraction. Lead however
was observed to be highly mobile in the exchangeable fraction with the greatest
percentage found in this stage compared to the other fractions (Figures, 4.7, 4.11 & 4.15).

The addition of iron oxides had little effect immobilising this metal in soil and an increase

in lead (mg/Kg) was observed in the exchangeable fraction in the presence of these
additives (Table 4.10).

Both copper and cadmium were found to be highly mobile in this fraction (Figures,
4.4,4.5,4.8,4.9,4.12 & 4.13) for all soils. Cadmium has been shown to have a relatively
high soil-plant concentration ratio (Jackson and Alloway, 1992) and this was reflected in

the high concentrations observed in the exchangeable form.

4.3.2 Carbonate bound metals

Sodium acetate solution, acidified to pH 5, was used to release those metals bound
to carbonates. A high percentage of arsenic was found associated with the carbonate
fraction in lime-amended Kidsgrove soil (Figure 4.1). The carbonate fraction was
observed to contain the second highest concentration of arsenic (the highest
concentrations were found in stage three) in all the soils studied (Table 4.6). Lindsay
(1979) discovered that carbonate minerals may be important in the adsorption of arsenic

in alkaline soils, especially calcareous soils, but where unstable in acidic soils. It has been
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identified that, after the exhaustion of iron, arsenic adsorption will be controlled by
calcium levels in calcareous soils (Woolson et al., 1971). The carbonate fraction may
therefore have an important adsorption role in alkaline soils, as Parks (1967) demonstrated
that calcium carbonates have an isoelectric point of between 7 and 10.

In Kidsgrove soil treated with lime, 347.74 ppb arsenic was extracted in stage 2,
and adsorption of arsenic may be controlled by the carbonate fraction in this particular
case. Table 4.6 shows that in the other soils treated with lime, an increase in extracted
arsenic was observed.

The concentrations of copper, cadmium, zinc and lead were all relatively low in

this fraction. However in Merton Bank soil, lead levels were increased when compared to

the other extraction stages (Figure 4.15).
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