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ABSTRACT

A field survey of terrestrial plants growing in the Bo Ngam lead mine area,
Thailand, was conducted to identify species accumulating exceptionally high
concentrations of lead. Lead concentrations in surface soil ranged from 325 to 142,400
mg kg™. The highest lead concentration in soil was found at the ore dressing plant area
and lowest at a natural pond area. In different areas, the concentrations of lead in
plants were different when comparing various study sites. A total of 48 plant species
belonging to 14 families were collected from five sampling sites. Twenty-six plant
species had lead concentrations more than 1000 mg kg™ in their shoots. Three species
(Microstegium ciliatum, Polygala umbonata, Spermacoce mauritiana) showed
extremely high lead concentrations in their shoots and roots.

A glasshouse study was conducted to compare growth performance, metal
tolerance and metal uptake by two grasses, Thysanolaena maxima and four ecotypes
of Vetiveria zizanioides and to study the effects of soil amendments to this lead mine
soil. Both T. maxima and V. zizanioides (Surat Thani and Songkhla ecotype) could
tolerate high Pb concentrations in soil and had very good growth performance.
Application of pig manure increased EC value and reduced DTPA-extractable Pb
concentration in the soils. Pig manure application improved the growth of vetiver but
did not improve T. maxima. The uptake of Pb of both species was reduced when soils
were amended with pig manure. Application of inorganic fertilizer did not improve
growth of vetiver but did improve that of T. maxima. Application of fertilizer
increased the accumulation of T. maxima.

Experiments were conducted to evaluate lead tolerance and accumulation in V.
zizanioides grown in hydroponics and a pot study and to examine the effects of lead on
vetiver oil production. Elevated concentrations of lead in solution decreased the length
of shoots and roots of plants. Vetiver grown in highly contaminated soils showed no
apparent phytotoxicity symptoms. The results indicated that lead had an effect on
vetiver oil production and composition by stimulating oil yield and the number of its
constituents. The highest yield was found in plants grown in nutrient solution with 100
mg Pb L™ and the greatest number of total constituents was found in plants grown in
soil spiked with 1000 mg Pb kg™. The predominant compound of vetiver oil was
khusimol (10.7-18.1%).

KEY WORDS: PHYTOREMEDIATION / LEAD / Vetiveria zizanioides /
Thysanolaena maxima / VETIVER OIL
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CHAPTER |
INTRODUCTION

Soil pollution, a very important environmental problem, has attracted
considerable public attention in recent decades (Garbisu and Alkorta, 2001).
Metalliferous mining and processing, including the dumping of wastes, often
produces severe heavy metal pollution (Baker et al., 1994). The land surface is
damaged and soil is contaminated with high concentration of heavy metal. Heavy
metal polluted soils usually lack established vegetation cover due to the toxic effects
of pollutants or recent physical disturbance. Barren soils are more prone to erosion
and leaching which spread pollutants in the environment (Salt et al., 1995). The
solutions to rehabilitation of the mine land are revegetation with metal tolerant plant
species and removing heavy metal from land by plants.

In recent times the emerging field of phytoremediation has seen studies
conducted on the use of green plants to remove heavy metals from the environment in
a cost effective and ecologically manner (Pulford and Watson, 2003). This has
included techniques such as phytoextraction, the use of hyperaccumulating plants to
remove metals from soil by concentrating them in the harvestable parts (Kumar et al.,
1995; Huang and Cunningham, 1996; Garbisu and Alkorta, 2001). There are many
reports of hyperaccumulating plants (Cunningham and Berti, 1993; Shen and Liu,
1998). A hyperaccumulator has been defined as a plant that can accumulate cadmium
>100 mg kg™, copper, lead >1,000 mg kg™, zinc >10,000 mg kg™ in their shoot dry
matter (Reeves and Brooks, 1983). In accumulator plants, the metal concentrations in
shoots invariably greater than that in roots, showing a special ability of the plant to
absorb and transport metals and store them in their above-ground part (Baker and
Brooks, 1989; Baker et al., 1994).

Amongst the substances that contribute anthropogenic to pollution of the

biosphere, trace metals are one of the most toxic and recalcitrant, with lead the most
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widespread. Kanchanaburi Province, 230 km west of Bangkok, Thailand, is rich in
minerals, especially lead, with total reserves of 7.7 billion tons (Department of
Primary Industries and Mines, 1998). There are several lead mines in the area of
Thong Pha Phum District of that province that have been in operation for 40-60 years;
several of them have been closed down due to the expiration of concession.

Plant species are very diverse in metal mining areas in the tropics. Hence, such
areas have a good potential to provide suitable species for phytoremediation of lead
contaminated land. The large scale phytoremediation of metal pollutants from soils
requires plant species that have high biomass, are rapidly growing and accumulate
metals. The concentration of metal in the harvestable plant tissue must be
significantly higher than in the soil.

Some soils are so heavily contaminated that removal of metals using plants
would take an unrealistic amount of time. The normal practice is to choose drought-
resistant, strong root system, fast growing crop or fodder which can grow in metal-
contaminated and nutrient deficient soils. Phytostabilization is the use of metal-
tolerant plant species to immobilize heavy metals through absorption and
accumulation by roots, adsorption onto roots, or precipitation within the rhizosphere.
This process reduces metal mobility and also reduces bioavailability for entry into the
food chain (Wong, 2003). Phytostabilization techniques are most appropriate for
immobile materials and large surface areas. The technique is currently acceptable for
remediation at mining sites (Cunningham et al., 1995). Selection of appropriate plant
species would be very important to ensure self-sustainable vegetation cover (Wong,
2003).

Vetiver grass technology has become one of the leading biological systems for
soil and water conservation, embankment stabilization and land restoration (Truong,
2000; Chen et al., 2000; Pang et al., 2003). There is a wealthy of evidence to show
that vetiver grass is extremely tolerant to the hostile soil conditions and that it is
widely used as a natural effective, and low-cost option to vegetate and stabilize heavy
metal-contaminated land (Truong and Baker, 1998). Owing to its fast growth rate,
extensive and proliferating root system, and its tolerance to heavy metals, vetiver
grass has been used in the restoration of mining wastes, particularly contaminated

tailings (Truong, 1999). Furthermore, the root of vetiver plants contains oil producing
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cells. The vetiver oil is used extensively in perfumery, cosmetics, and biomedical
utilization (Anderson, 1970; Maffei, 2002; Wong, 2003; Massardo et al., 2006). By
planting vetiver grass in a lead mine area, it could serve the dual purpose of
stabilizing the mine site and at the same time producing oil with a high commercial
value.

Thysanolaena maxima is one of the most widely distributed species in Bo
Ngam lead mine (PbCOs3) in Thong Pha Phum district, Kanchanaburi Province,
Thailand. It can attain a very good height (2-3 m) and produces large biomass even
when growing in extremely high lead content (10 to 100 g Pb kg™) soils (Rotkittikhun
et al., 2006). However, the use of T. maxima in phytoremediation technology is not
widely recognized owing to the lack of detailed investigations of its capacity to
absorb contaminants, its tolerance and practical field application.

In the first part of this study the lead concentrations in plant samples in Bo
Ngam lead mine area, Kanchanaburi Province were investigated to search for
potential lead hyperaccumulators. The second part involved the laboratory study on
the lead accumulation of some grass species (V. zizanioides and T. maxima) with high
potential for phytostabilization and the effect of soil amendment (pig manure and
fertilizer) on the growth performance and lead accumulation. The third part
demonstrated the lead tolerance and accumulation in vetiver grass and the effects of

lead on vetiver oil production grown in hydroponics and pot study.
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CHAPTER Il
OBJECTIVES

The overall objectives of the present study were to search for potential lead
accumulators and lead excluders from plant species grown naturally in the Bo Ngam
lead mine area, Kanchanaburi province, Thailand, and to use these plants in the
rehabilitation of lead mine area. Hence, a field survey was conducted to investigate
the lead accumulating capacity of plant species in Bo Ngam lead mine area.

Bo Ngam lead mine was dominated by several grass species especially
Thysanolaena maxima which could attain the height of 2-3 m and they were very
tolerant to lead at high concentration. Hence a glasshouse study was conducted to
investigate the efficiency of T. maxima in phytostabilization of lead by comparing
with the common grass species, Vetiveria zizanioides. Vetiver grass is extremely
tolerant to heavy metals and it is widely used to vegetate and stabilize heavy metals
contaminated land. In order to improve the quality of lead mine soil used in the study,
various soil amendments were performed.

In addition, vetiver grass is also well known for its oil production in the roots.
The vetiver oil is used extensively in perfumery, cosmetics, and biomedical
utilization. By planting vetiver grass to vegetate a lead mine area, it could serve the
dual purpose of stabilizing the mine site and at the same time producing oil with a
high commercial value. Hence, hydroponics and pot experiments were conducted to

investigate the effects of lead on growth and oil production in V. zizanioides.

The specific objectives of this study were as follows:

1. To estimate the lead accumulating capacity of plant species in Bo Ngam lead mine
area and choose potential accumulators that would be suitable for
phytoremediation.

2. To compare the accumulation of lead and plant growth in grasses, T. maxima and

four ecotypes of V. zizanioides under laboratory conditions.
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3. To evaluate the effects of fertilizer and pig manure amendments on the
revegetation of lead mine using T. maxima and V. zizanioides.

4. To evaluate the extent of lead tolerance and accumulation in vetiver grass grown in
hydroponics and in pot trials and to investigate any effects of lead on vetiver oil

production.
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CHAPTER 11
LITERATURE REVIEW

1. Heavy Metals

Heavy metals are natural elements that are found at various high background
levels (Table 1) at different places throughout the world due to various concentrations
in the bedrock. Thus, for example, Ni, Cr and Co are abundant in serpentine soils
whereas Zn, Pb and Cd are high in calamine soils. Heavy metals are persistent and
cannot be deleted from the environment. Thus, a problem arises when their

availability is high due to high background levels or to human activity.

Table 1. Background levels in natural water and sediment (Forstner and Wittmann,
1979) and the upper limit of non-polluted soil (Temmerman et al., 1984;
Greger, 1999).

Metal | Natural water (pg L™) Soil (ng L™ Sediment (pg L™
Seawater | Freshwater |Sandy soil| Loam Lake Sea
Cd 0.01-0.07 0.07 I 1 0.14-2.5 | 0.02-0.43
Cr 0.08-0.15 0.5 15 30 7-77 11-90
Co 0.04 0.05 5 15 0.1-74
Cu 0.04-0.1 1.8 15 25 16-44 4-250
Hg 0.01 0.01 0.15 0.15 | 0.004-0.2 | 0.001-0.4
Mn 0.2 <5 500 800 390-6700
Mo 10 1 5 5 0.2-27
Ni 0.2-0.7 0.3 1 1 34-55 2-225
Pb 0.001-0.015 0.2 50 50 14-40 7-80
Zn 0.01-0.62 10 100 150 7-124 16-165
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Heavy metals are enriched in the environment by human activities of different
kinds. Results of these activities end up in outlets and wastes where heavy metals are
transported to the environment by air, water and deposits, thereby increasing the metal
concentrations in the environment. For example, the metal concentrations in river
waters has been shown to be increased several thousands fold by effluents from
mining wastes. Metals supplied to the environment are transported by water and air,
ultimately reaching the soil and sediment where they become bound. However, the
time taken for them to become bound may be fairly long and it has been shown that
the bioavailable fraction of metals in soil is high at the beginning of the binding
period, but decrease with time. Thus, there is probably a bigger problem with
anthropogenically supplied metals, with high levels of bioavailable metals, than with

high background levels originating from bedrock, with slow weathering.

1.1 Sources of heavy metal contaminants in soils
Although heavy metals are ubiquitous in soil parent materials, the major
anthropogenic sources of metals to soils and the environment are (Alloway, 1995):
a) Metalliferous mining and smelting
b) Agricultural and horticultural materials
c) Sewage sludges
d) Fossil fuel combustion
e) Metallurgical industries- manufacture, use and disposal of metal commodities
f) Electronics- manufacture, use and disposal of electronic commodities
g) Chemical and other manufacturing industries

h) Waste disposal

(a) Metalliferous mining and smelting

Metals utilized in manufacturing are obtained from either the mining of ore
bodies in the earth’s crust, or the recycling of scrap metal. Ores are naturally
occurring concentrations of minerals at sufficiently high concentration of metals to
render them economically worthwhile exploiting. With increasing demand for metals
and improvements in mineral extraction technology, ore bodies with progressively

lower metal contents are being mined. These lower grade ore bodies are usually larger
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in extent and require a higher proportion of rock to be mined per ton of metal
extracted and consequently much greater quantities of waste are produced, especially
tailings.
(b) Agricultural and horticultural materials
Agricultural practices constitute very important non-point sources of metals
which make significant contributions to their total concentrations in soils in many
parts of the world, especially in regions of intensive farming. The main sources are:
= impurities in fertilizers: Cd, Cr, Mo, Pb, U, V, Zn
= sewage sludge: especially Cd, Ni, Cu, Pb, Zn (and many other elements)
* manures from intensive animal production, especially pigs and poultry:
Cu, As, Zn
= pesticides: Cu, As, Hg, Pb, Mn, Zn
= refuse derived composts (not widely used in agriculture): Cd, Cu, Ni, Pb,
Zn
= desiccants: As
= wood preservatives: As, Cu, Cr
= corrosion of metal objects (galvanized metal roofs and wire fences: Zn,
Cd)
(c) Sewage sludges
Sewage sludge is the residue produced from the treatment of domestic and
industrial waste-waters and large amounts are produced worldwide. Sewage sludges
are a significant source of plant nutrients and organic matter and some specially
treated sludges, such as those containing lime or cement kiln dust.
(d) Fossil fuel combustion
In general, fossil fuel combustion results in the dispersion of a wide range of
heavy metals, which can include: Pb, Cd, Cr, Zn, As, Sb, Se, Ba, Cu, Mn, U and V,
over a very large area, although not all these elements are present in significant
concentrations in all types of coal and petroleum. The metals accumulate in the coal
and petroleum deposits as they formed and are either emitted into the environment as
airborne particles during combustion, or accumulate in the ash which may itself be
transported and contaminate soils or water, or, may be leached in situ. The

combustion of petrol (gasoline) containing lead additives has been the largest source
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of this metal in the environment and has affected soil over a high proportion of the
earth’s terrestrial surface
(e) Metallurgical industries

Metallurgical industries can contribute to soil pollution in several ways: (I) by
the emission of aerosols and dusts which are transported in air and eventually
deposited on soils or vegetation; (II) by liquid effluents which may pollute soils at
times of flooding; (III) by the creation of waste dumps in which metals become
corroded and leached into the underlying soil.
(f) Electronics

A large number of heavy metals are used in the manufacture of semi-
conductors, cables, contacts and other electrical components, these include: Cu, Zn,
Au, Ag, Pb, Sn, Y, W, Cr, Se, Sm, Ir, In, Ga, Ge, Re, Sn, Tb, Co, Mo, Hg, Sb, As and
Cd. Environmental pollution can occur from the manufacture of the components, their
accidental contact with soils and their disposal in waste.
(g) Chemical and other industrial sources

Other significant sources of heavy metal pollution of soils and the
environment can be either the manufacture and/or use and disposal of the following:

Chlorine manufacture, Hg

Batteries, Pb, Sb, Zn, Cd, Ni, Hg

Pigments and paints, Pb, Cr, As, Sb, Se, Mo, Cd, Ba, Zn, Co

Catalysts, Pt, Sm, Sb, Ru, Co, Rh, Re, Pd, Os, Ni, Mo

Polymer stabilizers, Cd, Zn, Sn, Pb (pollution from incineration of plastics)

Printing and graphics, Se, Pb, Cd, Zn, Cr, Ba

Medical uses, Ag, As, Ba, Cu, Hg, Sb, Se, Sn, Pt, Zn

Additives in fuels and lubricants, Se, Te, Pb, Mo, Li
(h) Waste disposal

The disposal of household, municipal and industrial wastes can lead to soil
pollution with heavy metals in various ways. The landfilling of municipal solid waste
can lead to several metals including Cd, Cu, Pb, Sn, Zn being dispersed into soil,

groundwaters and surface waters in leachates if the landfill is not managed properly.
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2. Lead

In nature lead is a ubiquitous, non-essential element. Lead is ranked at about
the 36 place of the element in the earth’s crust (Ewers and Schlipkoter, 1991) in an
average concentration of about 15 mg kg™ (Kabata-Pendias and Pendias, 2000), and
in soils remote from man concentrations range from 5-25 mg kg'. Natural
mobilization of lead into the environment occurs principally from the erosion of lead-
containing rocks and through gaseous emissions during volcanic activity. In the last
fifty years great amounts of lead have been extracted, concentrated and used by man,

and re-emitted into the environment.

2.1 Chemical and physical properties

Lead (Pb) has an atomic number of 82, an atomic mass of 207.19, and is a
member of Group IVB of the Periodic Table. Two oxidation states (Pb(II) and
Pb(IV)) are stable but the environmental chemistry of the element is dominated by the
plumbous ion, Pb*". Elemental lead is a dense (11.34 g cm™) bluish-grey color metal
which melts at 327 °C and boils at 1740 °C (WHO, 1989). Lead is very soft, malleable
and ductile. The most important lead minerals are galena (PbS), cerussites (PbCO3),
anglesite (PbSQO4), and minim (Pb3;O4). Galena occurs mostly in deposits, which also
contain zinc minerals and small amounts of copper, iron, cadmium, and other metals.
Natural lead is a mixture of four stable isotopes: 204 Pb (1.4%), 206 Pb (24.1%), 207
Pb (22.1%), and 208 Pb (52.4%). Lead isotopes are the end products of each of the
three series of naturally occurring radioactive elements: 206 Pb for the uranium series,
207 Pb for the actinium series, and 208 Pb for the thorium series. Forty other isotopes
of lead, all of which are radioactive, are recognized.

Lead readily alloys with other metals: the Pb/Sb alloy is chiefly used to make
battery plates but is also used in shotgun pellets and Pb/Sn alloys are often used as
solder. Lead metal, in combination with PbO,, is used to fabricate the lead-acid
accumulator battery. Other inorganic compounds are widely used, e.g., the yellow
chromate is used in road markings, and many paints contain lead oxides or lead soaps
to promote polymerization. There is an extensive organic chemistry of Pb(IV)

compounds, especially tetra-alkyl and tetra-aryl compounds.
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2.2 Uses of lead

In 1982, the total comsumption of refined lead was about 502 million tons
worldwide (World Metal Sratistic, 1983; Ewers and Schlipkdter, 1991). About 40% of
all lead consumed are used for the production of lead-acid batteries. The production of
tetramethyllead (TML) and tetraethyllead (TEL), which are used as antiknock agents
in gasoline, accounts for approximately 10% of the world lead consumption. In the
1970s a maximum of TML and TEL (more than 250 000 t/a in the USA) was
produced, since then consumption has decreased again (Nriagu, 1989). Lead based
pigments are used as a protective coating for steel structures, for paints used on
highways and for other exterior uses. The use of lead for interior paint in houses has
been prohibited in many countries. Lead chemicals are used in glassware and
ceramics and as stabilizers in plastics. Lead sheets, cable sheathing, solder,
ammunition, bearing alloys, type metal, tubes, weights and ballast, and low melting
alloys together account for about 20% of the lead used. PbO, and lead tetraacetate are
oxidizing agents. In recent years lead consumption has been decreasing partially
because leaded gasoline is used less, because one tries to substitute heavy batteries,
and because lead tubes for many applications are not allowed any longer (Saager,
1987). Especially the production of TML and TEL is decreasing since about 1980
because of the detection of increased levels of lead in blood (particularly in children)
and because catalysts reducing exhausts to avoid smog are destroyed in the presence
of lead.

A large proportion of lead waste is recovered and recycled in secondary lead
smelters. Concerning lead storage batteries the recovery is more than 90% in some
countries. The recovery of lead sheets, pipes, and cable sheathing may vary between

50 and 90%. Lead from alloys is recovered to a substantially lesser degree (Ewers and

Schlipkoéter, 1991).

2.3 Occurrence and cycle in the environment
2.3.1 Occurrence in the lithosphere
The terrestrial abundance of lead indicates a tendency for lead to concentrate

in the acid series of magmatic rocks and argillaceous sediments in which the common
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lead concentrations range from 10 to 40 mg kg', while in ultramafic rocks and

calcareous sediments its range is from 0.1 to 10 mg kg™ (Table 2).

Table 2. Lead in main soil-parent rocks (Kabata-Pendias and Pendias, 2000).

Rock Type Pb (mg kg™)
Magmatic Rocks
Ultramafic rocks 0.1-1.0
Mafic rocks 3-8
Intermediate rocks 12-15
Acid rocks 15-24
Acid rocks (volcanic) 10-20
Sedimentary rocks
Argillaceous sediments 20-40
Shales 18-25
Sandstones 5-10
Limestones, dolomites 3-10

The average abundance of lead in the earth’s crust is estimated at about 15 mg
kg'. In the terrestrial environment, two kinds of lead are known: primary and
secondary. Primary lead is of geogenic origin and was incorporated into minerals at
the time of their formation, and secondary lead is of a radiogenic origin from the
decay of U and Th. The ratio of lead of various origins is used for dating the host
materials.

The natural lead content of soil is inherited from parent rocks. The natural lead

occurrence in the top horizons of different soils from various countries show that
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amount range from 3 to 189 mg kg™, while mean values for soil types range from 10

to 67 mg kg™ and average 32 mg kg™ (Kabata-Pendias and Pendias, 2000).

2.3.2 Occurrence in the hydrosphere
About 17,000 tons of lead is estimated to enter the rivers and oceans from
natural sources, and the deep water of the oceans contains 0.03-0.05 pg L™ (Alloway,
1995). Fresh waters, prior to industrialization, probably contained about 0.6 ug L™,
and even today rivers and lakes in areas where no lead working is carried out often
contain less than 1 pug L™ although generally the lead content of lakes and rivers lies

within the range 1-10 pg L.

2.3.3 Occurrence in the atmosphere

Until the early part of the present century, lead smelting and refining were the
major sources of the lead emitted to atmosphere, but, with more rigid methods of
control and the emergence of other sources, these processes are now minor
contributors, at least in a qualitative sense. Smelting and refining processes still emit
about 200-250 tons a year to the atmosphere, and thus remain important sources of
local contamination. Their influence on local lead levels depends to a large extent
upon the height of the chimney, the type of trapping device used in the stack and the
topography of the surrounding countryside. Local contamination, however, may be
extensive and widespread. The combustion of coal and oil releases very little lead into
the atmosphere, and there is no doubt that the single most important source of lead in
the atmosphere is leaded petrol. In the general atmosphere, lead from petrol accounts
for 90% or more of the total amount present.

The lead which is emitted from the exhaust pipes of motor cars is mainly in
the inorganic form although some of the organic lead escapes combustion, and further
quantities evaporate from the car engine and petrol tank. Lead alkyls also evaporate
during their manufacture and transfer, and some is inevitably lost in the same way
from filling stations. The proportion of the ambient atmospheric lead which is in the
organic form is not known with any certainty and estimates lie in the range 1-20%.

Little is known of the chemical species of lead which are present in the atmosphere
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but the indications are that the lead emitted from cars is initially in the form of halides

which are then converted to oxides, sulphates and carbonates.

2.4 Reactions of lead with soil components

The natural lead content of soils is strongly related to the composition of
bedrock, and lead is reported to be the least mobile among the other heavy metals.
The relatively low lead concentrations in natural soil solutions support this statement.
Although the lead species can vary considerably from one soil type to another, it may
be concluded that lead is associated mainly with clay minerals, Mn oxides, Fe and Al
hydroxides, and organic matter. However, in some soil, lead may be highly
concentrated in Ca carbonate particles or in phosphate concentrations. Phosphate
added to a soil contaminated with lead slightly decreases its easily soluble fraction. In
soils heavily polluted with lead, the formation of pyromorphite, PbsCI(POy)s, is
observed. The solubility of lead can be greatly decreased by liming. A high soil pH
may precipitate lead as hydroxide, phosphate, or carbonate, as well as promote the
formation of Pb-organic complexes, which are rather stable. Increasing acidity may
increase the lead solubility, but this mobilization is usually slower than the
accumulation in the organic-rich layer of soils. The characteristic localization of lead
near the soil surface in most soil profiles is primarily related to the surficial
accumulation of organic matter. Organic matter should be considered as an important

sink of lead in polluted soils (Kabata-Pendias and Pendias, 2000).

2.5 Toxic effects of lead
The toxic effects of lead are directed principally against the blood, the nervous

system and the kidney.

2.5.1 Toxic effects on human
Exposure to lead mainly occurs through inhalation of air and ingestion of lead
in food, paint, water, soil, or dust. Lead accumulates in the body in blood, bone, and
soft tissue. Because it is not readily excreted, lead can also affect the kidneys, liver,
nervous system, and other organs. Excessive exposure to lead may cause anemia,

kidney disease, reproductive disorders, and neurological impairments such as
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seizures, mental retardation, and/or behavioral disorders. Even at low doses, lead
exposure is associated with changes in fundamental enzymatic, energy transfer, and
other processes in the body. Fetuses and children are especially susceptible to low
doses of lead, often suffering central nervous system damage or slowed growth.
Recent studies show that lead may be a factor in high blood pressure and subsequent
heart disease in middle-aged white males. Lead may also contribute to osteoporosis
(brittle bone disease) in post-menopausal women. EPA's health-based national air
quality standard for lead is 1.5 pg m™ measured as an annual maximum quarterly

average concentration.

2.5.2 Toxic effects to plants

Lead has been reported to have a wide range of effects in plants, including
disruption of cell membranes and mitosis, inhibition of plant growth, ATP (adenosine
triphosphate) synthesis and structural protein formation, reduction of photosynthesis,
water absorption and transpiration rates, increase in generation time, and decrease in
pollen germination and seed viability (Pang et al., 2003).

In barley (Hordeum vulgare) leaves treated with lead ranging from 0.04 to 4.0
mM for 8 to 24 h, there were reduction of Chl b and number of grana (WozZny et al.,
1995; Prasad and Strzalka, 1999). Chlamydomonas reinhardtii sufferred a 50%
reduction of photosynthesis by exposure to 5 uM Pb. Severe chloroplast damage was
accompanied by the accumulation of lead in thylakoid membranes (Irmer et al., 1986;
Barcel6 and Poschenrieder, 1999).

There is some evidence based on experimental work with maize and soybeans,
that both photosynthesis and transpiration are inhibited by the presence of high lead
levels in plants (Bazzar et al., 1974; Purves, 1985).

3. Lead mine area

3.1 General information on lead mine area

Kanchanaburi Province, 230 km west of Bangkok, Thailand, is rich in
minerals, especially lead, with total reserves of lead are 7.7 billion tons (Department

of Primary Industries and Mines, 1998). There are several lead mines in the area of
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Thong Pha Phum District of this province that have been in operation for 40-60 years;
several of them have been closed down due to the expiration of concessions.

Mineral deposits in Thong Pha Phum area of Kanchanaburi province are lead
and zinc. Primary ore is lead sulfide (PbS) from hydrothermal process deposited in
Ordovician limestone in the form of Stratabound deposits. Secondary ore is lead
carbonate (PbCOs3) and lead sulphate (PbSO,) due to chemical alteration with host
rock and oxidation process along contact zone with limestone and air by hydrothermal

process.

3.1.1 Bo Ngam lead mine
Bo Ngam lead mine is located in Thong Pha Phum district, consisting of one
plot of expired mining concession (its request for renewal has been submitted by Lead
Concentrate (Thailand) Co., Ltd.) and one plot of mining concession of Phol and Son
Co., Ltd. The topography is mountainside and valley from the south to north. The area
is rather flat with elevation of 900 m above MSL. Small streams flow through valleys,
a part of Huai watershed and a part of Ta Nao Sri Range. Currently, this area is

classified as one of the most potential lead-zinc areas.

3.1.2 Klity ore dressing plant
Klity ore dressing plant of Lead Concentrate (Thailand) Co., Ltd. is located at
Thong Pha Phum district, Kanchanaburi province. Its operation was started in 1967.

Ore from Bo Ngam mine (6 km off in the north) was processed.

3.2 Mining activities
3.2.1 Bo Ngam area

1. Mining: Open pit mining method was performed in the pit. By using
backhoe to excavate lead carbonate ore (PbCOs3) found in the lateritic overburden of
depth up to 5 m, it was transported to washing plants nearby. Stripping ratio was
approximately 10:1. Concentrate gained from washing process would be more than
25% lead content. It was concentrated to 60% lead content at Klity ore dressing plant
before it was transported further for smelting to achieve lead metal of 99.99% lead

content (Fig. 1).
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2. Wastewater and tailing system: Sedimentation process within tailing pond
was used for the separation of water and slime. Treated water was pumped back for
reuse in washing process.

3. Current activity: Mining operation ceased since 26 July 1996, due to the

expiration of concession. Rehabilitation process is ongoing at this area.

Open pit mine

(Ore washing)
l Ore dressing plant Smelter

Lead ore v Lead concentrate v Liberated lead metal
(30% Pb) —’ ( 60% Pb) —’ (99.99% Pb)

- crushing Smelting 3 stage processes

- Wet grinding - Charge preparation

- Gravity classification - Blast sintering

- Flotation - Blast furnace reduction

v v

Tailing Vapor from Pb smelting

Figure 1. Mining process at Bo Ngam lead mine.

3.2.2 Klity area
1. Ore dressing plant: Ore concentrated from Bo Ngam area was ground by
jaw crusher before passing to shaking table and further grinding by rod mill to reduce
ore size for flotation.
2. Wastewater and tailing system: Sedimentation process was used to separate
water and slime in the tailing pond before discharging to other area. Improvement of

tailing pond system had been made after the tailing pond incident collapsed in 1998.
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Three tailing ponds were constructed to fulfill the requirement. Circulation water was
used in the process.

3. Current activity: Klity ore dressing plant ceased operation since 23 April
1998. The dressing plant license expired on 4 October 2000 without extension. Most
of equipments and related buildings were already demolished and transported out of
the area. Only two ball mills were left at the site, waiting for resale. Rehabilitation of
tailing ponds were conducted by backfilling with clay overlaid with soil together with

grass and tree planting. Some ponds have been left for community use.

4. Soil degradation

Mining activities generate a large amount of waste rocks and tailings which
deposited at the surface (Wong, 2003). Mining causes major damage to whole
ecosystem. In both surface and deep mining the original vegetation is inevitably
destroyed, and the soils usually lost or buried by wastes (Bradshaw, 1997). The waste
rocks and tailing are often very unstable and will become sources of pollution. Mine
tailings can cause the high incidence of erosion agents (wind and water run-off). The
erosion processes in mine tailings can pose risks in two ways: (1) the structural
stability of the tailing may be seriously affected by intensive erosion processes or
adverse seismic and/or meteorological situations, provoking in some cases its collapse
(Conesa et al., 2006). There are many examples of tailing collapse, among them the
tailing accident of Aznalcollar (South Spain) in 1998 that was considered one of the
worst ecological disasters in Europe at recent times; (2) release of metals from mine
sites takes place mainly through acid mine drainage and erosion of waste dumps and
tailings deposits (Salomons, 1995). These pollutant effects can reach local and, in
some cases, regional scales and affect urban or agricultural zones (Conesa et al.,
2006). Restoration of a vegetation cover can fulfill the objectives of stabilization,
pollution control, visual improvement and removal of threats to human beings (Wong,
2003). Restoration involves returning it to its original state; rehabilitation only a
partial return. Reclamation implies ending up in some new state where either structure
or function is different from the original; this is quite likely where the soil mineral
material has been totally replaced (Fig. 2). Soil development and the restoration of

mine working can be left to natural processes. But in most situations the process of
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natural succession is slow, and it is common for 50 or 100 years to elapse before
satisfactory vegetation cover develops, particularly on mine wastes. The revegetation
of these areas is often difficult and slow due to the extreme soil properties, which
include physical conditions, gross lack of nutrients and toxicity from residual heavy
metals (Bradshaw, 1997). Therefore, the success of revegetation should overcome
these major problems. The constraints related to plant establishment and short or long

term treatments are presented in Table 3.

Soil function
{organic matter decomposition,
nutrient content and cycling)

A P Reclamation {ieplacement)

Restoration ORIGINAL
. SOIL

Degradation

DEGRADED
SOIL
Soit structure
> (organic matter, porosity
and crumb structure)

Figure 2. The contrasting approaches to the restoration of soils in land degraded by
mining (Bradshaw, 1997).

4.1 Physical problems

Soil structure is one of the major problems in mining area. Mine soil is
compact and lack of organic matter. Soil bulk densities of more than 1.8 normally
inhibit root growth completely (Ayerst, 1978; Bradshaw, 1997). The only solution is
to loosen compacted materials by ripping or scarifying. The accumulating organic

matter and the associated microbial activity will prevent the return of compacted
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conditions and will lead to progressive lowering of bulk density. Some mine wastes
are coarse and open textured, initial establishment may require the addition of fine
material. With tree planting the fine material can be placed in small pockets into
which the trees are planted. The plants will subsequently root into the deeper layers
where there are adequate supplies of water (Coppin and Bradshaw, 1982; Bradshaw,
1997).

In mine areas, fine sand or silt materials can be liable to surface erosion by
wind or water. The most valuable solution is a mulch of chopped straw or the
equivalent, spread on the surface. Water is another problem for restoration in mine
area. Excess water can lead to saturation of the soil, anaerobiosis and death of
vegetation. The solution can be surface drainage or a system of subsoil drains. Where
drought is a problem, the application of organic mulch can be very effective. The
accumulation of organic matter will ameliorate overall conditions. For arid conditions
long term survival will, however, be dependent on the use of appropriate drought-

tolerant species.

4.2 Nutritional problems

Deficiencies in nutrients such as phosphorus, potassium, magnesium and
calcium are effectively permanent. Natural processes cannot overcome these
deficiencies except where the nutrients are present but locked up in unweathered
minerals. In this case they can be released by natural weathering but this can take a
very long time. The solution is normally necessary to add the missing nutrient by the
use of fertilizer. Nitrogen is a different problem. Nitrogen is required in the greatest
amounts. It has a special place in soils because it does not occur in a mineral form,
and is therefore absent from the primary materials from soils. Therefore it cannot be
provided by fertilization. The crucial step is to select one or more N-fixing species
which are appropriate to the expected end use. The legumes such as Trifolium repens
and T. pretense are ideal, capable of fixing over 100 k N ha” year” (Dancer et al.,
1977; Palmer and Iverson, 1983; Bradshaw, 1997). Another solution is the application
of organic matter which provides a continuous source of nutrients, e.g., it provides
most of the N reserve in soils and comprises typically 5% N which is mineralized at

about 2% per year (Harris et al., 1996; Wong, 2003).
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4.3 Toxicity problems

Toxicities can be one of the most intractable problems in mine restoration. The
commonest toxicity is low pH due to the weathering and oxidation of sulphide
minerals. Many metal ores are sulphides and often have large quantities of iron
sulphide (pyrite) associated with them (Bradshaw, 1997). Pyrite weathers only slowly,
so that acid can be produced in the soil material for many decades, maintaining pH as
low as 3 (Bradshaw, 2000). The solution to get rid of acidity is the application of lime
or another way is the selection of acid tolerant species. In the mining for heavy
metals, residual metals can be found in most of the waste materials produced. Metal
toxicity would restrict the growth of all but the most tolerant plants. Metal toxicity
can be reduced by application of organic matter, phosphate fertilizer and to a limited
extent by lime. A combination of these and the introduction of metal tolerant plant is
the most economical approach that most closely follows natural processes (Gunn,

1995; Bradshaw, 2000).

5. Remediation technologies for metal contaminated soils

Selection of an appropriate remediation technology to alleviate the problems
caused by soil pollution is based on several criteria, such as characteristics of the
contaminated land, form and concentration of contaminants, as well as availability
and effectiveness of the remediation technologies. In most cases, the probable end use
of the remediated land also plays a major role in the selection of an appropriate
technology, as most conventional methods render the soil infertile and unsuitable for

agricultural purposes (Saxena et al., 1999).

5.1 Conventional remediation technology

Conventional technologies available for water and soil remediation can be
broadly classified based on whether they are employed in situ or ex situ. The most
conventional technologies commonly used for remediation are:
(a) Soil flushing

The process involves physical separation by vertical or horizontal leaching
using a liquid (water or an aqueous solution containing chelators) which is followed

by collection and treatment of the leachates in basins or trench infiltration systems.



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Biology) / 23

(b) Pneumatic Fracturing

The process involves injecting pressurized air into the soil to develop cracks in
low permeability areas, thereby enhancing the extraction efficiencies of other in situ
technologies.
(¢) Solidification/stabilization

In these processes, the contaminant is physically enclosed in a stabilized mass
or through chemical interactions induced between the stabilizing agent and the
contaminant.
(d) Vitrification

This technology utilized thermal energy to melt the soil to enable physical or
chemical stabilization.
(e) Electrokinetics

The contaminants are mobilized as charged species towards polarized
electrodes placed in the soil. The migrated contaminants can be removed or treated in
situ.
(f) Chemical reduction/ oxidation

This process the contaminants are chemically converted into less hazardous,
more stable, less mobile and/or inert forms.
(g) Soil washing

This process involves separation of contaminants adsorbed to fine soil
particles using an aqueous solution, through size separation, gravity separation, or
attrition scrubbing.
(h) Excavation, retrieval and off-site disposal

This technology requires removal and transportation of the contaminated soil
to an off-site treatment and disposal facility.

In general, the conventional technology termed as pump-and-treat and dig-
and-dump techniques are limited in their applicability to small areas and have their
own limitations. At sites where the concentration of contaminates are high, the use of

conventional technology is not economically viable (Saxena et al., 1999).



Puttipar Rotkittikhun Literature Review / 24

5.2 Phytoremediation

In the last decade, an emerging low-cost, ecologically friendly alternative to
the conventional remediation technologies has gained a great deal of interest in both
public and private sectors (Saxena et al., 1999). Phytoremediation is a relatively
recent invention, the act of phytoremediation is an age-old practice which uses plants
to cleanse nature (Cunningham et al., 1997; Prasad and Freitas, 2000).
Phytoremediation is defined as the use of green plants to remove pollutants from the
environment or to render them harmless (Raskin et al., 1997). Phytoremediation is
being developed as a potential remediation solution for contaminated sites. Soil and
water contaminated with metals pose a major environmental and human health
problem that is still in need of an effective and affordable technological solution.
Nonradioactive As, Cd, Cu, Hg, Pb and Zn and radioactive Sr, Cs and U (referred to
here as toxic metals) are the most environmentally important metallic pollutants. The
phytoremediation of metals is a cost-effective ‘green’ technology based on the use of
metal-accumulating plants to remove toxic metals, including radionuclides, from soil
and water (Raskin et al., 1994; Salt et al., 1995; Cunningham et al., 1995;
Cunningham et al., 1996; Raskin et al., 1997).

Phytoremediation takes advantage of the fact that a living plant can be
considered a solar-driven pump, which can extract and concentrate particular
elements from the environment. The metals targeted for phytoremediation include Pb,
Cd, Cr, As and various radionuclides. The harvested plant tissue, rich in accumulated
contaminant, is easily and safely processed by drying, ashing or composting. The
volume of toxic waste produced as a result is generally a fraction of that of many
current, more invasive remediation technologies, and the associated costs are much
less. Some metals can be reclaimed from the ash, which further reduces the generation
of hazardous waste and generates recycling revenues (Raskin et al., 1997).

The use of plants for remediating heavy metal contaminated soils has
multifold advantages as follows: (1) large scale application, as plant can be sown or
planted in large areas, (2) growing plants is relatively inexpensive, (3) plants provide
an aesthetic value to the landscape of contaminated sites, (4) phytoremediation
process is environmentally friendly and ecologically safe, (5) some plant species used

for phytoremediation can have potential economic returns which would offset the cost
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of the technology, (6) plants concentrate the contaminant within their tissues, thereby
reducing the amount of hazardous waste, and (7) concentrated hazardous waste
requires smaller reclamation facilities for extracting the heavy metals.

Apart from the direct advantages, plants provide indirect benefits to the
contaminated sites such as: (1) increased aeration of the soil which in turn enables
microbial degradation of organic contaminants and microbe-assisted uptake of metal
contaminants, (2) reduced top soil erosion due to plant stand, (3) enhancement of
rhizospheric micro-fauna and flora for maintaining a healthy ecosystem (Saxena et al.,
1999). At sites contaminated with metals, plants are used to either stabilize or remove
the metals from the soil and ground water through phytoextraction and

phytostabilization (USEPA, 1998).

5.2.1 Phytoextraction

Phytoextraction refers to the uptake and translocation of metal contaminants in
the soil by plant roots into the aboveground portions of the plants (Fig. 3). Certain
plants, called hyperaccumulators, absorb unusually large amounts of metals in
comparison to other plants. One or a combination of these plants is selected and
planted at a particular site based on the type of metals present and other site
conditions. After the plants have been allowed to grow for some time, they are
harvested and either incinerated or composted to recycle the metals. This procedure
may be repeated as necessary to bring soil contaminant levels down to allowable
limits. If plants are incinerated, the ash must be disposed of in a hazardous waste
landfill, but the volume of ash will be less than 10% of the volume that would be
created if the contaminated soil itself were dug up for treatment. Metals such as Ni,
Zn, and Cu are the best candidates for removal by phytoextraction because it has been
shown that they are preferred by a majority of the approximately 400 known plants
that uptake and absorb unusually large amounts of metals.

The success of phytoextraction depends on two components, the contaminated
soil and the plant species (Barcelo and Poschenrieder, 2003; Ernst, 2005). The
decisive soil factors are the degree of contamination, the metal availability for uptake
into roots (bioavailability), the nutrient status and the water holding capacity of the

soil (Ernst, 1996). The plant characteristics are the ability to explore the soil by the
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roots and their associated (microorganisms), the genetically steered uptake efficiency
by the roots via general and/or metal-specific transporters (Clemens et al., 2002;
Ernst, 2005), the translocation of the metals from the root to the shoot, the
accumulation in shoots without hampering the basic plant metabolism, the growth
form, and the metal- resistance of the plant species or ecotype (Ernst, 1996; Lasat,

2002; Ernst, 2005).

Digesting
Ashing

Harvest Smelting

Kiln processing
/ Leaching
Translocation \ Disposal, or

to tops Metal

Reclamation
/ 7/
/ Root uptake

[ / / Availability &
Desorption from
soil

Figure 3. Phytoextraction schematic (Cunningham et al., 1995).

5.2.1.1 Factors influencing heavy metal availability
(a) pH
The chemical forms of heavy metals in soil are affected by modification to the
soil pH. An increase in pH results in higher adsorption of Cd, Zn, Cu to soil particles
and reduce the uptake of Cd, Zn, Pb by plants (Kuo et al., 1985; Sazena et al., 1999).
On the other hand, acidification increases the metal absorption by plants through a
reduction of metal adsorption to soil particles (Brown et al., 1994; Chaney et al.,

1995).
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(b) Redox potential

The redox potential of the soil is a measure of the tendency of the soil solution
to accept or donate electrons. As the redox potential decreases, heavy metal ions are
converted from insoluble to soluble forms, thus increasing bioavailability (Kabata-
Pendias and Pendias, 1984). Therefore, lower pH and Eh of the soil would enhance
the mobility of most metals.

(c) Cation Exchange Capacity (CEC)

The cation exchange capacity of the soil is a measure of the ability of the soil
to retain metal ions. The cation exchange capacity increases with increasing clay
content in the soil while the availability of the metal ions decreases (Kabata-Pendias
and Pendias, 1984; Saxena et al., 1999).

(d) Soil type

The bioavailability of heavy metals in the soil also depends on the texture of
the soil. A gradient of metal ion availability exists in varying soil types with the
availability being lowest in clay soils, followed by clay loam, and finally loams and
sand. The complexation of heavy metals with organic matter, humic acid in particular,
has been well documented (Friedland, 1989). High organic matter content enhances
the retention of the metals, drastically reducing the metal availability.

(e) Chelates

The addition of synthetic chelating agents to contaminated soil was shown to
substantially increase the metal solubility in the soil (Salt et al., 1995; Cunningham
and Ow, 1996; Kabata-Pendias and Pendias, 2000).

(f) Plant associated factor

1. Metal-chelating molecules can be secreted into the rhizosphere to chelate
and solubilize soil-bound metal. Only iron-chelating compounds, termed
phytosiderophores, have been studied well in grass species. These phytosiderophores
are released in response to iron decifiency and can, in principle, mobilize Cu, Zn and
Mn from soil. Mugineic and deoxymugeneic acids from barley and corn and avenic
from oats are probably the best studied plant phytosiderophores (Kinnersely, 1993;
Raskin et al., 1997).

2. Roots can reduce soil-bound metal ions by specific plasma membrane

bound metal reductase, which may increase metal availability.
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3. Plant roots can solubilize soil-bound toxic metals by acidifying their soil
environment with protons extruded from the roots. A similar mechanism has been
observed for Fe mobilization in some Fe-deficient dicotyledonous plants (Crowley et
al., 1991; Raskin et al., 1997; Lasat, 2002).

4. Roots can employ rhizopheric organisms (mycorrhizal fungi or root-

colonizing bacteria) to increase the bioavailability of metals.

5.2.1.2 Metal accumulation in plants

Metal uptake in relation to the external concentration of the metal may differ
in different genotypes of plants. Baker (1981) proposed some basic strategies shown
in Fig. 4. There are some plants, called excluders that have low uptake of the metal at
quite high external metal concentrations. These plants have some kind of barrier to
avoid uptake, but when metal concentrations become too high, this barrier loses its
function, probably due to toxic action by the metal, and the uptake massively
increases. Other plants, called accumulators, have high accumulation of metals at very
low external metal concentrations. These plants have certain detoxification
mechanisms within the tissue, which allow the plant to accumulate high amounts of
metals. At high external metals concentration, however, these plants do not increase
their uptake, probably due to competition between metal ions at the site of uptake.
The third type of uptake characteristic is found in the indicator plants. These plants
have a tissue concentration reflecting the external metal concentration, increasing
uptake linearly with increasing metal concentration in the external medium (Greger,

1999).
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A Accumulator

Metal concentratiin in plant tissue

External metal concentration

Figure 4. Plants with three different uptake characteristics (Baker, 1981).

5.2.1.3 Metal absorption by roots

Toxic metal elements enter the plants primarily via root absorption of the
cation from the soil solution. Since root cells of many plant species have plasma
membrane potential ranging from -100 to -200 mV (Huang, et al., 1992; Blaylock and
Huang, 2000) there exists a very large electrical chemical potential gradient across the
plasma membrane. The electrical chemical potential gradient across the plasma
membrane of root cells can drive these metals into root cells. Furthermore, the metal
activity of the listed elements in the cytoplasm of root cells must be maintained at
very low levels because of the chemical characteristics of cytoplasm. The negative
membrane potentials and the low intracellular metal activity could result in a large
driving force for the influx of these metals into root cells. There is circumstantial
evidence in the literature suggesting that Zn, Cu and Ni are transported into the root
cell via a common transporter (Kochian, 1993). Using radiotracer techniques, plant
physiologist have studied voltage-gated cation channels in the plasma membrane of
root cells, and identified strongly voltage-gated Ca channels operating in the root-cell
plasma membrane (Marshall et al., 1994; Blaylock and Huang, 2000). The voltage-
gated channels are characterized by increased Ca transport activities as the

transmembrane electrical potential is depolarized. These authors also found that the
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activity of the voltage-gated divalent cation channels was rapidly inhibited by Cu, Cd,
and Pb. The inhibition of the channel activity by Pb, Cu, and Cd could arise from the
blockage of the channel by these metals, or competitive transport of Pb and Cd
through the cation channels. Tomsig and Suszkiv (1991) have detected permeation of
lead through a Ca channel. They also found that voltage-gated lead transport was
blocked by nifedipine (a Ca channel blocker) and stimulated by a Ca channel agonist.
These results suggested that Pb, Cd, and other divalent cations can be transported into

root-cell via voltage-gated cation channels (Blaylock and Huang, 2000).

5.2.1.4 Mechanism of translocation

The mechanisms of metal translocation seem to be very similar to those for
essential nutrients such as Fe or Ca; in as much as the transport from the root to the
shoot takes place principally through the xylem. Prezemeck and Haase (1991)
suggested phytochelatin-mediated metal binding in the xylem sap as a possible
mechanism for metal translocation. However, Salt et al. (1995) found that the
translocation of Cd through the xylem sap was not dependent on the production of
phytochelatins in roots. Several types of compounds have been proposed to be
involved in metal absorption and translocation in accumulator plant species (Saxena
et al., 1999). Among these, low molecular weight chelators such as citrate (Lee et al.,
1977) and free histidene in Alyssum lesbiacum (Krdmer et al.,, 1996) have been
reported to play an important role. The presence of Pb-EDTA complexes in the xylem
exudates of Brassica juncea suggests a potential involvement of chelators in metal
transport within the plants (Vassil et al., 1998). The mechanisms by which this may
occur still remain unclear, as the accumulation of chelators such as organic acids upon
metal exposure, might in part reflects disturbances in metabolic status of the plant
(Godbold et al., 1984). Apart from these factors, heavy metal ion traslocation within
the plant is also influenced by other factors such as transpiration rate, root uptake,

radial transport, and xylem loading (Salt et al., 1995).

5.2.1.5 Phytoextraction of lead
In phytoextraction of lead-mined soil, soil lead is taken into plant roots,

translocated into the top of the plant, and removed by plant harvesting. Several
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technical parameters affect the efficiency of this process. First, the low solubility of
lead in soils causes lead to be unavailable for plant uptake. Often at a site, the total
lead level is quite high, but the fraction of lead availability for root uptake is
exceeding low (Cunningham and Berti, 2000). Predominant insoluble Pb compounds
in the soil include Pb phosphates, Pb carbonates, and Pb (hydr)oxides. Table 4
presents some of the Pb minerals expected in soils and their respective formation
constants. Second, the lead translocation in plants to harvestable plant portions is
rather poor. Finally, lead is toxic to the plant tissue. Along with these technical
concerns, there are still a number of regulatory, economic and logistical questions that
must be answered adequately before phytoextraction is accepted as a cost-effective
and viable remediation technology. At present, no lead-contaminated site has been
fully remediated using phytoextraction.

In the current concept of phytoextraction, the removal process will only be
practical, relatively timely, and effective if the plant has a high biomass and can
accumulate at least 1% Pb in its above ground tissue. At one time, achieving such

high lead concentrations in plant tissue was thought to be a remote possibility at best.

Table 4. Formation constants of lead compounds (Lindsay, 1979; Blaylock and
Huang, 2000).

Pb3(PO,), + 4H™ < 3Pb°" + 2H,PO, -5.26

PbsO(PO,), + 6H  «— 4Pb° + 2H,PO,4 + H,0 2.24

Pbs(PO,);OH + 7TH — 5Pb™" + 3H,PO4 + H,O -4.14 | hydroxypyromorphite
Pbs(PO,);Br + 6H < 5Pb” + 3H,PO, + Br -19.49 | bromopyromorphite
Pbs(PO4);Cl + 6H" < 5Pb*" + 3H,PO4 + CI’ -25.05 | chloropyromorphite
Pbs(PO4)sF + 6H' « 5Pb” + 3H,PO, + F~ -12.98 | fluoropyromorphite
PbCO; +2H  « Pb™ + CO, + H,0 4.65 | cerussite

PbSO, « Pb* + S04~ -7.79 | anglesite

PbS — Pb" +S” -27.51 | galena

The discovery of other metal-hyperaccumulating plants promoted the search
for hyperaccumulators of lead with similar tissue concentrations. The literature

defines a lead hyperaccumulating plant as one that can accumulate at least 1,000 mg
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Pb kg or 0.1% in leaf dry matter (Baker, 1994). The lead hyperaccumulators are
particularly rare which are reported only 14 taxa (Baker et al., 2000) (Table 5).
Despite their fascinating biochemistry, many hyperaccumulators have extremely low
biomass and slow growth rates. Additionally, because these plants are mostly
uncultivated, their agronomic, breeding and disease and pest control requirements are
not optimized. Thus far, these constraints have made it difficult to translate the
hyperaccumulating phenotype of these plants directly into a remediation strategy

(Cunningham and Berti, 2000).

Table 5. Some hyperaccumulators of lead.

Maximum shoot

Species Locality | conc. (mgkg™) References
Thlaspi caerulescens | England 2740 Shimwell and Laurie, 1972
T. rotundifolium ssp.
cepaeifolium Italy 8200 Reeves and Brooks, 1983
Minuatia verna UK. 20000 Barry and Clark, 1978
Agrostis tenuis iy KW 13490 Willian et al., 1977
Festuca ovina U.K. 11750 Barry and Clark, 1978

5.2.2 Phytostabilization

Some soils are so heavily contaminated that removal of metals using plants
would take an unrealistic amount of time. In-place inactivation stabilizes soil both
chemically and physically through the use of soil amendments and a vegetative cover
(Cunningham and Berti, 2000). Phytostabilization techniques are most appropriate for
immobile materials and large surface areas. The technique is currently acceptable for
remediation at mining sites (Cunningham et al., 1995).

Phytostabilization is the use of certain plant species to immobilize
contaminants in the soil and ground water through absorption and accumulation by
roots, adsorption onto roots, or precipitation within the root zone of plants or
rhizosphere. This process reduces the mobility of the contaminant and prevents
migration to the ground water or air, and it reduces bioavailability for entry into the
food chain. This technique can be used to reestablish a vegetative cover at sites where
natural vegetation is lacking due to high metal concentrations in surface soils or

physical disturbances to surficial materials. Metal-tolerant species can be used to
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restore vegetation to the sites, thereby decreasing the potential migration of
contamination through wind erosion and transport of exposed surface soils and
leaching of soil contamination to ground water. Figure 5 shows the process of

phytoextraction and phytostabilization.

5.2.2.1 Soil Amendment

Soil amendments alter the existing heavy metals chemistry in the soil and
reduce the biological availability of heavy metals by inducing the formation of very
insoluble forms. Soil amendments should (1) be inexpensive, (2) be easy to handle
and apply, (3) be safe to the workers handling the amendment, (4) be compatible with
and nontoxic to the plants selected for revegetation (5) be readily available or easy to
produce, and (6) not cause additional environmental impact to the site. Some
amendment may have secondary benefits such as supplying plant nutrients or
increasing soil moisture holding capacity (e.g. phosphate fertilizers, organic
materials). The mechanisms by which different amendments alter the form of metal
contaminants in soil may vary with different soil amendments and contaminants, and
in some cases, are largely speculative (Berti and Cunningham, 2000). The soil
amendments for lead phytostabilization are shown in Table 6. Phosphate amendments
include phosphoric acid, phosphate fertilizers, or byproducts high in phosphates may
enhance the formation of highly insoluble forms of lead. Phosphate addition may
produce pyromorphites, which are Pb phosphate minerals that are extremely insoluble
even under very acidic conditions (Ma et al., 1993; Zhang et al., 1997; Berti and
Cunningham, 2000). Hydrous Fe oxide materials have a great capacity to adsorb lead
and reduce the availability. Organic materials such as sewage sludge and refuse or
manure compost can be used for reducing metal availability and to certain extent as a
slow release nutrient source (Wong, 2003). Table 7 shows the organic matter and
nutrient content of some common organic materials which could be used to lower
metal availability, in addition to remediating the physical and chemical properties of
the spoils, and the provisions of plant nutrients (Bradshaw and Chadwick, 1980;
Wong, 2003). In addition to organic amendments, inorganic amendments are used to
improve substrate characteristics. These include quarry waste, pulverized refuse,

pulverized fuel ash, etc.
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Table 6. Soil amendments proposed for phytostabilization and their suggested mode

of lead inactivation (Cunningham and Berti, 2000).

Amendment type

Suggested mode
of inactivation

Phosphate materials

H;PO,, apatite, calcium
orthophosphate, Na,HPOy,,
KH,POy, and other
phosphate fertilizers

Formation of pyromorphites
(e.g., chloropyromorphite)

Hydrous iron oxides

Iron rich, corroded steel
shots

Sorption of Pb on oxide
surface exchange sites, or
formation of Pb-Fe
compounds

Inorganic clay
minerals

Synthetic zeolites,
aluminosilicate byproducts
from burning of coal refuse

Sorption of Pb on mineral
surface exchange sites, or
incorporation into the
mineral structure

Organic materials

Manures, composts, sludges,
and other biosolids

Sorption of Pb on exchange
sites, or incorporation into
the organic material

Table 7. Nutrient and organic matter contents of some organic soil amendments (%

dry solids) (Bradshaw and Chadwick, 1980; Wong, 2003).

Material Nitrogen Phosphorus | Potassium | Organic matter
Farmyard manure 0.6 0.1 0.5 26
Poultry manure 23 0.9 1.6 68
Sewage sludge 2.0 0.3 0.2 45
Domestic refuse 0.5 0.2 0.3 65
Straw 0.5 0.1 0.8 95

5.2.2.2 The role of plants

Plants play an important role in phytostabilization by physically stabilizing the

soil with dense canopies and rooting system to stabilize the soil against rain impact

and erosion or leaching, as well as restrict off-site migration of the contaminants

(Cunningham and Berti, 2000). Currently, the role of plants in phytostabilization does

not extend to chemically altering the form of the contaminants. Plants chosen for

phytostabilization should be poor translocators of metal contaminants to aboveground
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plant tissue that could be consumed by humans or animals. Plants should also be
tolerant of the soil metals level as well as the other initial site conditions (e.g. soil pH,
salinity, soil structure, water content). The plants must grow quickly to establish
ground cover. Additionally, the plants must be easy to establish and care for, and have

a relatively long life or be able to self-propagate (Berti and Cunningham, 2000).

Plant that has high
biomass and ability to
accumulate or
translocate Pb

Plant that has dense
root system and does
not accumulate or
translocate Pb

Harvest and Application of soil
disposal amendment Soil erosion and
Chelate application (e.g., phosphate) water infiltration
S T reduced
oil [ |
Surface
v : v
SnolrubI: soil Pb Translocation ;o"?a;:onp%f Translocation
increases j soluble redin
\ species
\ Root uptake and j
Raotpaks Leaching sequestration of Pb
reduced
PHYTOEXTRACTION PHYTOSTABILIZATION

Figure 5. Comparison of the process involved in phytoextraction and

phytostabilization (Cunningham and Berti, 2000).

The stabilization of metalliferous mine wastes in the UK utilized local metal-
tolerant plant species. By extensive fertilization and planting of the endemic metal-
tolerant varieties, they were able to stabilize the site and establish excellent vegetative
cover. Based on these results, three cultivars of different grasses were made
commercially available: Agrostis tenuis cv Goginan for acid lead/zinc wastes, Festuca
rubra cv Merlin for calcareous lead/zinc wastes, and Agrostis tenuis cv Parys for
copper wastes (Salt et al., 1995).

Vetiver grass (Vetiveria zizanioides) has a massive finely structured and deep
root system capable of reaching 3-4 m in the first year. In Australia vetiver has been
successfully used to stabilize mining overburden and highly saline, sodic and alkaline

(pH 9.5) tailing of coal mines (Radloff et al., 1995; Truong and Baker, 1998).
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For gold mine tailings in Australia, fresh gold tailing are typically alkaline (pH
8-9), low in plant nutrients, and very high in free sulphate (830 mg kg™), sodium and
total sulfur (1-4%). Vetiver established and grew very well on these tailings without
fertilizers, but growth was improved by the application of 500 kg ha™ of di-
ammonium phosphate. Due to high sulfur content, old gold mine tailings are often
extremely acidic (pH 2.5-3.5), high in heavy metals and low in plant nutrients.
Revegetation of these tailings is very difficult and very expensive and the bare soil
surface is highly erodible. Field trial was conducted on two old gold tailing sites (pH
2.7-3.6; sulphate 0.37-3.6%; total sulfur 1.31-3.75). Results from both sites indicated
that with adequate supplies of nitrogen and phosphorus fertilizers (300 kg ha” of
DAP), excellent growth of vetiver was obtained at the site pH = 3.6 without any
liming. But the addition of 5 t ha™' of agricultural lime significantly improved vetiver
growth. In another site (pH = 2.7) although vetiver survived without liming, the
addition of lime (20 t ha™) and fertilizer (500 kg ha” of DAP) improved vetiver
growth greatly (Truong, 1999).

Recently, it has been found that vetiver grass was the best plant species (in
terms of biomass production and coverage) when compared with other three grass
species (Paspalum notatum, Cynodon dactylon and Imperata cylindrica) (Shu et al.,
2001) and has better growth performance than the two legume species (Sesbania
rostrata and S. sesban) used for revegetating Pb/Zn mine tailing in South China
(Yang et al., 2003). Recent research also indicated that V. zizanioides has higher
tolerance to acid mine drainage (AMD) from a Pb/Zn mine and wetland microcosms
planted with this grass can effectively adjust pH and remove SO4>, Cu, Cd, Zn, Pb,
and Mn from AMD (Shu, 2003; Prasad, 2006). Xia (2004) reported that vetiver was
the best plant species (in terms of survival rate, biomass production and coverage)
when compared with P. notatum, Stenotaphrum secundatum, Pennisetum glaucum
and P. purpureum for rehabilitation of the degraded ecosystem of an oil shale mined

land of Moaming Petro-Chemical Company located in Guangdong Province, China.

6 Plants
6.1 Vetiveria zizanioides (L.) Nash (Vetiver grass)

The classification of vetiver grass is as follows:
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Kingdom Plantae -- Plants
Subkingdom Tracheobionta -- Vascular plants

Superdivision Spermatophyta -- Seed plants

Division Magnoliophyta -- Flowering plants

Class Liliopsida -- Monocotyledons
Subclass Commelinidae
Order Cyperales
Family Poaceae -- Grass family
Genus Vetiveria — vetiver grass

Species Vetiveria zizanioides (L.) Nash

6.1.1 Morphological characteristics of vetiver grass

(D) Culm

Vetiver grass is a prolific tiller growing naturally in clumps with thin, long,
and erect leaves. The vetiver clumps may grow densely tufted in a big cluster or
scattering over the nearby spaces. The base of the clump is dense which makes it
obviously distinctive from other types of grass. With the bases of the leaves laying on
top of one another, the culm base looks flat. The genuine culm is a tiny shoot hidden
in the leaf sheath at the culm base near the soil. The growth of vetiver is determined
by tillering which occurs regularly by producing new shoots on the sides, making the
clump bigger and bigger. Normally, vetiver grass has a short culm with unclear joints
and pedicels. Aerial branching and culm rising slightly above the ground is not
commonly found in fertile conditions, but with vetiver tillers grown in bags, in plots
with old tillers or in critical conditions.

(IT) Leaf

Vetiver leaves will sprout from the bottom of the clump. Each blade is narrow,
long and coarse. The edge of the blade is parallel and the apex is acute. Particularly on
old leaves, the edge and midrib are spinulose. Normally, the base and the middle of
the blade have few spines whereas the apex has numerous spines. All spines are
pointing diagonally towards the apex. The ligule at the base of the leaf is observable
in a shrinkingly bending form with short silky hair which sometimes cannot be

noticed.
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(IIT) Roots

Vetiver roots are important and the most useful part. Most grass have fibrous
roots which spread out from the underground part of the culm and hold the soil in an
horizontal pattern. The roots that penetrate vertically into the soil are not deep. In
contrast, the root system of vetiver grass does not expand horizontally but penetrates
vertically deep into the soil, whether it be the main roots, secondary roots or fibrous
1oots.

(IV) Inflorescence/spikelets

Vetiver inflorescence is erect and it appears in the form of a panicle. The
panicle and the stalk which is round and long is about 100-150 cm high above the
ground. However, for a mature culm, the stalk can be as high as 200 cm. The
inflorescence or the panicle alone is about 20-40 cm high and can spread out at a
maximum width of 10-15 cm. The inflorescence of V. zizanioides are mostly purple,
the color which is an ordinary attribute of this species. The spikelet appears in pairs
with similar features and size, except for the base of the stalk which has 3 spikelets.
Each pair consists of both sessile and pedicelled spikelets. The sessile spikelet is at
the middle, whereas, the pedicelled one is at the tip. Each spikelet is similar in
appearance to a spindle. The edge is parallel and oval. The cuneate apex is 1.5-2.5
mm. wide and 2.5-3.5 mm. long. The surface of the back of the spikelet is rough and
consists of minute spines, especially at the edge which can be clearly seen. The lower
part of the spikelet is smooth.

(V) Seed and seedling

After breeding, the sessile spikelet which is a hermaphrodite flower produces
seeds. Each seed is light brown and in spindle shape. The surface is smooth and the
apex and base is round. The inner texture is like sticky flour which turns stiff when
exposed to strong wind, concentrated sunlight or other critical climatic conditions.
Stiffness disables the seed to enlarge, thus impairing its chance to germinate. Since
the seed can germinate only within a limited period of time and some ecotypes which
are imported do not seed at all, the vetiver grass cannot spread like a serious weed.

There are two species of vetiver grass in Thailand; Vetiveria zizanioides Nash,
syn. Chrysopogon zizanioides (L.) Roberty and Vetiveria nemoralis A. Camus. V.

zizanioides is commonly found in nature grows in various conditions and adapts
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suitably to those conditions while V. nemoralis or local vetiver has a limited scope of
distribution. It is found only in Southeast Asia covering the countries of Thailand,
Laos, Cambodia, Vietnam and Malaysia. Moreover, there are no records of its uses. V.
nemoralis is commonly found in dry areas or in soil conditions with good water
drainage potential in every region of Thailand, especially in dipterocarp forests.
However, there are only a few in the South.

V. zizanioides is a kind of plant that can suitably and rapidly adapt to the
environment. Some ecotypes of V. zizanioides in Thailand are as follows (Fig. 6):

1) Sri Lanka: grows well in areas with laterite soil, cool climate and shade;
produces 10 culms per clump; each clump is rather loose and has a small base with a
diameter of 11 cm and a height of 101 cm; the shoot is round and the internode fastly
elongates; the mature leaf is small; the lower surface of the leaf is a little bit white
similar to that of V. nemoralis; the spikelet is purple and starts yielding about one
month after planting; multiplication is simple in areas with high humidity and little
sunlight; not resistant to the rotten base disease.

2) Kamphaeng Phet 2: grows well in areas ranging from sandy soil to laterite
soil; produces 18 culms per clump; each clump is rather loose and broadly tufted with
a diameter of 8 cm and a height of 94 cm; the shoot is round and small; the internode
fastly elongates; the leaf is dark green while the lower surface is white; the spikelet is
reddish purple and starts appearing about half a month after planting; gives good fresh
weight; contains more nutritional value as animal feeder than other ecotypes, both in
terms of protein content (5.2% dry weight) and digestible dry material; appropriate
time for cutting is 4 weeks.

3) Surat Thani: grows well in loose clay soil and laterite soil; produces 22
culms per clump; each clump is loose and broadly tufted with a diameter of 13 cm and
a height of 108 cm; the shoot is plump; the internode rapidly elongates; the leaf is
light green while the lower surface is white; the spikelet is reddish purple and can be
seen after one month of planting.

4) Songkhla 3: grows well in areas ranging from loose clay soil to laterite soil;
produces 24 culms per clump; each clump is loose with a diameter of 13 ¢cm and a

height of 112 cm; the shoot is round and plump; the internode fastly elongates; the
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leaf is light green while the lower surface is white; the spikelet is reddish purple and

starts yielding about one and a half months after planting.

C D

Figure 6. Some ecotypes of V. zizanioides in Thailand; (A) Sri Lanka, (B)
Kamphaeng Phet, (C) Surat Thani, (D) Songkhla.

The vetiver grass has rather unique morphological and physiological
characteristics. Vetiver grass is a fast-growing plant that tolerates various extreme soil
conditions including prolonged drought, flood, submergence, extreme temperature (-

10 to 48 °C), and a wide range of soil acidity and alkalinity (pH from 3 to 10.5)
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(Wong, 2003). It has been widely known for its effectiveness in erosion and sediment
control (Truong and Baker, 1998). Furthermore, vetiver also shows a very strong
resistance to salt, and soil ECse values resulting in 90 and 50% biomass yield relative
to control are 6.4 and 20.9 dS m™ (Xia, 2001). The previous studies have shown that
vetiver grass can grow well in soils contaminated with multiple elements at high
concentrations such as those found at coal, cadmium, and gold mining sites (Truong
and Baker 1998; Roongtanakiat and Chairoj, 2002) and can accumulate relatively
high concentrations of lead in root (Chantachon et al., 2004). Vetiver is sterile and
noninvasive; it does not compete with native vegetation and, as a nurse plant, it

fosters the voluntary return of native plants (Prasad, 2006).

6.1.2 Vetiver oil

Vetiver root tissues contain oil-producing cells, responsible for its
characteristic odour (Peyron, 1989; Massardo et al., 2006).These secretory cells are
localized in the first cortical layer outside the endodermis of mature roots (Kartusch
and Kartusch, 1978). Essential oil can be detected in the inner bark within the cortical
layer, where lysigen lacunae are also observed, providing the true storage vessel for
the essential oil of vetiver root (Viano et al., 1991).

Vetiver root aromatic oil has been used as a repellent for the control of
termites (Zhu et al., 2001). In addition, vetiver grass has been cultivated for their
odorous roots that contain the essential oil used extensively in perfumery, cosmetics,
and biomedical utilization (Guenther, 1950; Anderson, 1970; Maffei, 2002; Wong,
2003; Massardo et al., 2006). The volatile oil from vetiver roots is a complex mixture
of sesquiterpene alcohols and hydrocarbons, and is also a very viscous oil with an
extremely low volatility (Lavania, 2003). Slow evaporation rate of vetiver oil coupled
with its pleasant aroma makes it a perfume by itself. Currently, the main vetiver oil
producing countries are Haiti, Indonesia and Réunions island (Chomchalow, 2000).
Vetiver roots 15-18 months old are most suitable to realize high concentration and
good quality of essential oil.

Numerous studies have been published since 1940 on the essential oils of V.
zizanioides (Champagnat et al., 2006). Most have reported on the structure

determination and synthesis of some compounds of vetiver oils (Marshall and
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Anderson, 1967; Marshall and Johnson, 1968, 1970; Anderson, 1970; Nigam and
Komae, 1968). Weyerstahl et al. (1996, 2000) only studied the constituents of Haitian
vetiver oil. Chemical composition of vetiver oil is extremely complex, containing
some 100 sesquiterpene-type compounds and their derivatives (Lavania, 2003).

A typical analysis of vetiver oil indicates three major fractions: the lower
boiling or sesquiterpene hydrocarbon fraction, the intermediate fraction containing the
bulk of oxygenated derivatives, and the third fraction represented by khusimol
fraction, which contains the main alcohol component in the vetiver oil (Lemberg and
Hale, 1978; Massardo et al., 2006). Champagnat et al. (2006) reported that the main
hydrocarbons in vetiver oil were B-vetivenene, B-vetispirene, a-amorphene and
khusimene. The three major ketones were a-vetivone, B-vetivone and khusimone. The
major alcohols were khusimol and vetiselinenol (Fig. 7). Three primary alcohols,
which are the major constituents, are responsible for the base note of vetiver oil
(Weyerstahl et al., 2000). Demole et al. (1995) and Lavania (2003) reported that a-
vetivone, -vetivone and khusimol can be considered as the ‘finger print’ of vetiver
oil.

Martinez et al. (2004) evaluated different methods of oil extraction from
Brazilian vetiver roots and found that the pretreatments of the vetiver roots before
hydrodistillation did not significantly increase the yield and rate of extraction.
Supercritical carbon dioxide extraction resulted in high yield (3.2%) in significantly
less time than the other methods (Table 8). But higher extraction yield obtained from
supercritical carbon dioxide extraction presented the large amounts of nonvolatile
compounds, such as fatty acids and waxes, so in terms of volatile oil, hydrodistillation
resulted in higher yields.

However, there are relatively few papers reporting the effects of
environmental conditions on vetiver oil yields and composition. Lemberg and Hale
(1978) and Champagnat et al. (2006) studied on the composition of vetiver oils of
different geographical origins. Champagnat et al. (2006) indicated that no meaningful
differences were observed comparing the composition of vetiver oil from nine
geographical origins. Adams et al. (2003) reported on the oil composition in relation

to DNA-fingerprints and found that all of the cultivars (13 cultivars) had khusimol
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(14-31%), (E)-isovalencenol (10-16%), B-vetivone (2-6%) and a-vetivone (3-6%) as

main components.

Hydrocarbons

Alcohols

CH,OH

Ketones

Figure 7. Structure formula of: (A) khusimene, (B) a-amorphene, (C) B-vetispirene,
(D) B-vetivenene, (E) khusimol, (F) vetiselinenol, (G) khusimone, (H) 3-

vetivone, (I) a-vetivone (Champagnat et al., 2006).



Puttipar Rotkittikhun Literature Review / 44

Table 8. Yields and times of extraction from Brazillian vetiver roots with different

methods (Martinez et al., 2004).

Method Extraction time (h) Yield (%)
Hydrodistillation (HD) 16 1.8 +£0.1
HD-N, 16 1.8+0.1
HD-NaOH 16 1.8+0.1
HD-enzymes 16 1.9+£0.1
HD-NaOH and enzymes 16 1.7+0.1
SFE (200 bar, 40 °C) 1 32+0.2

In addition, the correlations between vetiver oil production and cultivation
conditions have been investigated (Adams et al., 2004; Pripdeevech et al., 2006).
Adams et al. (2004) reported that a major difference between the oils of the cleansed
and the non-cleansed, normal, vetiver was the very low oil yield from the cleansed
(meristem tissue cultured) plant. Pripdeevech et al. (2006) indicated the similar results
that the higher yield was obtained in plants grown in normal soil added with
microbes. This may be due to the intracellular bacteria that were involved with the
essential oil cells in the glands of vetiver roots. Dethier et al. (2004) reported that soil
fertilization increased vetiver oil yields dramatically without changing the
composition. Massardo et al. (2006) state that vetiver oil production is closely related
to the metabolic activity of plant roots, which is affected by changes in environmental
temperatures. During winter the drop in temperature causes a decrease in plant

metabolic activities and hence a decrease in oil production (Massardo et al., 2006).

6.2 Thysanolaena maxima (Tiger grass)
The classification of T. maxima is as follows:
Kingdom Plantae -- Plants
Subkingdom Tracheobionta -- Vascular plants

Superdivision Spermatophyta -- Seed plants

Division Magnoliophyta -- Flowering plants

Class Liliopsida -- Monocotyledons

Subclass Commelinidae

Order Cyperales
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Family Poaceae -- Grass family
Genus Thysanolaena
Species Thysanolaena maxima (Roxb.) O. Kuntze

T. maxima occurs from Indo-China and China and throughout Southeast Asia.
It can thrive at low to medium elevations but can grow faster in higher elevation from
about 2500 to 5000 feet (Rhind, 1945). Normally, it grows in open areas particularly
in logged-over areas, mountain slopes and ravines. T. maxima is a strongly tufted,
very robust perennial grass with erect or slightly spreading solid bamboo-like culms
up to 3.5 m tall. Leaf-sheath is hairy along outer margin; ligule is a scarious
membrane, 1-2 mm long; leafblade is lanceolate-acuminate, 30-65 cm x 3-7.5 cm,
base broad and rounded or subcordate, margins scaberulous, conspicuously glaucous
beneath. Inflorescence a terminal huge and drooping panicle, up to 140 cm long, well
exerted, branches divided and subdivided into many branchlets; spikelets are awnless,
short pedicelled, falling with part of the pedicel, often in pairs on a common peduncle,
2-flowered; lower glumes clasping. Caryopsis is subglobose to ovoid, 0.6 mm long,
reddish-brown in color. Young leaves and stem tips are used to feed cattle and
buffaloes. Its large inflorescences are used in making brooms. The grass is

occasionally planted for ornamental purposes and as a hedge.

Figure 8. Thysanolaena maxima (Roxb.) O Kuntze.
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CHAPTER IV
MATERIALS AND METHODS

1. Uptake and accumulation of lead by plants from the Bo Ngam lead mine

1.1 Site description

Bo Ngam lead mine is located in Thong Pha Phum District, Kanchanaburi
Province, situated in between north latitude 14°55°-14°60" and east longtitude 98°55'-
98°60". The annual temperature is 26.7 °C and annual rainfall is 1507.8 mm (the
highest in June and lowest in January, November and December). The area of mine is

47.84 km®. Lead in this area is in the form of cerussite (PbCO3).

VIETNAM Kanchanaburi

.
wbo
:

L Bo Ngam lead mine
THAILAND Q

ANGKOK
QE‘I.C-G

3 Thong-P y
T CAMBODIA
.S ¥
e i
VIETNAM '. o !
- w '
v G | 5
-.\.
£ v
b p -
INDONESIA \L’J ;
; Staaid of 5 MEALAYSIA
A B

Figure 9. (A) The map of Thailand showing Kanchanaburi province. (B) Bo Ngam

lead mine area.
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1.2 Soil sampling and analysis

Five sampling sites were selected in Bo Ngam lead mine.
Site 1 Open pit area (N 14°59°49.9"" E 98°5729.4"")
Site 2 Stockpile area (N 14°59°48.9"" E 98°57°25.3"")
Site 3 Ore dressing plant area (N 14°57°09.3"" E 98°55720.8"")
Site 4 Tailing pond area (N 14°57°07.2"" E 98°55°21.97")
Site 5 Natural pond area (N 14°56°56.1"" E 98°55722.5""; uncontaminated site)

Samples of soil were collected from five sites during October 2003 to October
2004. The soil samples were collected at the surface (0-10 cm), subsurface (10-40 cm)
and around the plant roots (Fig. 10). After collection, they were dried at 60 °C for 48
h, then ground into fine powder and sieved through a 0.28 mm nylon sieve. Surface
and subsurface soil samples were characterized for: pH and electrical conductivity
(EC) by using pH meter and EC meter accordingly, organic matter by Walkley-Black
titration (Walkley and Black, 1934), total N by Kjedhal method (Black, 1965),
available P by Bray II method (Bray and Kurtz, 1945), available K by atomic
absorption spectrophotometer after extracted with NH4OAc (International Center for
Agricultural Research in the Dry Areas (ICARDA), 2001) and texture using the
hydrometer method (Allen et al., 1974). Lead concentrations were determined in the
laboratory of the Biology Department, Faculty of Science, Mahidol University, and
also verified by the laboratory of the Department of Primary Industries and Mines,
Bangkok.

Figure 10. Soil samples collected from surface and subsurface.
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Figure 11. Five sampling sites at Bo Ngam lead mine; (A) Open pit area, (B)

Stockpile, (C) Ore dressing plant area, (D) Tailing pond area, (E)
Natural pond area.
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To determine the concentration of lead in soil, 0.5 g of soil sample was
digested with HNOs; (APHA, 1998). After digestion, lead concentration was measured
by a flame atomic absorption spectrophotometer (Varian SpectraA 55 B). The
extractable lead in soil was determined by the sequential extraction method which
included two phases: phase 1, exchangeable fraction extracted by 0.01 M Ca(NOs),
and phase 2, acid-soluble fraction extracted by 0.11 M CH3;COOH (Shiowatana et al.,
2001).

1.3 Plant sampling and analysis

Plant samples were collected from the same location as the soil samples. For
herbs, the whole plants were taken, but for shrubs only shoots were collected. At least
three individuals of each plant species were randomly collected within the sampling
area. Plant samples for identification only were kept in a plant press and separated
from those used for analysis. Plant classification followed that of Smitinand (1980).
Plant identification was confirmed by the Department of Botany, Kasetsart
University, Thailand.

After collection, soil around the plant roots was separated and analyzed for
lead concentration, then each plant sample was thoroughly washed in running tap
water for 5 min, and with a solution of phosphate-free detergent for 15 s, then with tap
water for another 15 s. Samples were carefully rinsed with deionized water twice and
separated into shoots and roots. They were then oven dried at 60 °C for 48 h, ground
into fine powder and sieved through a nylon sieve. The concentrations of lead in
shoots and roots of plants were determined using 0.5 g plant sample digested with
HNOs;. The lead concentration was measured by a flame atomic absorption
spectrophotometer. Plant samples were sent to two independent laboratories for lead
analysis: the laboratory of the Department of Soil Science, Ministry of Agriculture
and Cooperatives, and the Central Instrument Facilities, Faculty of Science, Mahidol
University. The lead analyses from the two independent laboratories showed similar

results especially those samples with unusually high lead content.



Puttipar Rotkittikhun Materials and Methods / 50

1.4 Shoot/root quotient
Shoot/root quotient was calculated as follows:

Shoot/root quotient = Heavy metal concentration in plant shoot (mg kg™)

Heavy metal concentration in plant root (mg kg™)

Shoot/root quotient > 1 indicates preferential partitioning of metals to the

shoot (Baker and Whiting, 2002).

1.5 Extraction coefficient
Extraction coefficient was calculated as follows:

Extraction coefficient = Lead concentration in plant root (mg ke™")

Lead concentration in soil (mg kg™)
Extraction coefficient can be used to evaluate the ability of plant to

accumulate the heavy metal (Chen et al., 2004).
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Plant sample

Dried at 60 °C for 48 h

Sieved through a nylon sieve 0.25 mm

Weighed 0.5 g of plant sample

Digested with conc. HNOj3 for 5-6 h

Filtered through Whatman No. 42 and adjusted the final volume to 25 mL

Determined lead concentration by FAAS

Figure 12. Diagram showing procedures for lead concentration determination.
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2. Growth and lead accumulation by the grasses Vetiveria zizanioides and
Thysanolaena maxima in lead-contaminated soil amended with pig manure and
fertilizer: A glasshouse study

The study comprised two experiments: Experiment [ was designed to assess
lead tolerance and accumulation in V. zizanioides and T. maxima grown in soil spiked
with various concentrations of lead. Experiment II was designed to test the effects of
pig manure and inorganic fertilizer amendments on lead mine soil using V. zizanioides

and T. maxima.

2.1 Plant materials

Four ecotypes of V. zizanioides (three from Thailand: Surat Thani, Songkhla,
Kamphaeng Phet, and one from Sri Lanka) were obtained from the Land
Development Department, Kanchanaburi Province, Thailand. They were grown in the
nursery at Mahidol University, Kanchanaburi, Thailand. The native grass, T. maxima
were collected from the field site about 60 km from Bo Ngam lead mine,

Kanchanaburi, Thailand.

2.2 Soil preparation
2.2.1 Experiment |

Natural soil was collected from 0 to 20 cm depth from a suburban area of
Kanchanaburi, where native grasses including T. maxima were growing. It was air-
dried and sieved through a 2 mm mesh sieve. Standard soil characterizations were
performed (Department of Soil Science, Ministry of Agriculture and Cooperatives,
Bangkok, Thailand). Lead was added to give nominal concentrations of 100, 1000 and
10000 mg Pb kg by mixing with 0.125, 1.25 and 12.5 g of 2PbCO; -Pb(OH), per kg
soil. Soil without addition of lead served as the control. The fertilizers applied to the
soil consisted of 120 mg N kg of dry soil as NH4NO3, 80 mg P kg™ of dry soil and
100 mg K kg of dry soil as KH,PO,. The total and DTPA-extractable concentration
of lead in the soil, electrical conductivity (EC) and soil pH after four weeks
equilibration were determined. Soils were measured for pH and EC before the
addition of lead using a glass-electrode pH meter and EC meter respectively. Organic

matter was determined by Walkley—Black titration (Walkley and Black, 1934), total N
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by the Kjedhal method (Black, 1965), total P by Bray II method (Bray and Kurtz,
1945), total K by atomic absorption spectrophotometer after digestion with Na,COs
and texture was assessed using the hydrometer method (Allen et al., 1974) (Table 13).
Total concentrations of lead and other metals in soil were determined using 0.5 g soil
sub-samples digested with HNO; (APHA, 1998). After digestion, lead concentration
was determined by flame atomic absorption spectrophotometry (FAAS Varian
Spectra AA 55B) and other metals (Fe, Zn, Mn, Cu, Cd and Ni) were determined by
ICP-OES (ERAN 6000). DTPA-extractable lead content was determined by FAAS
(ICARDA, 2001) (Tables 13 and 14).

2.2.2 Experiment 11
Lead mine soil was collected from the open pit mine area at Bo Ngam lead
mine, Kanchanaburi at 0-20 cm depth. Soil was air-dried, sieved through a 2 mm
mesh sieve and mixed well. Pig manure was supplied from a pig farm in
Kanchanaburi, air-dried for four weeks and sieved through a 2 mm mesh. Soil and pig
manure characterizations were investigated using similar methods as described in

Experiment I.

2.3 Plant growth experiment
2.3.1 Experiment I

A glasshouse pot trial was designed to test the lead accumulation and growth
of T. maxima and the four ecotypes of V. zizanioides. Soil was placed in plastic pots
(17 cm in diameter, 20 cm in height) which had two pieces of plastic screen at the
bottom to retain the soil. Plants were selected, pruned (shoots were 20 cm and roots
were 5 cm in length) and then transplanted into the pots (2 plants/pot) containing
various concentrations of lead: 113, 192, 707, 10750 mg kg™ of dry soil (Table 14).
There were four replicates for each treatment. The pots were placed in the glasshouse
under controlled conditions and the soil moisture content was maintained at 40% of
the water holding capacity by weighing and adding deionized water every two days
(temperature 20-30 °C, day length 13—14 h). After 60 d, the plants were harvested.

Plant samples were washed thoroughly with tap water, rinsed with deionized water
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and divided into shoots and roots. They were oven-dried at 60 °C for 48 h to a

constant weight and the dry weight yield was recorded.

2.3.2 Experiment Il

A glasshouse experiment was designed to test the growth and accumulation of
T. maxima and the four ecotypes of V. zizanioides in soil amended with fertilizer or
pig manure as follows:

Treatment 1: Soil only (S)

Treatment 2: Soil + 20% pig manure (S + 20)

Treatment 3: Soil + 40% pig manure (S + 40)

Treatment 4: Soil + fertilizer 75 mg kg™ (S + F1)

Treatment 5: Soil + fertilizer 150 mg kg™ (S + F2)

Pig manure was mixed with soil at different percentages (20% and 40% w/w).
In addition, soil was also amended with two levels of fertilizer addition (N:P:K =
15:15:15): 75 and 150 mg kg of dry soil. Soil without fertilizer and pig manure
served as the control. The total and DTPA-extractable concentration of lead in the
soil, EC and soil pH after four weeks’ equilibration were determined. The DTPA-
extractable of lead contents were determined using flame atomic absorption
spectrophotometry (FAAS) after extraction with 0.005 M DTPA. The procedures for

planting, harvest and analysis of lead were similar to those described in Experiment I.

2.4 AB-DTPA method (Ammonium Bicarbonate-DTPA Method)

The AB-DTPA is a multi-element soil test for alkaline soils. The extracting
solution was 1 M in the ammonium bicarbonate (NH4HCOs), and 0.005 M DTPA
(diethylenetriamine-pentaacitic acid). A 0.005 M DTPA solution was obtained by
adding 1.97 g DTPA to 800 mL deionized water. Approximately 2 mL 1:1
ammonium hydroxide (NH4OH) was added to facilitate dissolution and to prevent
effervescence when bicarbonate was added. When most of the DTPA was dissolved,
79.06 g ammonium bicarbonate (NH4HCO3) was added and stirred gently until
dissolved. The pH was adjusted to 7.6 with ammonium hydroxide. The solution was
diluted to 1 L volume with deionized water. After that, 10 g air-dry soil were added

into a 125 mL flask. 20 mL extracting solution was added, and the flask was shaken
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on a reciprocal shaker for 15 minutes at 180 cycles/minute with flasks kept open. The
extracts were then filtered through Whatman No. 42 filter paper and determined the

metal concentrations by the flame atomic absorption spectrophotometer.

2.5 Water holding capacity

To determine soil water holding capacity (WHC), triplicate soils were placed
into cores with a mesh net bottom. They were saturated with distilled water and
allowed to drain for 18 h while the top was sealed to prevent evaporation. At the end
of the period, the soil in the cores was weighed and recorded. Soils were then dried
overnight at 80 °C for 18 h followed by drying at 104 °C for 2 h and reweighed. The
soil moisture content prior to drying was defined at 100% WHC or field capacity
(Angle et al., 2003)

2.6 Growth and metal accumulation

Plant growth and survival were determined as percentage survival, plant
height and dry biomass. To determine lead accumulation, dried plant samples were
ground to a fine powder and sieved through nylon mesh. The concentrations of lead in
shoots and roots of plants were determined using 0.5 g plant sub-samples digested
with HNO; (APHA, 1998). Lead concentration was measured by FAAS. The
root/shoot ratio is a highly representative indicator of environmental stress that is

encountered by plants (Chiu et al., 2006). It was calculated as follows:

Root/shoot ratio = Dry weight of root (g)

Dry weight of shoot (g)

2.7 Statistical analysis

The data for height, biomass, heavy metal concentrations of soil and plant and
root/shoot ratios of plants under different treatments were analyzed using the SPSS
statistical package by one-way analysis of variance (ANOVA) to compare the means
of different treatments. Where significant F values were obtained, differences between
individual means were tested using the least significant different test (LSD) at the p =

0.05 significance level.
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3. Lead tolerance and accumulation in the grass Vetiveria zizanioides and the
effects of lead on vetiver oil production

3.1 Plant materials

Vetiver plants (Vetiveria zizanioides ‘cv. Monto”) were kindly provided by Dr.
Paul Truong, Veticon Consulting, Brisbane, Australia. The plants were pre-cultured in
potting-mix in a glasshouse under semi-controlled conditions (12-h photoperiod; 25-
30 °C) for 18 months. They were then pruned to uniform size (shoots 20 ¢cm, and roots

5 cm).

3.2 Experimental design
3.2.1 Hydroponics study

This experiment was designed to assess lead tolerance, lead accumulation and
oil production in vetiver grown in a standard nutrient solution spiked with increasing
concentrations of lead. Forty-eight uniform-sized vetiver plants were selected and
acclimated in modified Hoagland’s solution and placed in a glasshouse. The
composition of the nutrient solution was: 400 uM Ca(NO;),.4H,0, 200 uM NH4NO;,
400 uM KNO;, 100 uM MgS04.7H,0, 1000 uM MES, 554.4 uM NaOH, 10 uM
KH,PO4, 9.2 uM H3BOs, 13.6 uM FeCl;.6H,O, 13.6 uM HBED, 0.03 uM
(NH4)6M070,4.4H,0, 1.8 uM MnSO4+H,O, 0.3 pM ZnSO47H,0, 0.32 uM
CuS04.5H,0 adjusted to pH 5. Seven days after installation, lead treatments were
applied. Nominal concentrations of lead of 10, 50 and 100 mg L' were created in
each container (20 x 18 x 12.5 cm’) of 3.5 L modified Hoagland’s solution. All
treatment solutions were aerated. Lead was supplied as stock lead nitrate [Pb(NO3);]
solution, prepared in deionized water. The treatment solutions were changed every 7
days. There were 3 replicates (2 plants/replicate) for each unit. Plants were set up in
the glasshouse under semi-controlled growth conditions. Six plants from each

treatment were harvested after 5 and 7 weeks.

3.2.2 Pot study
A glasshouse pot trial was designed to test lead tolerance, lead accumulation
and oil production in vetiver grown in soil with varying concentrations of applied

lead. The mixture of potting mix and sand was used for the experiment (sand: potting
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mix 3:1) was air-dried and sieved through a 2 mm mesh. Lead (as lead carbonate) was
added to give nominal concentrations of 100, 500 and 1000 mg Pb kg™'. Soil without
lead addition served as the control. Soils before and after the addition of lead were
measured for pH and EC using a glass pH electrode and EC meter, respectively.
Background levels of heavy metals in the soil were measured by an Inductive
Coupled Plasma Atomic Emission Spectrometer, ICP-AES (Varian Vista Ax) using
aqua regia digestion (Table 21). The total and diethylenetriamine-pentaacetic acid
(DTPA)-extractable concentrations of lead in the soil after four week’s equilibration
were determined by ICP-AES. Lead was extracted with 0.005 M DTPA [1.79 g
DTPA + 79.06 g NH4HCO; + 2 mL NH4OH dissolved in 800 mL deionized H,0, and
made up to 1 L, pH 7.6] (ICARDA, 2001).

Forty-eight uniform-sized plants of vetiver were selected for use in this
glasshouse experiment. 6 kg of sieve soil was placed into each 17 cm diameter plastic
pot which had two pieces of plastic screen at the bottom to retain the soil. Plants were
transplanted into the pots containing increasing concentrations of lead (0, 100, 500
and 1000 mg kg™ of dry soil). There were 3 replicates (2 plants/replicate) for each
treatment. The pots were placed in the glasshouse under semi-controlled conditions
and watered daily. Fertilizer (N:P:K = 16:3.5:10) was added 6 g/ pot at monthly

intervals. Six plants from each treatment were harvested after 2 and 3 months.

3.3 Measurements of the plant sizes and lead concentrations

After growth periods of 5 and 7 weeks for the hydroponic experiment, and 2
and 3 months for pot experiment, plants were harvested and the shoot and root length
were measured, then plants divided into shoots and roots. They were washed with tap
water, 5% extran and rinsed with deionized water. The concentrations of lead in
shoots and roots of plants were determined using 0.5 g plant sub-sample digested with
HNO; (APHA, 1998) and lead concentrations in the digests were measured by ICP—
AES.
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Figure 13. Experimental containers containing V. zizanioides exposed to different

lead concentrations: (A) Hydroponics study, (B) Pot study.
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3.4 Extraction and analysis of vetiver oil
3.4.1 Oil extraction
Fresh roots of vetiver were ground with liquid nitrogen. Then approximately
500 mg ground root was immersed into 3 mL of ethanol and placed on a shaker for 3
weeks at room temperature. The isolated oil was dehydrated by adding anhydrous

sodium sulphate and then stored in an amber-colored glass bottle.

3.4.2 Gas chromatography
Samples were analyzed by GC-FID using an autosystem XL gas
chromatograph (Perkin Elmer) equipped with BPXS capillary column (0.5 um film
thickness, 0.25 mm i.d., 30 m length). The oven temperature program was maintained
at 70 °C for 4 min, and then raised to 280 °C at the rate of 4 °C/min. Injector and
detector temperatures were 250 °C and 300 °C, respectively. The carrier gas was
helium (1 mL/min). Aliquots (1 pL) of each sample were injected and in 1:20 split

ratio.

3.4.3 Gas chromatography-mass spectrometry (GC-MS)
GC-MS analyses were carried out on a Agilent 6890N, fitted with DB5 (30 m
x 0.25 mm i.d., 0.25 pm film thickness) linked on-line with a Agilent Mass selective
detector (5973); ionization voltage 70 eV.

3.4.4 Qualitative and quantitative analyses

Vetiver oil constituents were identified using GC-MS by comparison of their
mass spectra with those stored in the Wiley 7 library or with mass spectra from the
literature (Adams, 2001). Further identification was made by comparison of their
retention indices with those in the literature (Weyerstahl et al., 2000; Adams, 2001;
Adams et al., 2004; Massardo et al., 2006). The retention indices were determined in
relation to a homologous series of n-alkanes (Co-Cyp) under the same operating
conditions. The oil yield was calculated relative to the dry matter. Percentage data

shown are mean values of three replicates from the experiment.
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3.5 Statistical analysis

The data for shoot and root lengths, plant lead concentrations and oil
production of plants under different treatments were all analyzed using the SPSS
statistical package by one-way analysis of variance (ANOVA) to compare the means
of different treatments. Where significant F-values were obtained, differences
between individual means were tested using least significant different test (LSD) at

the p = 0.05 significance level.
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CHAPTER V
RESULTS

1. Uptake and accumulation of lead by plants from the Bo Ngam lead mine

1.1 Soil characterization

The soil characteristics from five sampling sites are presented in Table 9. The
soil textures of most sites were sandy loam or loam except for the soils around the
pond area which were clay or clay loam. The soil pH of most sites ranged between 6
and 7. The highest electrical conductivity (EC) value (1.14 dS m™) was found in soil
at site 3 and the lowest (0.16 dS m™") in soil at site 5. The percentages of total nitrogen
from all sites were quite similar (0.09-0.13). The available phosphorus was highest in
soil from the natural pond area. The available potassium from soil at sites 4 and 5
(pond area) was higher than that from sites 1 and 2. Similarly, the organic matter of

soil from sites 4 and 5 was higher than that of soil from sites 1 and 2.

1.2 Lead concentration in soil

Total and sequential-extractable concentrations of lead in soils from sites 1-5
are shown in Table 10. In general, surface soil (0-10 cm) had higher lead than
subsurface soil (10-40 cm) except for sites 1 and 4. Total lead concentration in surface

soil can be divided into four levels: extremely high (142,400 mg kg') at site 3 (ore

dressing plant area); very high from site 1 (88,000 mg kg™) and site 2 (65,000 mg kg’
"; moderately high at site 4 (6,420 mg kg™") and low (325 mg kg™) at site 5 (natural
pond area). Total lead contents for the studied sites were in the following order: site 3
> site 1 > site 2 > site 4 > site 5. Extractable lead concentrations from subsurface soils
were higher than those from surface soils except at sites 2 and 5. Extractable lead
contents for the studied sites were in the following order: site 1 > site 3 > site 2 > site

4 > site 5. Soils from sites 1 and 3 contained extremely high total and extractable lead
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contents. Lead concentrations in soils around the plant roots were different in
different plant species. Soil around the plant roots from site 3 had extremely high lead

concentration (170,670-177.500 mg kg™), while that from site 5 had much lower

concentration of lead (117-392 mg kg'l) (data not shown here).

Table 10. Lead concentration in soil at sites 1-5, Bo Ngam lead mine.

Total soil Pb (mg kg™?) | Extractable Pb (mg kg™)
Site

Surface Subsurface Surface Subsurface
1 Open pit area 88000 109400 47940 56030
2 Stockpile area 65000 56100 23500 10670
3 Ore dressing plant area 142400 120850 25720 43350
4 Tailing pond area 6420 10 360 2400 4200
5 Natural pond area 325 86 16 6

1.3 Lead in plants

A total of 48 plant species belonging to 14 families was collected from five
sampling sites (Fig. 14A). There were 22 herbs, 17 grasses, five undershrubs, two
shrubs, and two climbers (Fig. 14B). Twenty-six plant species (>50% of the total) had
lead concentrations of more than 1000 mg kg in their shoots, with the highest
concentration(28,370 mg kg™) in Spermacoce mauritiana (Table 11). Three species
(Microstegium ciliatum, Polygala umbonata, Sp. mauritiana) showed extremely high
lead concentrations in their shoots (12,200-28,370 mg kg™) and roots (14,580-128,830
mg kg'; Table 11). Only eight plant species were found at site 5 and lead

concentrations in plant shoots ranged between 23 and 394 mg kg™
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O Asteraceae

O Buddiejaceae
@ Cyperaceae
O Equisetaceae
B FEuphorbiaceae
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Figure 14. (A) Diagram showing numbers of plant species belonging to 14 families.

(B) Diagram showing types of plant samples collected.
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1.4 Extraction coefficient and shoot/root quotient

The average extraction coefficients of plants are presented in Fig. 15. The
highest extraction coefficient (0.47) was found in Acmella oleracea and the lowest
(0.004) were found in Phragmites vallatoria and Thysanolaena maxima. Figure 16
shows the average shoot/root quotients of plant species collected from sites 1-4. The
highest shoot/root quotient (5.84) was found in Conyza sumatrensis. Only 12 species
showed a shoot/root quotient higher than 1 (Fig. 16). Figure 17 shows plant species
collected from sites 1-4, with their lead concentrations in shoot and shoot/root
quotients. There were 11 species that showed >1000 mg kg lead in shoot and

shoot/root quotient >1 (Table 12).

Table 12. Plant species showed > 1000 mgkg™ lead in shoot and

shoot/root quotient > 1.

Family Species
Asteraceae Ag. conyzoides
C. odoratum
Co. sumatrensis
S. arvensis
Buddlejaceae B. asiatica
Cyperaceae Cyperus sp.
Euphorbiaceae E. hirta
Poaceae D. aegyptium
So. indicus
Fabaceae Ae. indica
Polygalaceae P. umbonata
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2. Growth and lead accumulation by the grasses Vetiveria zizanioides and
Thysanolaena maxima in lead-contaminated soil amended with pig manure and
fertilizer: A glasshouse study

2.1 Experiment I: Lead tolerance and accumulation in T. maxima and

V. zizanioides
2.1.1 Soil characteristics

The general properties of the soil are presented in Table 13. It was near neutral
pH (6.8), with an EC value of 0.41 dS m™". The soil texture was clay with low organic
matter content (0.5%). The soil contained low levels of total N, P and K (400, 400 and
900 mg kg'). Background total lead concentration in the soil was slightly elevated,
113 mg kg'. After the application of lead, total and DTPA-extractable lead
concentrations were in the range of 113-10,750 mg kg’ and 16.5-1065 mg kg™,
respectively. The results showed that the addition of lead to the soils decreased pH,
especially at the highest application dosage (Table 14).

2.1.2 Growth performance

The growth performance data (survival rate, height and biomass) of T. maxima
and V. zizanioides are shown in Table 15. T. maxima, V. zizanioides (Surat Thani) and
V. zizanioides (Songkhla) showed the best survival (100% in all treatments). V.
zizanioides (Kamphaeng Phet) had the lowest survival. The height of the plants was
significantly decreased with increases in lead concentration (p < 0.05). T. maxima
attained the highest biomass in 100 mg Pb kg™ treatment and remained rather similar
with increase in lead while in V. zizanioides, there was 50-60%, reduction in biomass

when lead concentration was increased.
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Table 13. Physical and chemical properties of soil, lead mine soil and pig manure

used for the pot experiment.

Parameter Soil Lead mine soil | Pig manure
pH 6.75 7.07 6.5
EC(dS m™) 0.41 0.23 4.1
Organic Matter (%) 0.5 0.2 29.65
Soil Texture Clay Loam
Element concentrations Total
N (mg kg™ 400 200 22400
P (mg kg™ 400 300 34000
K (mg kg™ 900 600 8300
Ca (mgkg™) 1300 1100 31800
Mg (mg kg™ 400 300 11300
Fe (mg kg™ 33592 22584 314
Zn (mg kg™ <208 <208 843
Mn (mg kg™) 503 1238 449
Cu (mg kg™ e 62.09 82.6
Cd (mg kg™ 0.43 0.55 0.5
Ni (mg kg™ 24.35 20.51 10.1
Pb (mg kg™) 113 9017 10
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Table 14. pH, EC, total and extractable of Pb (mean + SD, n = 3) in the different

treatments before plant growth experiment.

Treatment oH EC Total Pb Extractable Pb
(ds m™) (mg kg™) (mg kg™)

Experiment |

1 (0 mgkg") 6.75+0.05 |0.41+0.03 | 113+17.6 16.5+0.2

2 (100 mg kg™) 6.4+0.15 [0.38+0.02 |192+284 43.7 + 0.6

3 (1000 mg kg™) 6.3+0.3 0.39+£0.02 | 707 +15.3 253+ 6

4 (10000 mgkg") |5.3+0.2 0.37+0.02 | 10750+ 624 | 1065+ 13.2

Experiment 11

S 7.07£0.12 |0.23£0.02 | 9020 +954 263+ 11.5

S+20 7+0 3.13+£0.03 | 8730+ 983 183+2.9

S+40 7+0 3.96+0.06 | 5650+ 522 143+2.9

S+F1 7.13+0.15 | 1.04+0.14 | 10600+ 1500 | 367+ 17.6

S+F2 7.03+0.06 |1.76+0.06 | 11920=+1290 | 403 +5.8

2.1.3 Root/shoot ratio
Root/shoot ratio is an indicator of environmental stress. The root/shoot ratios
of T. maxima and V. zizanioides grown in different treatments are presented in Fig.
18. T. maxima showed the highest values in all treatments. However, statistical

analysis (LSD test) showed that means were not significantly different for each group

(p>0.05).

2.1.4. Lead accumulation in plants
Lead accumulation in shoots and roots of T. maxima and four ecotypes of V.
zizanioides was similar (Table 16). Plants accumulated higher lead concentrations in
roots (4100-5900 mg kg™') than shoots (248—422 mg kg™'). Lead concentrations in the
same part (shoots or roots) of plants under different treatments were generally in the

descending order of 10000 > 1000 > 100 ~ 0 mg kg™ treatment.
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2.2 Experiment Il: Effects of pig manure and inorganic fertilizer
amendments on V. zizanioides and T. maxima
2.2.1 General properties of lead mine soil and pig manure
The general properties of lead mine soil and pig manure are presented in Table
13. The lead mine soil and pig manure were near neutral (pH 7.1 and 6.5,
respectively). The EC value of lead mine soil was low (0.23 dS m™), while that of pig
manure was high (4.1 dS m™). The pig manure contained much higher levels of
organic matter, total N, P and K (140, 110, 110 and 10 times, respectively, higher than
those in the lead mine soil). In terms of heavy metals, total concentrations of Mn, Cd,
Ni and Pb in lead mine soil were higher while total Zn and Cu were higher in pig
manure. The addition of pig manure or fertilizer to lead mine soil did not change the
pH value but significantly increased the EC wvalue, especially at the highest
application dosage of pig manure (S + 40, EC = 3.96 dS m™) (Table 14). The pig
manure reduced total and extractable lead, while these were increased with fertilizer

application.

2.2.2 Growth performance

The growth performance (survival rate, height and biomass) of T. maxima and
V. zizanioides is presented in Table 17. V. zizanioides (Surat Thani) and V. zizanioides
(Songkhla) showed best survival (100% in all treatments) while V. zizanioides
(Kamphaeng Phet) had the lowest survival. The addition of pig manure decreased the
survival of T. maxima and V. zizanioides (Sri Lanka). The results in terms of height
and biomass of T. maxima showed that they were significantly decreased with the
application of pig manure (p < 0.05) in comparison to those grown in pure lead mine
soil or amended with fertilizer. For V. zizanioides, application of pig manure
significantly increased the height and biomass of plants (p < 0.05). V. zizanioides (Sri
Lanka) showed the maximum height and biomass in the 20% pig manure treatment
However, the addition of fertilizer did not significantly increase the height and

biomass of vetiver grass (p > 0.05).
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2.2.3 Root/shoot ratio
Figure 19 shows the effects of pig manure and fertilizer application on the
root/shoot ratio. T. maxima plants grown in lead mine soil amended with pig manure
showed the highest root/shoot ratio (2.33), indicating that they had suffered the
greatest stress while in fertilizer application, they were significantly lower (p < 0.05).
In contrast, V. zizanioides (Surat Thani) grown in soil amended with fertilizer showed

the lowest ratio.

2.2.4 Lead accumulation in plants

Lead concentrations in roots and shoots of T. maxima and V. zizanioides are
presented in Table 18. In the unamended soil, Surat Thani and Songkhla ecotypes of
vetiver showed the highest lead accumulation in shoot, while the Kamphaeng Phet
ecotype showed the highest lead accumulation in root. Both grass species
accumulated highest lead concentrations in the roots. The results showed that lead
concentrations in both the shoot and root tissues of T. maxima and vetiver in soil
amended with pig manure were significantly decreased (p < 0.05) (Table 18). T.
maxima grown in soil amended with 75 mg kg™ fertilizer showed the maximum lead
accumulation both in shoot and root tissues. In vetiver, the application of 150 mg kg™

fertilizer significantly increased the lead concentrations in root tissues (p < 0.05).

3. Lead tolerance and accumulation in the grass Vetiveria zizanioides and the
effect of lead on vetiver oil production

3.1 Hydroponic study

3.1.1 Speciation

GEOCHEM-PC program (Parker et al., 1993) was used to calculate the lead
speciation in the hydroponic solution. In the 10, 50 and 100 mg L™ Pb treatments,
95.2%, 92.8% and 88.2% Pb, respectively were calculated to be in the free form. The
remaining lead was present as complexes or in solid form with sulphate, nitrate and

phosphate.
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3.1.2 Plant growth
Table 19 shows the shoot and root lengths of vetiver plants grown in the
nutrient solution. Plants grown in control and 10 mg L' Pb treatments showed
significantly longer shoot and root lengths when compared with those in treatments
with added lead (p < 0.05). Root length was progressively decreased with increasing
concentrations of lead. There was little difference between shoot and root length of
plants grown for 5 weeks and 7 weeks. Visual sign of phytotoxicity (red-tipped

leaves) were observed in plants grown in the 50 and 100 mg L' Pb treatments.

Table 19. Length of shoots and roots (mean + SD, n=3) of vetiver grown in nutrient

solutions and soils containing different lead concentrations.

Hydroponic 5 weeks 7 weeks
study Shoot (cm) Root (cm) Shoot (cm) Root (cm)
Control 660+7.1a | 37.7£09a | 733+33a | 373+139a
10mg L 59.1+60a | 106+£0.6b | 62.7+4.8 ab 11.8+0.8b
50 mg L™ 46.7£0.7b | 11.1£0.6b | 529+88bc | 9.17+1.0b
100 mg L™ 489+32b | 725+22c | 463+80c | 7.08+0.1b
Pot study 2 months 3 months
Shoot (cm) Root (cm) Shoot (cm) Root (cm)
Control 945+39a R 108.5+8.7a R
100 mg kg 93.5+9.0a R 1205+13a R
500 mg kg 92.8+29a R 119.7+£21.6a R
1000 mg kg™ 968+ 11.4a R 108.8 +18.3 a R

Data with different letters in the same column indicate a significant difference at 5%
level according to LSD test.
R Reached the base of the pot

3.1.3 Lead accumulation
Lead concentrations in shoots and roots of vetiver are presented in Table 20.
They increased with increasing lead concentration in the solution. Much higher lead

concentrations were found in roots than shoots (175-fold in plants grown in 100
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Figure 20. V. zizanioides grown in nutrient solution with different lead concentrations
(0, 10, 50 and 100 mg L) at various exposure times: (A) 1 week, (B) 2
weeks, (C) 3 weeks, (D) 4 weeks, (E) 5 weeks, (F) 7 weeks.
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C D

Figure 21. Roots of V. zizanioides grown in nutrient solution with different lead
concentrations for 5 weeks: (A) Control, (B) 10 mg L™, (C) 50 mg L™,
(D) 100 mg L™
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Figure 22. Phytotoxicity symptom in vetiver plants grown in 50 and 100 mg L™

treatments.
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mg L treatment for 5 weeks). Plants treated with 100 mg L™ accumulated high
concentrations of lead in their shoots (112-144 mg kg™) and roots (16,860-19,530 mg

kg™).

3.2 Pot study
3.2.1 Soil characteristics
The general properties of the soil used in this experiment are summarized in
Table 21. The soil pH was 7.1, with an EC value of 0.45 dS m™". The background total

lead concentration in the soil was 3.5 mg kg'l.

Table 21. Physical and chemical characteristics of soil used in the pot experiment

(mean £ SD, n = 3).

Parameters

pH 7.11 +0.09
EC (dSm™) 0.45+0.13
Elements Concentration
Cd (mg kg™) 2.66 +0.42
Cu (mgkg™) 1.70 + 0.69
Fe (mg kg™) 3480 + 634
Mn (mg kg™) O3 B 1
Ni (mg kg™) 3.84 +0.54
Pb (mg kg ™) 3.48 +0.86
Zn (mg kg™") 6.58 £1.22

3.2.2 Plant growth
The vetiver plants in the pot experiment grew well, and there were no visual
signs of phytotoxicity in any of the treatments. There was no significant difference
between treatments (p > 0.05) (Table 19). Plant roots in every treatment grew well

and reached the base of the pots.
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3.2.3 Lead accumulation
Lead concentrations in shoots and roots are presented in Table 20. Plants
accumulated highest lead concentrations in the roots. Lead concentrations in plants
increased with increasing lead in soil. The highest lead accumulations in shoot (38 mg
kg') and root (629 mg kg™') were measured in vetiver grown in the 1000 mg kg™

treatment for 3 months.

3.3 Oil production

The highest oil yields found in plants grown in nutrient solution (100 mg L")
for 5 and 7 weeks were 1.29 and 1.22 %, respectively (Table 22). The lowest oil yield
(0.42%) was produced by plants grown in nutrient solutions (10 and 50 mg L) for 7
weeks. For the pot experiment, there was little difference between treatments and

between the two growth periods.

3.4 Oil constituents

Total constituents of vetiver oil in different treatments are presented in Table
23. The highest total number of oil constituent (143 compounds) was found in vetiver
plants grown in soil spiked with 1000 mg Pb kg, followed by plants grown in
solution with 100 mg L™ (129 compounds).

Table 24 shows the percentage of 5 major compounds of vetiver oil in the
descending order: khusimol (alcohol) > (E)-isovalencenol (alcohol) > vetiselinenol
(alcohol) > a-vetivone (ketone) > B-vetivone (ketone). From the hydroponics study,
the percentage of vetiselinenol increased with increasing lead in solution but did not
relate to exposure time. Khusimol and (E)-isovalencenol percentages decreased when
the lead concentration in solution was increased. For P-vetivone, the percentage
decreased with increasing in exposure time but did not relate to lead concentration in
solution. The percentage of o-vetivone increased with an increase in lead
concentration but did not correlate with the exposure time. From the pot study, with
an increase in lead concentration, khusimol showed a decrease in percentage, while
vetiselinenol, (E)-isovalencenol, and a-vetivone showed an increase. [-vetivone
percentage was decreased with the increase in growth period but did not relate to lead

concentration.
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Table 23. Total constituents of vetiver oils from plants in various lead treatments.

No. of
Treatment constituent

Hydroponic | 5 weeks | Control 65-89
10mg L 71-84

50 mg L™ 97-117

100 mg L™ 92-129
7 weeks | Control 47-92
10mg L™ 74-94
50 mg L' 76-87
100 mg L™ 66-87

Pot 2 months | Control 87-120
100 mg kg™ 86-101

500 mg kg™ 73-104

1000 mg kg™ 120-143
3 months | Control 80-98
100 mg kg™ 76-93
500 mg kg™ 72-87
1000 mg kg™’ 82-89

Khusimol was the largest component of vetiver oil (10.7-18.1%). In our
hydroponics study, the highest percentage of khusimol was in control plants (7 weeks)
followed by plants treated with 10 mg Pb L™ (5 weeks), while in the pot study, 100
mg kg treatments (2-3 months) yielded the highest percentage. For the second
highest component, (E)-isovalencenol, 10 mg L™ treatments (5 weeks) yielded the
highest percentage while in the pot study, the highest percentage was produce in 500
mg kg™ treatment (2 months).
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CHAPTER VI
DISCUSSION

1. Uptake and accumulation of lead by plants from the Bo Ngam lead mine

Metalliferous soils in the Bo Ngam lead mine area had the lowest pH of 6, the
highest EC value of 1.14 dS m™, and were invariably deficient in essential plant
nutrients, particularly N, P and K. It is well known that acidity affects plant growth
directly and indirectly. Normal plant growth can be achieved in the pH range of 5-7
(Shu et al., 2001). Plant species also differ considerably in their ability to tolerate salt
content in the root medium. In general, all species survive in EC range of 0-2 dS m™
(Shu et al., 2001). Hence, it appears that acidity and salinity were not constraints on
vegetation establishment in the Bo Ngam lead mine area. But the toxic effects of
residual quantities of lead and extremely low nutrients can strongly restrict plant
growth.

All plants uptake metals to varying degrees from the substrates in which they
are rooted. Baker (1981) proposed two basic strategies by which higher plants can
tolerate the large amounts of metals in their environment: (1) exclusion, whereby
transport of metals is restricted, and low, relatively constant metal concentrations are
maintained in the shoot over a wide range of soil concentration; and (2) accumulation,
whereby metals are accumulated in the upper plant parts at both high and low soil
concentration. Baker and Whiting (2002) suggested that accumulators can be
characterized by a leaf:root metal concentration ratio of more than 1, because of the
ability to translocate metal from root to shoot, whereas in excluders, the ratio is less
than 1. According to these criteria, among the 48 plant species sampled at Bo Ngam
lead mine, 12 species were accumulators and 36 species were excluders. Most
excluders (14 species) belonged to the grass family (Poaceae) although three species,
Dactyloctenium aegyptium, Sporobolus indicus and Paspalum scrobiculatum were
accumulators. So. indicus and D. aegyptium showed extremely high lead

concentrations in their shoots (>8000 mg kg™). Deram and Petit (1997) also found
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lead hyperaccumulation in the grass Arrhenatherum elatius growing on calamine soils
in France. These are of great interest because there have been no other convincing
reports of the phenomenon in the Poaceae (Baker et al., 2000).

Hyperaccumulation of lead is particularly rare, due to the low solubility of
most lead compounds, and the ready precipitation of lead by sulphate and phosphate
at the root system (Baker et al., 2000). Baker et al. (2000) reported 14 taxa and six
families, mostly from metalliferous soil. Two species of Thlaspi were reported to
contain high lead concentration, T. rotundifolium ssp. cepaeifolium (8200 mg kg™)
from a lead/zinc mining area of Cave del Predil, northern Italy (Reeves and Brooks,
1983), and T. caerulescens (2740 mg kg™) colonizing a lead mine district in the
Pennines, England (Shimwell and Laurie, 1972). Barry and Clark (1978) recorded
shoot lead values of 130 mg kg™ to 11,750 mg kg™* in Festuca ovina. The present
study found a total of 26 species of plants belonging to 11 families that had lead
concentrations greater than 1000 mg kg™ dry weight in their shoots. Exceptionally
high concentrations of lead in the shoots were found in plant samples from the ore
dressing plant area with the soil lead of 142,400 mg kg™, such as Sp. mauritiana
(28,370 mg kg™; Rubiaceae), P. umbonata (21,670 mg kg™; Polygalaceae). The rather
erratic nature of lead values found in this kind of environment raises the question of
the relative importance of entry via the root system and direct deposition on or into
the leaves, e.g., from wind-blown soil particles (Baker et al., 2000). Careful study of
this point is still required.

The standard for hyperaccumulator has not been defined scientifically. At
present, there are four criteria: (1) the concentrations of heavy metal in plant shoots
reach hyperaccumulating level (lead >1000 mg kg™; Baker et al., 1994), (2) the
concentration of heavy metal in its above-ground part is 10-500 times more than that
in usual plants (lead 5 mg kg™*; Shen and Liu, 1998), (3) the metal concentrations in
shoots are invariably greater than that in roots or shoot/root quotient >1 (Baker and
Whiting, 2002), and (4) extraction coefficient >1 (Chen et al., 2004). In the present
study, the concentrations of lead in most plant species collected were higher than that
in usual plant. Comparing with the absolute concentrations of hyperaccumulator (lead
>1000 mg kg™ in shoot dry matter), 26 species of plants were found. When shoot/root

quotient >1 was used as a criterion, 11 species were hyperaccumulator. But when the
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extraction coefficient > 1 was considered, no sample could be regarded as
hyperaccumulator. If the three criteria were used (accumulation in shoot 10-500 times
more than usual plant, shoot accumulation >1000 mg kg™, and shoot/root quotient
>1), there would be 11 plant species. These plants belonged to seven different
families, such as Asteraceae (Ageratum conysoides, Chromolaena odoratum, Co.
sumatrensis, Sonchus arvensis), Buddlejaceae (Budleja asiatica), Cyperaceae
(Cyperus sp.), Euphorbiaceae (Euphorbia hirta), Poaceae (D. aegyptium, So. indicus),
Fabaceae (Aeschynomene indica) and Polygalaceae (P. umbonata). Plant species that
are suited for phytoremediation should have wide distribution, high above-ground
biomass, high bioaccumulation, and high propagation rate (Visoottiviseth et al.,
2002). The plant species with high lead accumulation are not necessarily those
occurring with the greatest frequency at the contaminated sites. For example, P.
umbonata could accumulate 21,670 mg kg™ Pb in their shoot, but they were rarely
found. From the 11 species of accumulator, about five species could be considered as
possible phytoremediators of lead contaminated soil (Table 25). These were C.
odoratum (herb), S. arvensis (herb), Co. sumatrensis (herb), B. asiatica (shrub), and
Cyperus sp. (herb). These species were commonly found at lead-contaminated sites,
had high above-ground biomass and high propagation rates. C. odoratum and B.
asiatica are perennial shrubs that can attain the height of 3-4 m. It is generally
preferable to use a perennial since phytoremediation will never take just a single year

and the use of a perennial will prevent the need to annual planting.

2. Growth and lead accumulation by the grasses Vetiveria zizanioides and
Thysanolaena maxima in lead-contaminated soil amended with pig manure and
fertilizer: A glasshouse study

The choice of plants is a crucial aspect for the practical application of
phytostabilization based techniques on mine-degraded soils (Tordoff et al., 2000;
Bleeker et al., 2002; Freitas et al., 2004; Rizzi et al., 2004). In terms of stabilizing
metal-contaminated sites, a lower metal concentration in shoots is preferred, in order
to prevent metal potentially entering the ecosystem through the food chain (Pichtel et
al., 2000; Taylor and Percival, 2001; Yang et al., 2003). From the present study, at the
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highest application dosage of lead (10750 mg kg® as Pb), T. maxima and V.
zizanioides (Surat Thani and Songkhla) could grow well and showed no toxicity
symptoms indicating that they could tolerate the high lead concentrations in the soil,
especially T. maxima which had the better growth performance. Lead concentrations
in shoots and roots of both species were in the range of 248-422 mg kg™ and 4100—
5900 mg kg™, respectively. The results on tolerance and accumulation of lead by
vetiver grass were rather similar to the previous studies. Chen et al. (2004) and
Chantachon et al. (2004) had shown that V. zizanioides could grow well at 5000—
10000 mg Pb kg™ as Pb(NOs), and there were no visual signs of phytotoxicity. V.
zizanioides has a massive finely structured and deep root system and it has been
known for its effectiveness in erosion control and the ability to tolerate extreme soil
conditions including heavy metal contamination (Wong, 2003). Truong and Baker
(1998) have reported the successful use of V. zizanioides to stabilize mining
overburden and highly saline, sodic, magnesic and alkaline (pH 9.5) tailings of coal
mine and highly acidic (pH 2.7) and high arsenic tailings of gold mines in Australia.
Nowadays vetiver grass has been widely used as an alternative method for
rehabilitation of mine tailings in several countries, including China (Pang et al.,
2003).

Our previous study has shown T. maxima is one of the most widely distributed
species at Bo Ngam lead mine (Rotkittikhun et al., 2006). It has the ability to
withstand very high soil lead concentrations (up to 10-100 g kg™). Similar to vetiver
grass, lead was found to accumulate more in roots (10,720 mg kg™) than in shoots
(370 mg kg™). In the present study, T. maxima showed better growth performance
than vetiver grass. In addition, in the field, T. maxima has a very fast growth rate, is
very large in size and possesses a very deep root system, and can tolerate extremely
high lead concentrations. The only draw back is they commonly grow well at high
elevation from about 2500-5000 feet (Rhind, 1945). Nevertheless, T. maxima can be
another alternative for phytostabilization of lead mine soil. In mine lands, there are
some major constraints to plant growth and the success of restoration is dependent
upon overcoming these problems (Bradshaw, 1997). The present study indicated that
Bo Ngam lead mine soil contained high levels of total and DTPA-extractable lead and

low levels of organic matter and major nutrients (N, P, K). Therefore, the application



Fac. of Grad. Studies, Mahidol Univ. Ph.D.(Biology) / 97

of pig manure or inorganic fertilizer should improve these soil properties. The
application of pig manure to lead mine soils resulted in a significant increase in EC
value because pig manure contained large amount of soluble salts such as Fe and K
ions. However, it reduced the total and DTPA-extractable lead in the soil. This may
be due to chelation, complexation, and adsorption between metals in soils and the
organic matter that is contained in organic amendments and also the dilution effect
when they are mixed with soils (Friedland, 1989; Lozano-cerezo et al., 1999; Chiu et
al., 2006). Similar results were obtained when applying lime, manure compost and
sewage sludge to Pb/Zn mine tailings (Ye et al., 1999; Chiu et al., 2006). In contrast,
the application of fertilizer increased the total and DTPA-extractable lead in our lead
mine soils. The present study demonstrated that the application dosage of 20% pig
manure was the most effective in improving the biomass of vetiver grown in lead
mine soils. However, the application of inorganic fertilizer did not effectively
improve vetiver growth. These results suggested that pig manure amendment could
provide enough nutrients for the growth of vetiver in lead mine soils and may improve
their physical conditions. Analysis of pig manure in this study showed 100 times more
organic matter, N and P, and 14 times more K than in the lead mine soil. These could
enhance growth in vetiver. Similar results were reported by Ye et al. (1999); adding
inorganic fertilizer alone did not significantly improve the growth of Agropyron
elongatum or Trifolium repens. On the contrary, T. maxima had high biomass when
grown in lead mine soils amended with 150 mg kg™ inorganic fertilizer and very poor
when amended with pig manure. This may be due to the increase in EC value by pig
manure amendment (from 0.23 to 3.96 dS m™). In general, most plant species survive
in the EC range of 0-2 dS m™ and sensitive species are affected by EC of 4-8 dS m™,
while only tolerant species can achieve satisfactory growth when the EC is greater
than 8 dS m™ (Shu et al., 2001). The results indicated that vetiver is more salt tolerant
than T. maxima.

The root/shoot ratio is a highly representative indicator of environmental stress
encountered by plants (Chiu et al., 2006). Plants have been documented to increase
root/shoot ratio when stressed by harsh environments (Xia, 2004). In the present
study, T. maxima and vetiver grown in high lead concentrations (10000 mg kg™)

exhibited the highest root/shoot ratios. The results from the amendment study
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correlated well with the growth performance. Vetiver grass grown in lead mine soil
amended with pig manure showed lower root/shoot ratios and better growth
performance than those grown in lead mine soil alone or amended with fertilizer. On
the other hand, T. maxima showed the greatest stress (with highest value of root/shoot
ratio) when grown in lead mine soil amended with 20% pig manure. This again
suggested that T. maxima cannot tolerate soil with high soluble salts. The addition of
pig manure to the lead mine soil reduced the total and extractable lead while inorganic
fertilizer amendment resulted in the increase of lead in the soil. Hence, both T.
maxima and V. zizanioides showed a decrease in lead uptake when grown in soil
amended with pig manure. On the other hand, higher applications of inorganic
fertilizer (150 mg kg™) caused an increase in lead uptake in these grass species, while
lower additions (75 mg kg™) did not have any significant effect on lead uptake.
Several other studies have reported that refuse, pig manure and CaCO3, cow manure,
manure compost and sewage sludge effectively reduce lead availability to plants
leading to lower lead uptake (Scialdone et al., 1980; Wong and Lau, 1985; Ye et al.,
1999; Chiu et al., 2006). It was suggested that soil had a relatively large capacity for
the immobilization of ionic lead and that the precipitation of lead was primarily
through the fixation by organic matter (Alloway, 1995). Hence, the high organic
carbon content of amended soil caused the lower uptake of lead by these grass

species.

3. Lead tolerance and accumulation in the grass Vetiveria zizanioides and the
effects of lead on vetiver oil production

The results of this research demonstrate the expected effect that elevated
concentrations of lead in solution decrease the length of shoots and roots of plants due
to lead toxicity. However, vetiver grown in highly contaminated soils showed no
apparent phytotoxicity symptoms. A possible explanation for this lack of
phytotoxicity in plants grown in the pot study would be the high organic matter
content of the growth medium which has a high affinity for the metal (Zheljazkov et
al., 2006). According to the results of Kabata-Pendias and Pendias (1992), lead
concentrations in mature leaf tissues greater than 30 ppm (DW) are considered

excessive or toxic to plants. However, in this study, lead concentrations in the shoots
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and roots of vetiver plants grown in hydroponic were up to 144 and 19,530 mg kg™
DW, and those grown in soil were 38 and 629 mg kg™ DW, respectively. The results
of our study show that vetiver can tolerate high lead concentrations in soil as
suggested in earlier studies by Chen et al. (2004) and Chantachon et al. (2004).
Vetiver grass has been cultivated widely for use in the prevention of soil erosion and
stabilization of heavy metals in contaminated land. Rotkittikhun et al. (2007) showed
that vetiver is a good choice for phytostabilization of lead mine soil in Thailand. It has
a high tolerance to lead and can accumulate much more lead in roots than in shoots.

Previous studies have suggested that the oil yield and composition in vetiver
could be influenced by several factors such as geographical origin, cultivar,
cultivation methods, the presence of microorganisms, and environmental parameters,
such as temperature. Champagnat et al. (2006) reported different oil composition of
vetiver from 9 countries (different geographical origins) but no meaningful
differences were observed. Variations in percentage oil yield and oil composition
were observed in different vetiver DNA-fingerprinted cultivars (Adams et al., 2003).
Pripdeevech et al. (2006) reported different oil yields and constituents of vetiver oil in
vetiver grown under different cultivation conditions. A higher oil yield was obtained
by cultivation in normal soil with added microbes, while vetiver oil from semi-
hydroponic cultivation, which contained no fertilizer and no effective microbes, gave
the lowest yield (Pripdeevech et al., 2006). Similarly, Adams et al. (2004) also
showed that tissue cultured (cleansed) vetiver plants grown in sterilized soil produced
lower oil yield than normal vetiver grown in unsterilized soil. They produced only
trace amounts of oil and a strikingly different oil compositions compared to the oils
from normal vetiver plants. Furthermore, it has been shown that soil fertilization
increased oil yields dramatically without changing the composition (Dethier et al.,
1997; Adams et al., 2003). In addition, vetiver oil production is closely related to
plant metabolism that is affected by temperature (Massardo et al., 2006). Low
temperature (such as in winter) causes a decrease in plant metabolic activities and
hence a decrease in oil production (Massardo et al., 2006).

The present study demonstrated that heavy metals such as lead clearly had an
effect on vetiver oil production and composition. Lead stimulated the oil production

and constituents. Lavania (2003) reported that vetiver roots may give a yield of about
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0.3-2.0% essential oil on a fresh weight basis. From this study, the oil yield ranged
from 0.42-1.29%. The highest oil yields were found in plants grown in nutrient
solution with 100 mg Pb L™ for 5 weeks (1.29%) and 7 weeks (1.22%). The total
constituents of vetiver oil also varied due to the presence of lead in the growth
medium. They were in the range of 47-143 compounds. The highest number of total
constituents was found in plants grown in soil spiked with 1000 mg Pb kg™ (143
compounds), followed by those grown in solution with 100 mg Pb L™ (129
compounds). Massardo et al. (2006) explained the increase in oil yield as the result of
warm temperature was due to the symbiotic intracellular bacteria associated with oil-
producing gland cells in vetiver roots. These bacteria were thought to be involved in
essential oil metabolism in vetiver (Bertea and Camusso, 2002; Adams et al., 2004;
Massardo et al., 2006; Pripdeevech et al., 2006). We did not observe the vetiver root
gland cells for the presence of intracellular bacteria but we assumed that since we
used normal vetiver plants and unsterilized solution and soil, these bacteria should be
present in the root gland cells. These symbiotic bacteria may be affected by lead in the
medium and lead could have stimulated essential oil metabolism by these bacteria.

A typical analysis of vetiver oil indicates three major fractions: the lower
boiling or sesquiterpene hydrocarbon fraction, the intermediate fraction containing the
bulk of oxygenated derivatives, and the third fraction represented by khusimol
fraction, which contains the main alcohol component in the vetiver oil (Lemberg and
Hale, 1978; Massardo et al., 2006). Furthermore, these major constituents are
responsible for the base note of vetiver oil (Weyerstahl et al., 2000). From our results,
the largest component was khusimol (10.7-18.1%) followed by (E)-isovalencenol
(10.3-15.6%). The smaller compounds were vetiselinenol (2.7-9.3%), a-vetivone
(1.6-4.9%), and p-vetivone (1.7-4.0%). These main components of vetiver oil in the
present study are somewhat similar to the previous studies. Adams et al. (2003)
reported that different cultivars of vetiver had khusimol (14-31%), (E)-isovalencenol
(10-16%), B-vetivone (2-6%) and a-vetivone (3-6%) as the main components. The
characteristic components of vetivers from different geographical origins were -
vetiseperene (1.6-4.5%), khusimol (3.4-13.7%), vetiselinenol (1.3-7.8%) and o-
vetivone (2.5-6.3%). Massardo et al. (2006) reported (E)-isovalencenol (19.5-25%) as

the main component of vetiver, followed by khusimol (11.1-12.9%), and a-vetivone
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as small component. The quality of vetiver or volatile oil usually depends on the
amounts of alcohols (mainly khusimol) which are mainly responsible for the desired

woody odour of vetiver oil (Arctander, 1960).
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CHAPTER VII
CONCLUSION

Our results indicated that the lead mine area was a harsh habitat for vegetation
development, with soil lead content as high as 14-15%. However, 48 species of plants
(mostly herbs, grasses and undershrubs) grew in this area. There were a total of 11
species of lead hyperaccumulators. They were able to accumulate >0.1% of lead in
their shoots and had a shoot/root quotient >1. The highest lead content (2.8%) was
found in Sp. mauritiana. Interestingly, three grass species (M. ciliatum, D. aegyptium
and Pe. polystachyon) were able to accumulate 0.6-1.2% of lead in their shoots. These
accumulators, when confirmed under laboratory and field trial conditions, could be
useful in practical phytoremediation approaches and reduction of the risk from metals
to human health.

T. maxima and V. zizanioides (Surat Thani and Songkhla) are good choices for
phytostabilization of lead mine soil. They showed very high tolerance to lead and
could accumulate much more lead in roots than in shoots. The applications of pig
manure and inorganic fertilizer to the lead mine soil could increase nutrients for plant
growth. T. maxima showed the best growth when grown in lead mine soil amended
with 150 mg kg™ inorganic fertilizer while the amendment with 20% pig manure
resulted in the best growth of V. zizanioides. In addition, the use of pig manure also
resulted in decreased pH and lead concentrations, and increases in EC and organic
matter.

The results demonstrate that lead could increase the oil production of vetiver.
Due to its high lead tolerance, planting vetiver grass in a lead mine area could serve
the dual purpose of stabilizing the mine site and at the same time producing oil with a
high commercial value. More research is needed to investigate the soil lead
concentration and methods of soil amendment that will promote the highest yield of
vetiver oil by further pot and field trial experiments.
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APPENDIX

1. Lead speciation in the hydroponic solution, 10 mg L™ Pb treatment

K

99.94 % as a free metal

.06 % complexed with SO4
Ca

98.75 % as a free metal

.02 % complexed with PO4
1.18 % complexed with SO4
.04 % complexed with MES
Mg

99.00 % as a free metal

.94 % complexed with SO,
.05 % complexed with MES
Zn

98.31 % as a free metal

.29 % complexed with NO3
.04 % complexed with PO,
1.18 % complexed with SO,
.17 % complexed with OH’
Mn+2

98.76 % as a free metal

1.18 % complexed with SO4
.04 % complexed with MES
.01 % complexed with CI
Cu+2

97.87 % as a free metal

.37 % complexed with NO3
.02 % complexed with NH3
.04 % complexed with PO,

NO;

99.94 % as a free ligand

.06 % complexed with Pb
NH;

99.99 % complexed with H”
PO,

.97 % complexed with Ca
.04 % complexed with Mg
.16 % complexed with Pb
98.83 % complexed with H*
SO,

92.83 % as a free ligand

.25 % complexed with K
4.62 % complexed with Ca
.92 % complexed with Mg
.02 % complexed with Mn*?
.20 % complexed with Na
1.07 % complexed with Pb
.08 % complexed with H*
B(OH),

.04 % complexed with Pb
99.95 % complexed with H”
MoOg4

1.72 % as a free ligand
97.99 % in solid form with Pb
.29 % complexed with H”
MES

4.05 % as a free ligand
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1.47 % complexed with SO4
.05 % complexed with HBED
.18 % complexed with OH’
Fe+3

100.00 % complexed with HBED
Na

99.96 % as a free metal

.04 % complexed with SO,

Pb

95.20 % as a free metal

1.80 % complexed with NO3
.03 % complexed with PO,
2.28 % complexed with SO,
41 % in solid form with MoO4
.12 % complexed with CI

.16 % complexed with OH

Appendix /118

.02 % complexed with Ca
95.93 % complexed with H
Cl

99.79 % as a free ligand

.05 % complexed with Na

.15 % complexed with Pb
HBED

100.00 % complexed with Fe*

2. Lead speciation in the hydroponic solution, 50 mg L™ Pb treatment

K

99.94 % as a free metal

.06 % complexed with SO,
Ca

98.86 % as a free metal

1.09 % complexed with SO,
.04 % complexed with MES
Mg

99.08 % as a free metal

.87 % complexed with SO,
.05 % complexed with MES
Zn

98.37 % as a free metal

NO3

99.72 % as a free ligand

.28 % complexed with Pb
NH;

99.99 % complexed with H*
PO,

.33 % complexed with Ca
.01 % complexed with Mg
.26 % complexed with Pb
64.67 % in solid form with Pb
34.72 % complexed with H*
SO,

89.55 % as a free ligand
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.36 % complexed with NO3
.02 % complexed with PO,
1.08 % complexed with SO,
.16 % complexed with OH"
IV|n+2

98.86 % as a free metal

1.09 % complexed with SO4
.04 % complexed with MES
.01 % complexed with CI
Cu+2

97.93 % as a free metal

45 % complexed with NO3
.02 % complexed with NH3
.01 % complexed with PO,
1.36 % complexed with SO4
.04 % complexed with HBED
.18 % complexed with OH
I:e+3

100.00 % complexed with HBED

Na

99.96 % as a free metal

.04 % complexed with SO,
Pb

92.76 % as a free metal

2.15 % complexed with NO3
.01 % complexed with PO,
2.68 % in solid form with PO,
2.04 % complexed with SO4
.08 % in solid form with MoO4
.12 % complexed with CI

.16 % complexed with OH"
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.23 % complexed with K
4.26 % complexed with Ca
.85 % complexed with Mg
.02 % complexed with Mn*2
.19 % complexed with Na
4.82 % complexed with Pb
.07 % complexed with H*
B(OH),

.18 % complexed with Pb
99.81 % complexed with H”
MoO,

.37 % as a free ligand

99.57 % in solid form with Pb
.06 % complexed with H”
MES

4.03 % as a free ligand

.02 % complexed with Ca
95.95 % complexed with H
Cl

99.24 % as a free ligand

.05 % complexed with Na
.69 % complexed with Pb
HBED

100.00 % complexed with Fe*
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3. Lead speciation in the hydroponic solution, 100 mg L™ Pb treatment

K

99.96 % as a free metal

.04 % complexed with SO,
Ca

99.22 % as a free metal

.74 % complexed with SO,
.04 % complexed with MES
Mg

99.36 % as a free metal

.59 % complexed with SO,
.05 % complexed with MES
Zn

98.65 % as a free metal

44 % complexed with NO3
.73 % complexed with SO4
.16 % complexed with OH
IV|n+2

99.21 % as a free metal

.74 % complexed with SO,
.04 % complexed with MES
.01 % complexed with CI
Cu+2

98.28 % as a free metal

.56 % complexed with NO3
.02 % complexed with NH3
.92 % complexed with SO4
.04 % complexed with HBED
.17 % complexed with OH’
Fe®

100.00 % complexed with HBED

NO;

99.49 % as a free ligand

.51 % complexed with Pb
NH;

99.99 % complexed with H”
PO,

.18 % complexed with Ca

.26 % complexed with Pb
80.77 % in solid form with Pb
18.78 % complexed with H*
SO,

61.69 % as a free ligand

.16 % complexed with K

2.88 % complexed with Ca
.57 % complexed with Mg
.01 % complexed with Mn*?
.13 % complexed with Na
6.17 % complexed with Pb
28.34 % in solid form with Pb
.05 % complexed with H*
B(OH),

.35 % complexed with Pb
99.65 % complexed with H*
MoO4

.20 % as a free ligand

99.77 % in solid form with Pb
.03 % complexed with H*
MES

4.10 % as a free ligand

.02 % complexed with Ca
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Na 95.88 % complexed with H*
99.97 % as a free metal Cl

.02 % complexed with SO4 98.66 % as a free ligand

Pb .05 % complexed with Na
88.20 % as a free metal 1.27 % complexed with Pb
2.50 % complexed with NO3 HBED

1.67 % in solid form with PO, 100.00 % complexed with Fe*

1.31 % complexed with SO,
6.01 % in solid form with SO,
.04 % in solid form with MoO4
.11 % complexed with CI

.15 % complexed with OH
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