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Come forth into the light of things. Let Nature be your teacher.
William Wordsworth

Phytoremediation technologies use green plants and their associated microbial communities to
remove, degrade, or stabilize inorganic and organic contaminants entering the air, water, and
soil of a multitude of ecosystems. In some cases phytoremediation applications can serve as
one of several useful components in the overall management and control of contaminants using
relatively low-cost solar-driven physiological/biochemical mechanisms common to most
plants. Many phytoremediation applications have the added value of providing a remediation
option that offers a minimum disruption to the ecosystem or habitat under repair.

Different forms of basic ecological restoration including phytoremediation have been used
for centuries around the globe and reflect part of what the philosopher Immanuel Kant described
as the need for people to consider the potential effects of their actions on the welfare of all of
humankind for all time. Typically an ecosystem restoration project aims to restore an impacted
area to a state that is as close as possible to the conditions that existed prior to the disturbance.
In the case of phytoremediation, one good way to achieve that goal involves a contaminant
management process that assures a good match of the phytoremediation application to the type
and concentration of contaminants and the critical site-specific characteristics of the area under
remediation.

The chapters in this book provide a diverse account of selected phytoremediation research
projects and case histories from specific sites and/or laboratories on four continents around the
world. Volume 1 provides a diverse global perspective and includes observations and data col-
lected from multiple sites in fifteen countries in Africa, Asia, South America, Europe, and the
USA. Organic and inorganic contaminants covered include BTEX, PAHs, RDX, hydrocarbons
including petroleum, and heavy metals/metalloids. Chapters in Volume 1 also discuss the influ-
ence of key factors on the general management of contaminants in soil and water such as bio-
availability, landscape design, and process amendments including biochar.

All forms of ecosystem restoration including phytoremediation will have to be reexamined
in the broad context of climate change. The editors and contributing authors hope that one
result of publishing this book will be to provide a wide range of useful experimental data
derived from global applications of phytoremediation. Hopefully, this book can also provide
new insights about the advantages and disadvantages of using phytoremediation to manage the
continuing threat of ecosystem degradation resulting from the interaction of contaminants and
climate change.

Tabuk, Saudi Arabia Abid A. Ansari
Rohtak, India Sarvajeet S. Gill
Rohtak, India Ritu Gill
Syracuse, USA Guy R. Lanza

Syracuse, USA Lee Newman
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Tarek Alshaal, Nevien Elhawat, Eva Domokos-Szabolcsy,
Janos Katai, LaszI6 Marton, Mihaly Czako,
Hassan EI-Ramady, and Miklés G. Fari

1.1 History of Arundo donax L.

Many literatures stated that Arundo donax L. is indigenous to
the Mediterranean region, but different sources suggest that
Arundo was introduced to the Mediterranean region and
southern USA from subtropical parts of the world like in
India, in China, and in southern USA, and some genotypes
are also adapted to cooler climate conditions. Under natural
site conditions Arundo donax L. is usually found along river
banks, creeks and generally in moist soils but it grows also
successfully on relatively dry and infertile soils such as road-
sides and is used to mark field sites (Tucker 1990; Sharma
et al. 1998; Giines and Saygin 1996). Arundo donax L. was
known by different names such as Giant cane, Carrizo,
Arundo, Spanish cane, Colorado River reed, and Wild cane.
The science community has adopted the common name,
giant reed (Bell 1997).

T. Alshaal, Ph.D. (0<) « H. El-Ramady, Ph.D.
Department of Soil Science, Faculty of Agriculture, University
of Kafrelsheikh, Kafr-El-Sheikh, Egypt

Department of Agricultural Botany, Plant Physiology and
Biotechnology, University of Debrecen, Debrecen, Hungary
e-mail: alshaaltarek @ gmail.com

N. Elhawat, Master’s Degree
Department of Biological and Environmental Sciences, Faculty of
Home Economics, Al-Azhar University, Tanta, El Gharbyia, Egypt

Department of Agricultural Botany, Plant Physiology and
Biotechnology, University of Debrecen, Debrecen, Hungary

E. Domokos-Szabolcsy, Ph.D. « M.G. Firi
Department of Agricultural Botany, Plant Physiology and
Biotechnology, University of Debrecen, Debrecen, Hungary

J. Katai, Ph.D.
Department of Agricultural Chemistry and Soil Sciences,
University of Debrecen, Debrecen, Hungary

L. Mérton, Ph.D., C.B.S. « M. Czakd, Ph.D.
Department of Biological Sciences, University
of South Carolina, Columbia, SC, USA

The uses of giant reed have been dated back to 5,000 BC
when the Egyptians used giant reed leaves as lining for
underground grain storage. In the fourth century giant reed
was used for medicinal purposes such as a sudorific, diuretic,
and the treatment of dropsy. Also, it has been stated that
mummies were wrapped with giant reed leaves.

It has been well documented that giant reed was intro-
duced intentionally to California in the early 1820s by the
Spanish for erosion control. Also the Spanish used giant reed
as building material, firewood, and fodder (Frandsen 1997).
In addition, governmental agencies over time have encour-
aged farmers to plant giant reed for erosion control in drain-
age canals (Boose and Holt 1999). Arundo donax L. was first
introduced to Australia in 1788, by the first fleet bringing the
British to Australia for colonization (Lee 2009). In Australia,
it has been used especially for windbreaks around horticul-
ture crops, to stabilize sand drifts and the immature canes are
cut when shorter than 1.8 m for use as a drought reserve grass
for ruminants (Spafford 1941; Williams and Biswas 2010).

Characteristics and Production
of Giant Reed

1.2

Giant reed (Arundo donax L.) is a robust erect perennial
grass species reaching up to 14 m height under optimal
growth conditions, growing in many clumps. Individual
tough and hollow stems, 3—-5 cm in thickness, have a cane-
like appearance similar to bamboo with alternate leaves,
30-60 cm long and 2—6 cm broad, tapered tips and hairy tuft,
at the base. Stems produced during the first growing season
are unbranched and photosynthetic (Bell 1997).

Giant reed has a widespread network of rhizomes under
the soil surface, 5-30 cm in depth (Fig. 1.1). The fibrous
roots originating from the rhizomes are able to grow into the
soil to 5 m in depth in certain moist soils, whereas most roots
are more than 100 cm long. The rhizomes (3-8 cm wide and
10-25 cm in length) grow tough, fibrous, and long tap roots
(Bell 1997; Frandsen 1997; Sharma et al. 1998). The giant

A.A. Ansari et al. (eds.), Phytoremediation: Management of Environmental Contaminants, Volume 1, 3
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Fig. 1.1 Rhizomes of giant reed plant grow around drains (leff), several culms grow from the rhizome buds (right) (photographs were taken in

September 2012 from Kafr El-Sheikh, Egypt)

Fig. 1.2 Giant reed plantation in the demonstration garden of Debrecen University, Hungary, 2012 (compared to Prof. Fari M.) (Left), giant reed
plants grown in pure red mud sample collected from Veszprém County, Hungary, October 2010 (right)

reed stem is a hollow, segmented culm that measures from 1
to 4 cm in diameter and is able to branch. The culms’ walls
range from 2 to 7 mm in thickness, and the internodes can
reach 30 cm in length. This stem structure is able to support
the erect position of such a tall plant, as its mechanical stabil-
ity is not dependent on turgor pressure (Spatz et al. 1997).
Several stems grow from the rhizome buds during all
the vegetative season, forming dense clumps. In the
Mediterranean basin, where the warm, temperate climate is
characterized by mild, wet winters and hot, dry summers,
giant reed new shoots emerge from buds on rhizomes
(Fig. 1.1) in late winter/early spring, achieving maximum
growth rates in midsummer. Under optimal conditions stems
can grow 10 cm day~!, placing it among the fastest growing

plants (Perdue 1958; Bell 1997). The culms carry alternate
leaves that originate from the nodes and are very hard and
brittle with a smooth glossy green surface that turns golden
yellow at the end of the growing season (Perdue 1958;
Frandsen 1997; Spatz et al. 1997). Giant reed spreads from
horizontal rhizomes below the soil and forms dense stands
on disturbed sites, sand dunes, wetlands, and riparian habitats.

Giant reed has the ability to survive in a wide range of
soils, including apparently inhospitable and marginal land
(Fig. 1.2). It can grow in heavy clays to loose sands and grav-
elly soils. After the first year of growth, it is also able to
survive in sites of high moisture and salinity, including
marshes (Perdue 1958). Sandy soil is the most common type
of soil in which it is found (Frandsen 1997). Giant reed can
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grow year round but optimal growth occurs between
February and October on the Northern hemisphere. It grows
well when the water table is close or at the soil surface but
will be retarded if there is lack of moisture in the first year of
growth. Droughts have little effect on the established stands
that are in the second or third year of growth. Giant reed can
survive extended droughts because of the drought-resistant
rhizomes and roots that can reach water supplies. It also can
survive very low temperatures in the dormant winter season
but is subjected to possible damage with frost events after
the start of the spring growth. Its vigor makes giant reed an
effective potential competitor for other plant species. Once
established, giant reed tends to cover large areas with dense
clumps, compromising the presence of native vegetation not
able to compete (Bell 1997; Coffman et al. 2010).

Indeed, although giant reed is a C; grass, it shows high
photosynthetic rates and unsaturated photosynthetic potential
compared to C, plants (Papazoglou et al. 2005; Rossa et al.
1998). Despite being a C; species, the biomass yield of giant
reed was higher than the other C, species tested by Angelini
et al. (2005) and Kering et al. (2012). Directly after planta-
tion, several rhizome buds are activated and up to ten stems
per thizome may emerge until the end of the first growing
period. In southern France giant reed produced 20-25 t ha™!
dry matter (Toblez 1940). Other authors reported dry matter
(DM) yields of 35 t ha™! in northern Italy (Matzke 1988),
while also 53 t ha™! dry matter were measured in wild stands
of giant reed in Turkey (Giines and Saygin 1996). First
results from field plots in southern Germany showed in
the years 1989 and 1990 dry matter yields between 7 and
26 t ha™! (Oster and Schweiger 1992) (Fig. 1.2).

The water requirement of giant reed is about 300-700 mm
in the vegetation period and a transpiration coefficient of
approximately 200 L kg~! DM was calculated (Chiaramonti
et al. 2000). These data are comparable with Miscanthus
growth requirements (transpiration coefficient: 250 L kg™
DM, water requirement 500—700 mm per vegetation period).
For plant cultivation not more than 100 kg nitrogen per ha
and 150 kg P,Os as well as 200 kg K,O per hectare are
recommended for fertilization (Dalianis 1996).

Furthermore, in giant reed stems and leaves, there are
several noxious chemicals such as triterpenes, curare-mim-
icking indols, and hydroxamic acids (Bell 1997); these com-
pounds together with the thickness of the tissues can protect
them from the attack of herbivorous insects and other grazers
(Bell 1997; Spencer et al. 2010).

1.3  Propagation of Giant Reed

Giant reed reproduces vegetatively by rhizomes and also by
stems, which will root at the nodes along the stalk. Rhizomes
in perennial grasses are underground stems that produce

adventitious roots and shoots. Stems produce adventitious
roots and shoots near the tips of branches or from sprouts at
the stem base or stump. It flowers in late summer and produces
a plume-like inflorescence. Giant reed does not produce seed
in Europe (Lewandowski et al. 2003; Mariani et al. 2010) or
Asia (Bhanwra et al. 1982; Popov and Belyaeva 1987) nor in
the USA (Balogh et al. 2010) or Australia (Williams et al.
2008). So, conventional breeding through sexual hybridiza-
tion cannot be performed. Since it is an asexually reproduc-
ing species due to sterility, its genetic variability and the
chances for finding new genotypes or varieties are low
(Lewandowski et al. 2003). Since it is a sterile plant without
viable seeds, and vegetative propagules such as rhizomes
and divisions are bulky, large-scale propagation of giant read
for plantations requires in vitro micropropagation. In the
USA, Mirton and Czaké (2004, 2007, 2011) developed a uni-
versal cell culture procedure which established embryonic
cell cultures, micropropagation, and genetic engineering
protocols for successful use in many species of monocots
such as giant reed.

1.4  Phytoremediation Potentials

of Giant Reed

Giant reed (Arundo donax L.), a perennial plant, which is
widely used as energy material and paper pulping, has
received considerable attention for remediation soils pol-
luted by multi-metals due to its capacity of thriving in
various range of adverse conditions with rapid growth and
high yields (Lewandowski et al. 2003). The adaptability to
extreme soil conditions combined with rapid and vigorous
growth makes giant reed an interesting candidate for
environmental studies on phytoremediation treatments

(Table 1.1). The use of plants to remove contaminants from

polluted water and soil can be an advantageous strategy,

which can also be used to remove metals which cannot be
biodegraded.

The potential of giant reed to serve as a phytoremediation
plant is dependent on the condition that it meets the general
characteristics of phytoremediation plants.

A plant is a hyperaccumulator, if it meets the following
criteria:

1. Concentrations of heavy metals in plant shoots should
reach hyperaccumulation, which is different for different
heavy metals, e.g., it is more than 1,000 mg kg™! for Pb
and Cu (Baker and Walker 1989; Brown et al. 1994), for
As (Ma et al. 2001), for Ni and Co (Brooks 1998), and for
Cr (Lombi et al. 2001) and more than 10,000 mg kg for
Zn (Brown et al. 1994).

2. Concentrations of heavy metals in shoots should be
10-500 times greater than those in normal plant (Shen
and Liu 1998).
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3. Trace metal concentration in shoots should be invariably
greater than in roots (Brown et al. 1994).

4. An enrichment coefficient (the ratio of metal concentra-
tion in shoot to that in soil) should be greater than one
(Brown et al. 1994).

Many studies (Table 1.1) indicate that giant reed may have
a potential use for phytoremediation purposes (Alshaal et al.
2013; Shabana et al. 2012; Miao et al. 2012; Mirza et al.
2010a, b; Papazoglou 2007; Papazoglou et al. 2005, 2007).
Through the extremely high evapotranspiration, giant reed
can remove large amounts of nutrients and water from wastes
and has a potential for treating saline wastewaters or pollut-
ants (bioremediation) (Idris et al. 2012a, b).The plant is able
to efficiently transfer arsenic (As), absorbed from the grow-
ing medium and accumulate it into the shoots, showing good
tolerance to the presence of the metal (Mirza et al. 2010a, b).
Giant reed is a plant only slightly affected by the presence of
metals such as cadmium (Cd), nickel (Ni), arsenic (As), and
lead (pb) in the rhizosphere, and because of this trait, it can be
a potential crop for contaminated soil, capable of high bio-
mass production in polluted areas (Papazoglou et al. 2005,
2007; Guo and Miao 2010). Giant reed is able to grow well in
trace metal-polluted soils, since these trace metals were not
stress factors, they did not inhibit stomatal opening and did
not affect the function of the photosynthetic apparatus of
giant reed (Papazoglou et al. 2007).

Miao et al. (2012) investigated the effects of different
five amendments such as acetic acid (AA), citric acid (CA),
ethylenediaminetetraacetic acid (EDTA), sepiolite, and
phosphogypsum on growth and trace metal uptake of
giant reed grown on soil contaminated by As, Cd, and Pb.
They found that the concentrations of As, Cd, and Pb in
giant reed shoots were extraordinarily increased when
2.5 mmol kg=! AA and CA, 5.0 mmol kg=' EDTA, and
4.0 g kg™! sepiolite were applied to soil as compared to the
control. Furthermore, the accumulations of As and Cd were
also significantly increased under the above condition,
while the shoot Pb accumulation was clearly enhanced by
adding 4.0 g kg! sepiolite and 8.0 g kg~' phosphogypsum
to soil, respectively. Based on above data, we can conclude
that AA, CA, and sepiolite could be used as optimum soil
amendments for giant reed remediation system.

It is well documented that increased soil trace metal con-
tent resulted in toxic effects on biochemical and physiological
plant processes and on growth reduction (Dalla Vecchia et al.
2005; Das et al. 1997; Parida et al. 2003; Ryser and Sauder
2006; Sheoran et al. 1990). Such extremely high cadmium
contents have been reported in surface soils near metal pro-
cessing industries, e.g., 3.2-1,781 mg kg~! Cd in Belgium and
26-1,500 mg kg Cd in the USA (Kabata-Pendias and
Pendias 1992). Ni concentrations of up to 10,000 mg kg!
have been reported in soils derived from some ultrabasic
igneous rocks (He et al. 2005). Papazoglou (2007) studied the
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stress tolerance of giant reed plants under irrigation with
trace metal aqueous solution. A 2-year pot experiment was
carried out in the field and an automated drip irrigation
system was established to provide daily the plants with aque-
ous solutions of Cd and Ni in concentrations of 5, 50, and
100 mg L-!, against the control (tap water). At the end of
second year of the experiment, the soil total Cd and Ni con-
tents were 973.8 mg kg™ Cd and 2,543.3 mg kg~! Ni under
100 mg L! treatments. The observed morphological features
such as the number of branches; the plant height and the
fresh and dry mass of stems, leaves, branches, root system;
aboveground part; and total plant did not differ among treated
and control plants, indicating the high tolerance ability of
giant reed to the examined concentrations of Cd and Ni.
Moreover, giant reed showed great potential for growing in
nutrient solution supplemented by increasing concentrations
of chromium (Cr) up to 900 pug L' for three weeks under
greenhouse conditions (Shabana et al. 2012); generally,
results showed that the accumulation pattern of chromium in
various plant organs was as follows: root > stem > leaf.
However, it shows potential utility of giant reed to decontami-
nate Cr-contaminated streams.

1.4.1 Antioxidant Capacity of Giant Reed

Study of plant mechanisms for accumulating metals and
countering their toxicity stress helps improve our comprehen-
sion of the processes of metal nutrition and detoxification.
Enhanced tissue tolerance, metal sequestration, and antioxi-
dative response collectively determine the ability of plants
to counter the destructive effects of trace metals (Jin et al.
2008).

In plants, high concentrations of trace metals such Cd, As,
Ni, and Pb inhibit photosynthesis and diminish water and
nutrient uptake (Shamsi et al. 2008; Meng et al. 2009; Dalla
Vecchia et al. 2005; Das et al. 1997; Parida et al. 2003)
resulting in chlorosis, growth retardation, browning of root
tips, ultrastructural damage, and ultimately to death (Daud
et al. 2009; Zhou and Qiu 2005; Baryla et al. 2001; Yang
et al. 1996). The higher concentration of trace metals causes
oxidative stress to the plants by accelerating the production
of reactive oxygen species (ROS) and lipid peroxidation (Jin
et al. 2008). In order to combat oxidative damage, plants
have evolved an antioxidative enzyme defense system con-
sisting of superoxide dismutase (SOD), catalase (CAT),
guaiacol peroxidase (GPX), and ascorbate peroxidase (APX)
(Kanazawa et al. 2000). These enzymes catalyze the dismu-
tation of highly reactive O,™ into nontoxic forms like O, and
H,0. However, in spite of irrigating giant reed plants with
aqueous solution containing 100 mg L-! of Cd and Ni for two
years, such symptoms have not been observed, all plants
were very healthy indicating that giant reed is a good candidate
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for trace metal phytoremediation applications (Papazoglou
et al. 2007). The activities of SOD, CAT, and increased resis-
tance to the stress of multi-metals; especially CAT (Fig. 1.3),
played a role in countering As-, Cd-, and Pb-induced oxida-
tive stress (Miao et al. 2012).

Physiological processes, such as photosynthesis and water
status, are sensitive to trace metals (Monni et al. 2001) in
several plant species. Trace metals have been found to inhibit
electron transport in photosynthetic systems (Becerril et al.
1989) and the regenerative phase of the Calvin cycle (Weigel
1985). Papazoglou et al. (2005) reported that photosynthetic

rates (Pn) of giant reed were unaffected by irrigation with
trace metal aqueous solution containing 5, 50, and 100 mg L
of Cd and Ni, indicating that the photosynthetic system was
not harmed and showed a strong tolerance of this plant to the
increased heavy metal concentrations in the soil. The values of
giant reed Pn rates (Fig. 1.4) found in this study were higher
than those usual for C; plants (18-20 pmol CO, m~2 s~!; Mohr
and Schopfer 1995). In a comparative study on photosynthesis
of five C; and three C, grasses, Rossa et al. (1998) found that
giant reed had high Pn rates, higher than the other grasses
(37.0 pmol CO, m~2 s7!) under similar environmental conditions.
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The same authors suggest that the high Pn rates of giant reed
are attributed to the higher level of irradiance for saturation of
electron transport through PSII and less photo-inhibition
compared to other grasses. The high photosynthetic activity of
giant reed indicates the ability of this plant not only to produce
high biomass yield compared to other similar grasses with
lower photosynthetic but also shows that giant reed is able to
grow in trace metal contaminated soil.

Stomata play a crucial role in controlling the balance
between water loss and carbon gain, therefore biomass pro-
duction. Thus, measurements of stomatal conductance and
resistance and intercellular CO, concentration provide useful
tools to qualify the effects of stress factors on stomatal open-
ing (Bolhar-Nordenkampf and Oquist 1993). Decreased sto-
matal conductance (Pankovic et al. 2000) and increased
stomatal resistance (Sheoran et al. 1990) in Cd-treated plants
have been reported. The inhibition of stomatal openings in
plants exposed to heavy metals may depend on metal concen-
tration, on exposure time, and also on the degree of toxicity
suffered by the plants. Prasad (1995) has reported that con-
centrations above 50 mM for more than 5 weeks cause turgor
loss and hydropassive stomatal closure on the exposed plants.
Leaves showed toxicity symptoms and senescence with con-
comitant metabolic breakdown and loss of stomatal control.
However, measured values of stomatal conductance, intercel-
lular CO, concentration, and stomatal resistance in giant reed
plants remain unaffected after treating with 100 mg L' Cd
and Ni separately for two years (Fig. 1.4). These findings
probably indicate that giant reed possesses a very effective
antioxidant system that protects chloroplast and stomatal
function. Organelles with an intense rate of electron flow,
such as chloroplasts, are a major source of reactive oxygen
species (ROS) production in plant cells. Especially in chloro-
plasts, the primary sources of ROS production are the Mehler
reaction and the antenna pigments. Production of ROS by
these sources is enhanced in plants by conditions limiting
CO, fixation under stress factors such as high concentration
of trace metals (Mittler et al. 2004). Indeed, trace metals are
effective inhibitors of photosynthesis and cause alterations in
PSII activity to various degrees (Pankovic et al. 2000; Zhou
and Qiu 2005; Chugh and Sawhney 1999). PSII, including
the water-oxidizing step, appears to be particularly sensitive
to a number of stress factors (Papazoglou et al. 2007).

Chlorophyll fluorescence is used as a tool in quantifying
the stress response under both laboratory and field condi-
tions. The Fv/Fm ratio is a very useful measure of photo-
inhibition, which can be observed as a secondary stress
response if the photosynthetic process, as a whole, is
restricted by a primary stress factor (Bolhar-Nordenkampf
and Oquist 1993). Chlorophyll content declines in leaves of
plants growing in trace metal contaminated soils or even on
irrigating with wastewater (Das et al. 1997; Parida et al.
2003; Monni et al. 2001; Chugh and Sawhney 1999) and
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therefore the plants would diminish their efficiency to
absorb light. By interfering with the activities of PSI and
PSII, they would slow down the operation of photochemical
reactions even in pigment-sufficient photosynthetic units.
However, the maximum chlorophyll A content in giant reed
leaves grown on Cr-amended nutrient solution was observed
to be 1.893 mg g~' at 200 pg L' supplied Cr. The chlorophyll
B content was the maximum (1.187 mg g™') at 200 pg L!
supplied Cr. As far as carotene content was concerned, its
amount was the maximum (1.56 mg g7') at 100 pg L.
Further increase in the supplied Cr caused a significant
(p<0.05) decrease in carotene content (Shabana et al. 2012).
Furthermore, measured chlorophyll content (Fig. 1.4) in
giant reed plants was unaffected by high concentration of
Cd and Ni and no significant differences were observed com-
pared to control plants (Papazoglou et al. 2007). Miao et al.
(2012) reported that chlorophyll content in leaves of giant
reed growing on As-, Cd-, and Pb-contaminated soil was
increased by 72.2 % amended with 5 mmol kg™! citric acid in
comparison to the control, which was in agreement with the
change of biomass, suggesting that citric acid application
did not deteriorate photosynthetic parameters of plant (Jean
et al. 2008). These results indicate that trace metals such Cd,
Ni, As, Cr, and Pb are most likely sequestered in a very effec-
tive approach within giant reed plant, thus providing a potent
protection of the photosynthetic machine. Such sequestra-
tion is usually caused by trace metal-binding peptides, and as
giant reed plants were able to grow under high Cd, Ni, As,
and Pb concentrations with no effects on the measured phys-
iological parameters, it seems that this sequestration mecha-
nism is also strongly supported by an effective protection by
a highly dynamic ROS-scavenging system (Mittler et al.
2004).

1.5 Bauxite Residue (Red Mud)

Bauxite ore contains aluminum hydroxides in large percent-
age and is therefore largely used for the production of alu-
mina (Al,O;). Red sludge, or more euphemistically red mud,
is the solid fine-grained residue left after alumina has been
extracted from bauxite by the Bayer process, the principal
industrial means of refining bauxite in order to provide alu-
mina by digestion with sodium hydroxide (caustic soda)
under heat and pressure. Alumina is the raw material for pro-
duction of aluminum metal and also has important uses in
the ceramics and pharmaceutical industries (Christoph
(2006); Satish (1996); Babel and Kurniawan 2003).

Bauxite residue material is often described as red mud due to
the color of the original bauxite ore and the iron oxide it con-
tains (Table 1.2), which can make up to 60 % of the mass of the
red mud (Christoph (2006); Satish (1996); Babel and Kurniawan
2003). In addition to iron, the other dominant particles include
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Table 1.2 The main chemical constituents of red mud originated from different countries

Chemical Weipa Trombetas South Manchester
constituents (%) (Australia) (Brazil) (Jamaica)

Al 05 17.2 13.0 10.7

SiO, 15.0 12.9 3.0

Fe,0, 36.0 52.1 61.9

TiO, 12.0 4.2 8.1

LOI 7.3 6.4 8.4

Na,O 9.0 9.0 2.3

CaO - 1.4 2.8

Others 35 1.0 2.8

Table 1.3 Chemical and biological characterizations of red mud
collected from Ajka (Hungary, 2010)

Characters Red mud
pH 9.80
EC,dS m™ 3.44
Soil organic carbon, g kg™! 39.9
Avail. N, NH,;* mg kg™ 0.761
Avail. P, P,Os g kg™ 21.44
Avail. K, K,0 mg kg™! 900
CaCO; (%) 7.16
Dehydrogenase, pg TPF g! soil 59.6
Phosphatase, mg P,O5/100 g/2 h 0.22
Urease, NH,* mg/100 g 417

Catalase, O, ml/2 min 43

Total bacterial count, x10” CFU 1.47
Actinomycetes, x10® CFU 4.11
Total fungi count, x10° CFU 0.29
Azospirillum number, x10* 2.46
Azotobacter number, x10* 1.04

After Alshaal et al. (2011)

silica, unleached residual aluminum, and titanium oxide. Red
mud has a large acid-neutralizing capacity (ANC) between pH
12 and 7, and this is primarily attributed to the dissolution of
tricalcium aluminate (Ca;Al,Og) and Na, Al-silicate (NaAlSiO,)
and to the neutralization of AI(OH)*, NaOH, and NaCO?*" in the
pore water (Babel and Kurniawan 2003).

The red mud is separated during the refining process
when caustic soda and alumina solution passes into thickener
tanks in the clarification section. At this time, solid impuri-
ties sink to the bottom as a fine, red mud. The red mud is
washed several times with water to recover caustic soda. Red
mud from the washing stage is alkaline at pH 14 (Table 1.3).
Seawater, at pH 8, is added to the mud to neutralize any
residual caustic, reducing the pH of the mud to 8. The mud is
then thickened and deposited in the dam as a slurry from
multiple points around the dam perimeter to form drying
beaches. The water that drains from the red mud is of similar
pH to sea water and is discharged continuously from the
residual disposal area into the estuary (http://www.qal.com.
au/Press_Release/red%20mud%20fact%20sheet.pdf).

Darling range  Iszka Parnasse Guizhou London
(Australia) (Hungary) (Greece) (China) (UK)
14.9 14.4 13.0 18.94 16.63
42.6 12.5 12.0 8.52 7.60
28.0 38.0 41.0 26.41 42.58
2.0 5.5 6.2 7.40 5.00
6.5 9.6 7.1 9.71 12.20
1.2 7.5 7.5 4.75 3.49
2.4 7.6 10.9 21.84 11.36
24 4.9 23 1.19 0.63

Red mud is composed of a mixture of solid and metallic
oxide-bearing impurities and presents one of the aluminum
industry’s most important disposal problems. Red mud
cannot be disposed of easily. Red mud is generally deposited
in lagoons or dumped in the sea (Christoph (2006); Satish
(1996); Babel and Kurniawan 2003). Approximately 0.5-2.5t
of red mud is produced per 1 t of alumina produced (Fig. 1.5).
The amount of red mud produced depends on the quality of
the bauxite and the processing conditions. By the year 2000,
the alumina industry had produced circa two billion tons (Bt)
of bauxite residue and is estimated to reach the 4 Bt mark at
its current production rate by 2015 (Power et al. 2009).

It is well known that the continued production of alumina
is restricted by a reliable and long-term disposal system for
bauxite residues (red mud). Consequently, in the last 25
years considerable efforts have been undertaken to find suit-
able exploitation for red mud, rather than storage. In particu-
lar, utilization as a soil amendment or conversion into soil is
high priority as they would enable a high-tonnage end-use
outside of existing bauxite residue disposal areas (Klauber
and Grife 2009). However, the physical and chemical prop-
erties of red mud make revegetation challenging and estab-
lished floras are difficult to sustain without some special
treatments before adding red mud into soil. Neutralization of
red mud is considered one of the most important treatments,
where it is intended to reduce the environmental impact of
this highly alkaline material. Also, it can potentially reduce
the need for ongoing management of disposal impound-
ments post-closure, as well as open opportunities for reuse of
the residue material. Several methods are used to lower the
alkaline pH to an acceptable level to decrease the impact on
the environment such as sea water, mineral acids, soluble
calcium or magnesium, and carbon dioxide. However, pH 10
is reduced to less than 1 % of its initial value by using min-
eral acid or a soluble calcium or magnesium sources. On the
other hand, using carbon dioxide the solution alkalinity is
reduced by about 40 %. Research is being performed to find
a suitable way to use the mud for other applications
(Christoph 2006; Satish 1996; Babel and Kurniawan 2003).
Likewise, drying red mud is considered an effective way to
decrease the pH and make red mud somehow safer than fresh
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Fig. 1.5 History of primary aluminum production from 1950 to 2012. Source: EAA, AA, JAA, ABAL, RTA, Metallstatistik

Table 1.4 The concentrations of trace elements in red mud (ppm)

Red mud samples As Pb Hg Cd Cr
Guizhou (China) 267.3 56.6 67.3 27.1 537.8
Ajka (Hungary) 140.0 210.0 1.7 52 <0.1
London (UK) na na na na 2,390

na not available data

red mud, but drying the mud requires much energy (latent
heat for water evaporation) and can represent high costs if
fossil fuels have to be used in the drying process.
In the event of improper disposal or willful discharge of red
mud in rivers or lakes, there are fatal environmental hazards.
The rainwater runoff from the red mud ponds increases river
and stream water alkalinity which will convert lands into
alkali soils when used for irrigation purposes. In some cases,
the red mud is partly neutralized, but in all cases its chemical
and physical characteristics inhibit the establishment of veg-
etation and pose a barrier for many possibilities for reuses.

1.6  Trace Elements Content in Red Mud

As there is a great deal of industrial alkali, fluoride,
trace elements, and other potential pollutants in red mud
(Table 1.4), long-term stockpiling would not only occupy
scarce land resources but also easily lead to serious
pollution of the surrounding soil, air, and groundwater
(Agrawal et al. 2004; Ruyters et al. 2010; Mayes et al.
2011). In addition, the continuous increasing of stockpiling
yard height may lead to potential geological disasters (Qiao
2004). Likewise, marine dumping of red mud may destroy
the ecological balance of the ocean. The dike breach at the
red mud stockpiling yard at the Ajkai Timfoldgyar Zrt alu-
mina plant in Hungary on October 4, 2010 released between

Ba Zn Cu Mn Ni Co
212.0 103.2 78.2 187.5 984.9 na
100.0 125.0 52 187.0 64.0 45.2
na na 214.0 463 1,423 244

600,000 and 700,000 m?® of caustic red mud suspension
(Fig. 1.6). This incident is unprecedented, given the scale
of the release and the type of material involved (Alshaal
et al. 2013). Furthermore, it is warning us to pay adequate
attention to the comprehensive treatment of the red mud.

For many bauxite residues, trace elements can be of con-
cern and may exceed regulatory soil limits in certain circum-
stances, and this has created public concern (Goldstein and
Reimers 1999; Anon 2000; Kutle et al. 2004) (Table 1.4). The
concentrations of trace elements (e.g., As, Cr, Cd, Ni, Pb, Zn)
depend on the composition of the bauxite ore. Ruyters et al.
(2010) reported that aqua regia soluble trace element concentrations
in red mud are above the soil limits for Co, Cr, Ni, and Pb. Red
mud application to soil increased the CaCl, extractable Na
70-fold compared to the control, but did not affect any CaCl,
extractable trace element except Fe. Wang and Liu (2012)
reported that the total concentrations of several hazardous
trace elements including As, Pb, Hg, Cd, and Cr in Bayer red
mud were larger than that of Sintering red mud.

1.7  Radionuclide Activities in Red Mud

Some bauxite residues may emit ionizing radiation above
natural background rates due to the presence of naturally
occurring radioactive materials (NORMs): 2¥U and/or
228, 230. 232Th and members of their decay chains (McPharlin
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Fig.1.6 Aerial photographs of the Ajka alumina waste pond, Veszprém
County, Hungary (photographs 1 and 2) (source of photograph 1: http://
mysterytricycle.com/wp-content/uploads/2010/10/Sludge.jpg) (source

of photograph 2: http://forums.atomicmpc.com.au/lofiversion/index.
php?t36557.html)

Table 1.5 K, 2*Ra, 2Th, 28U, and '¥’Cs activity concentration of the samples

Radioactivity (Bq kg™")

Red mud samples Ok 26Ra 22Th
Guizhou (China) 113 302 404
Ajka (Hungary, 2009) 48 360 292
Ajka (Hungary, 2010) 250 na 640
Western Australia 350 310 1350

na not available data

et al. 1994; Cooper et al. 1995; Somlai et al. 2008). Little
is known about the speciation of various metals and
NORMs in bauxite residues, particularly with regard to pH
neutralization and the accompanying changes in the min-
eral and solution phases (Goldstein and Reimers 1999;
Kutle et al. 2004). Potentially toxic metals and NORMs
arise via the original bauxite (Table 1.5); therefore, bauxite
residues from different bauxite ores are likely to vary in
type and concentration of respective metal species. Thus,
any single study is limited in its scope to the origin of the
bauxite and the processing conditions at a particular alu-
mina refinery. Application of red mud to vegetable and
crops has been proposed as a solution to increase the phos-
phorous and water retention and thereby reduce the leach-
ing of nutrients. If the thorium (Th) and radium-226 (Ra)
concentrations in the red mud are in excess of 1,000 Bq kg™
and 300 Bq kg™!, respectively, the use of this red mud on
agricultural land could result in increased levels of radio-
nuclides in food crops grown in amended soils (Cooper
et al. 1995). However, data demonstrated that there is no
significant increase in radionuclide levels in vegetable
crops such as lettuce, cauliflower, cabbage, and potato
grown on these soils (Table 1.6). The “)K and '*’Cs activity
concentrations in the red mud are about four-times lower
than in soil, roughly in proportion to the total elemental
K. The #8U and ?**Th activities, here measured as 2'“Bi and

=8y 31Cs References

na na Wang and liu (2012)
na na Jobbagy et al. (2009)
550 5.5 Ruyters et al. (2010)
400 na Cooper et al. (1995)

28Ac gamma activities, are five- to tenfold above the soil
background values and correspond to activities detected in
several Hungarian red mud samples (200-600 Bq kg™' for
each isotope) (Ruyters et al. 2010).

1.8  Effects of Red Mud on Soil and Plant

Red mud presents a problem as it takes up land area and
can neither be built on nor farmed, even when dry. Red
mud has a fine particle size (mostly <150 pm in diameter),
contains large amounts of iron oxides, and thus has a very
high sorption capacity for phosphorus. Due to residual
caustic soda (used in the Bayer extraction process), the red
mud is strongly alkaline and has a very high pH (9-12) and
has a high salt content and EC (electric conductivity) dom-
inated by sodium (Na*); thus disposal is problematic
(Alshaal et al. 2013; Snars et al. 2004). The high sodium
(Na) content and fine structure of the red mud deteriorate
soil structure. In addition, the salinity and alkalinity of the
red mud can affect plant growth on the short term. These
factors primarily determine the adverse effect of red mud
on soil quality. The presence of high-soluble Al concentra-
tions in the alkaline red mud additionally affects plant
growth as confirmed in independent solution culture
studies at alkaline pH (Fuller and Richardson 1986). Field
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Table 1.6 Radionuclide concentrations in vegetable crops grown on red mud amended soil

Red mud application (t ha') Radionuclide

0 238U 8
23’_7Th 9
226Ra 7
a0k 184
13Cs 1.5
60 ™y 13
2Th 21
26Ra 1
a0k 170
13Cs 1.2
120 1y 21
2Th 47
26Ra 22
a0k 212
13Cs 2.1
240 2wy 38
22T 89
26Ra 37
a0k 206
13Cs 2.1
480 my 71
2Th 188
26Rq 78
aog 225
13Cs 13

nd not detected
Modified after Cooper et al. (1995)

trials have shown that bauxite residues can be vegetated by
a combination of amendments with sand, compost, and
gypsum; leaching and equilibration; and the use of salt- or
Al-tolerant plants (Courtney and Timpson 2004; Courtney
and Mullen 2009). Gypsum applications improve the red
mud structure and gradually reduce the red mud pH to
about pH =8, likely due to the formation of calcite (Ippolito
et al. 2005; Jones et al. 2010; Courtney et al. 2009).
Revegetation of red mud accelerates the pH neutralization,
probably because of enhanced carbonation in rooted zones.
The feasible detrimental effects of agricultural use of red
mud on human health as a result of its inherent radioactivity
and trace element content (Tables 1.4 and 1.5) have also been
investigated. Red mud contains measurably high levels of
thorium and uranium and may pose a risk if these elements
leach into aquifers or if there is direct uptake by plants and/or
animals (Summers et al. 1993; McPharlin et al. 1994; Cooper
et al. 1995). However, application of red mud into soil by low
rates up to 20 t ha™! recorded negligible contents of radioac-
tivity and trace elements in soil (Cooper et al. 1995; Ho et al.
1989; Summers et al. 1996a; Summers and Pech 1997).
Ruyters et al. (2010) conducted pot experiment in which
they investigated the effect of different rates of red mud (0.1,
0.5, 1.4, 4.9, and 16.5 % based on wet mass) adding to soil on
growth of spring barley (Hordeum vulgare L. cv Mauritia). Data
showed that low red mud doses (<1 %) stimulated the barley

Soil concentration (Bq kg™)

Activity concentration (Bq kg™' dry weight)

Lettuce Cauliflower Potato
<2 <2 <2
1.9 <1 <1
1.7 <1 <1
1,350 1,180 730
3.6 0.6 1.1
<2 <2 <2
1.8 <1 <1
1.4 <1 <1
1,580 1,320 660
24 0.4 0.7
<2 <2 <2
0.8 <1 <1
1.0 <1 <1
1,410 1,240 660
4.6 0.8 0.7
<2 nd nd
2.5 nd nd
2.0 nd nd
1,290 nd nd
2.7 nd nd
<2 nd nd
33 nd nd
2.1 nd nd
1,170 nd nd
2.5 nd nd

root elongation and barley plant yield for unknown reasons. At
the 4.9 % and 16.9 % red mud doses, barley plant yield decreased
significantly and effects did not disappear with leaching.
Unexpectedly, barley root elongation was almost completely
inhibited at the largest red mud dose after leaching.

Many researches focused on the effects of red mud on soil
and plant in three broad agricultural contexts: (1) increasing
P retention of very sandy soils including the use of red mud
to prevent P runoff to rivers and estuaries (Snars et al. 2003;
Kullman et al. 1982; Scheffer et al. 1986; Scheffer 2000;
Ward and Summers 1993; McPharlin et al. 1994; Summers
et al. 1996a; Summers and Pech 1997); (2) increasing yields
of horticultural crops and pastures in Western Australia with
and without extra additions of P, K, etc. (Summers et al.
1996b; Robertson et al. 1999; Summers et al. 2001); and (3)
liming acidic soils (Snars et al. 2004; Simons 1984; Summers
et al. 1996b).

1.9  Effect of Red Mud on Phosphorous

Availability

Addition of red mud simultaneously increased soil pH and
decreased P availability. However, this reduction in the
availability of extractable-P is not a consequence of increas-
ing pH by adding red mud, where using NaOH to raise the
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Table 1.7 Available concentrations using DTPA extraction of trace metals (mg kg™') in soil and red mud after giant reed plantation

Samples Cd Ni

Control soil (0.22) 0.04 (1.20) 0.45
Red mud-polluted soil (0.18) nd (0.84) 0.28
Red mud (0.28) 0.06 (0.50) 0.32

Pb Co Fe

(1.46) 0.56 (0.64) nd (52.0)9.8
(1.06) 0.36 (0.22) nd (36.0) 8.3
(3.44)0.51 (nd) nd (74.0) 14.1

Values in parentheses are data before the experiment, whereas the rest represents data after experimentation

nd not detected

soil pH resulted in increase extractable-P. Accordingly, the
decrease in extractable P with addition of red mud is not
primarily a function of the increase in pH, where red mud
contains large amounts of Fe oxides and other microcrystal-
line minerals that have a high capacity to adsorb P and it is
likely that they play a major role in decreasing extractable P
(Snars et al. 2003). An additional mechanism of P retention
may be the precipitation of P compounds, particularly at the
high soil pH values (up to 8.5) resulting from the high rate
of red mud addition. However, there was no corresponding
decrease in extractable P when NaOH was used to increase
soil pH, so the existence of this mechanism remains uncer-
tain. Snars et al. (2003) reported that drying and adding of
microbial suppressant both could use to mitigate the effect
of the red mud in decreasing P availability. Furthermore,
drying probably has the same effect as the microbial sup-
pressant as it kills and/or suppresses the microbes in the
soil, as well as drying decreases red mud pH (Alshaal et al.
2011, 2013; Bottner 1985). Microbes can immobilize P
(Mengel and Kirkby 2001), thereby decreasing available
P. With drying the microbes are killed and some P may be
released so that the effect of red mud addition on reducing
available P is smaller. With suppression of microbial growth,
the associated biological P retention does not occur, but
there was still a decrease in the amount of extractable P,
indicating that some of the decrease is due to chemical reac-
tions with the red mud. Neutralization of soil acidity by
applying red mud may increase the agricultural production
(Summers et al. 2001), and this could partly compensate for
the cost of replacement P fertilizer as will the decrease in
leaching losses of fertilizer P achieved by addition of red
mud. The increase in electrical conductivity (EC) due to the
addition of red mud is not sufficient to adversely affect
crop growth.

1.10 Phytoremediation of Red Mud by
Giant Reed

Many authors have discussed the possibility of application
red mud into soil as an effective and safe way for disposal
red mud (Alshaal et al. 2013; Courtney and Timpson 2004;
Ippolito et al. 2005). The major constraints in rehabilita-
tion are the high alkalinity, salinity, and sodicity of red
mud. Reclamation of red mud requires pretreatments to

decrease the high pH and Na content; so many amend-
ments have been suggested such as gypsum, acidic gyp-
sum, sulphuric acid (Ippolito et al. 2005; Wong and Ho
1993), drying (Alshaal et al. 2013), calcium chloride, and
leaching (Ruyters et al. 2010).

Establishing vegetation on fine fraction red mud is limited
initially by elevated pH, Na content, and trace metal content
(Alshaal et al. 2011; Ruyters et al. 2010). So, giant reed
(Arundo donax L.) is a plant which has the ability to be toler-
ant of these abiotic stresses and can decontaminate the
polluted soil and is not an edible plant. However, few studies
have discussed rehabilitation of red mud by plants. Ruyters
et al. (2010) have reported that the red mud reduced the shoot
yield of barley seedlings by 25 % when red mud was applied
to normal soil at 5 %. The biotechnologically propagated
giant reed plantlets grown on pure red mud and red mud-
contaminated soil did not show any symptoms of toxicity.
After 3 months of pot experiment in greenhouse, the vegeta-
tive parameters of giant reed such as wet mass, plant length,
and number of new buds recorded high values in pure red
mud samples and red mud-polluted soils compared to control
soil (Alshaal et al. 2013). On the other hand, giant reed has
potential effects on the chemical properties of red mud, red
mud-polluted soil. However, most of the chemical properties
of red mud were influenced positively (Table 1.7). The elec-
trical conductivity (EC) of red mud was decreased in com-
parison with initial values before plantation by 24.9 % for red
mud, 18.1 % for control soil, and 5.9 % for red mud-polluted
soil. Furthermore, pH of red mud was 9.80 before experiment
and decreased to 9.69 by the end of the experiment. The most
encouraging result for using giant reed as phytoremediation
plant for soil health point of view was the organic carbon con-
tent (OC %) in soils after giant reed harvesting. Giant reed
increased the OC content of all soils as a result of the robust
growth of root system and huge plant’s residues (Alshaal
et al. 2013).

Many articles have reported that giant reed has the ability
to uptake and accumulate huge amounts of different trace
metals with different concentrations in its root and shoot tis-
sues (Balogh et al. 2010; Papazoglou et al. 2007; Tzanakakis
et al. 2009; Mirza et al. 2011). It can grow in contaminated
environments without symptoms of toxicity (Table 1.8).
Uptake rate depends on certain concentration of such pollut-
ants. The trace metals’ tolerance capacity for giant reed has
been tested with red mud and different soils through the
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Table 1.8 Vegetative parameters and contents of Fe and Ni in giant reed growing in red mud and red mud-polluted soil

Fe (mg kg™") Ni (mg kg™')
Samples Wet weight (g plant™)  Plant length (cm) Number of new buds per plant Shoot Root Shoot Root
Control soil 1.63 41.0 4.0 182 5,022 49 76
Red mud-polluted  1.87 30.3 4.8 779 11,937 46 99
soil
Red mud 2.97 34.0 6.0 899 36,422 67 97

analysis of Cd, Co, Pb, Ni, and Fe. The first three metals were
not detected in both giant reed root and shoot samples. Many
reasons may explain why Cd, Co, and Pb were undetected:
(1) low available concentrations in soil samples; (2) high pH
of red mud, red mud-polluted soil; and (3) high phosphate
content in red mud. The pH of the soil is usually the most
important factor that controls metal uptake, with low pH favoring
Cd accumulation, and phosphate and zinc decrease Cd uptake
(Kirkham 2006). pH of red mud was 9.80 and decreased to
9.66 inducing Fe and Ni uptake by giant reed roots. The high-
est Fe and Ni contents in both root and shoot of giant reed
were measured in red mud sample. Irrigated giant reed with
trace metal aqueous solutions did not show any differences
among treated and control plants, indicating the high toler-
ance ability of that species to Cd and Ni (Papazoglou 2007).
Giant reed rapidly grows with big biomass of shoots in Cd-,
As-, and Pb-contaminated soil, possessing strong metal toler-
ance with limited metal translocation from roots to shoots
(Guo and Miao 2010). Papazoglou et al. (2007) reported that
stem height and diameter, number of nodes, fresh and dry
weight of leaves, and net photosynthesis were not affected,
indicating that giant reed tolerates the high concentrations of
Cd and Ni. Giant reed has high potential for cadmium removal
in hydroponics culture; the removal rate was estimated as
0.12-0.15 mg Cd/day/plant after contact with cadmium solu-
tion of 1 mg Cd L-! for 7 days (Sagehashi et al. 2011).

Three months after giant reed plantation, the available
concentration of tested trace metals was decreased in soils;
however, there were significant differences between treat-
ments and soils (Table 1.7). The reduction percentage of these
metals in soils and red mud was found in the following order:
Control soil: Co (100) >Fe (80.4)>Cd (78.8)>Ni (57.8)>Pb

(55.3).

Mud-contaminated soil: Co (100)>Cd (83.3)>Fe (74.8)>Ni

(61.9)>Pb (60.4).

Red mud: Pb (85.7)>Fe (79.1)>Cd (73.8)>Ni (25.3).

Translocation factor (TF) or mobilization ratio was calcu-
lated to determine relative translocation of metals from soil to
other parts (root and shoot) of the plant species as follows: TF =
(concentration of trace metals in shoots/concentration of trace
metals in roots)x 100 (Gupta et al. 2008). The TF indicates the
ability of the plant to translocate the metal species from roots
to shoots. Ghosh and Singh (2005) reported TF=54.3 for
Phragmites karka under 10 mg Cd kg™ soil condition for a

90-day experiment. The results suggest that Fe in giant reed
under such circumstances is less mobile, whereas Ni is mobile.
In the case of Fe, the highest value was 8.51 % in red mud-
polluted soil, whereas it was 114.12 % for Ni. It indicates that
Ni has higher mobility from root to shoot than Fe. Mirza et al.
(2010a, b) reported that the highest TF value of As was 4.93 by
giant reed in hydroponics cultures and all values were above
the reference value (TF=1). It could be concluded that giant
reed can act as good hyper accumulator plant for trace metals.
Finally, giant reed is considered one of the most promising red
mud phytoremediation plants that have huge capacity to take
up not only one type of metals but also different types of metals
from polluted soils with significant rates.

1.11 Restoring Microbial Activity

by Giant Reed

Microorganisms play a crucial role in the transformation of
nutrients and energy flow. Microbial communities rapidly
respond to environmental stress or ecosystem disturbance,
affecting the availability of energetic compounds that sup-
port microbial population (Marinari et al., 2007). A pot
experiment was conducted out in order to investigate the
effect and possibility of using giant reed in microbial-
depleted soil. Data showed that soil autoclaving negatively
affected the microbial communities (e.g. bacterial, fungal
and actinomycetes counts) growth under giant reed. However,
autoclaved treatment recorded higher numbers than non-
autoclaved treatment, perhaps because autoclaving allowed a
large number of bacteria in autoclaved soil to grow within a
less diverse community. These findings possibly demonstrate
that giant reed maybe pose an especial type of exudates that
can quickly improve and help a few numbers of microbes to
recover within a short time. On the other hand, there is a
shortage in available information about the microbial com-
munity that is supported by the root system of giant reed
plants. Therefore, further studies about microbial communi-
ties that associate with giant reed root system are needed
(Alshaal et al. 2013b). As mentioned above, red mud has
high pH and salinity, mainly dominated by Na ion, for this
reason it was expected that microbial community in red mud
treatment should be lower compared to control soil but three
months of giant reed cultivation in pot experiment under
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greenhouse conditions illustrated that giant reed increased
the microbial counts in red mud sample. So, it could con-
clude that giant reed is a promising candidate for reclama-
tion the marginal lands that suffer from low productivity
especially within initiated seasons (Alshaal et al. 2013a).

1.12 Summary

The present chapter on Arundo donax L. (giant reed) is con-
sidered a pioneer report highlighting its phytoremediation
potential when grown in red mud has high pH, EC, and trace
metals content. The plant was capable of transferring the
metals absorbed into the shoot to give higher translocation
factors especially with Ni. The ability to accumulate metals
in the stems and leaves above the root concentration is a
positive indicator of its potential capacity to serve as a phy-
toremediation. The plant being not consumed by animals
might serve as an effective phytoremediation plant. Giant
reed has improved some soil quality indicators such pH, EC,
OC, microbial counts, and soil enzyme activities. Here, we
show that giant reed is one of the most promising red mud
phytoremediation plants that have huge capacity to uptake
not only one type of metals but also different types of metals
from polluted soils with significant rates. In summary, giant
reed appears to be a good candidate species to restore
ecosystems in wetland and marginal soils, while at the same
time generating feedstocks for the production of bioenergy.
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and Arvydas Lietuvninkas

2.1 Introduction

Complicated mechanisms of the accumulation of chemical
elements in plants are depicted in scientific literature for at
least 60 years, whereas their practical usage in exploration
geochemistry is applied for over 70 years. The chemical
composition of plants (as well as of all other organisms)
depends upon three main factors: their systemic position,
environment (the composition of soil, rock, etc.), and indi-
vidual peculiarities of the plant (first of all, of their evolu-
tionary stage). Furthermore, separate organs of the plants
(roots, trunks or stems, leaves, seeds or fruit, etc.) are distinct
by the qualities of their composition with regard to chemical
elements (Lietuvninkas 2012; Marozas et al. 2013).

The main factors of chemical element concentration in
plants, with regard to plants, are normally subdivided into
internal (physiological) and external (ecological). Among
the external (ecological) factors, the concentration of chemi-
cal elements in the nutrient medium (in soil in the case of
plants) and the availability of a chemical element to plants
have the greatest influence. It depends upon a large number
of interrelated factors: the chemical and geochemical charac-
teristics of a chemical element, the parameters of its environ-
ment (pH, Eh, temperature), the presence or absence of
geochemical barriers, climate, the geochemical characteris-
tics of the landscape, etc. The level of bioaccumulation is
governed by lighting conditions for plants. Internal (physio-
logical) factors encompass specific biochemical barriers that
are characteristic of some plants, as well as the plants’ clas-
sificatory position, species, phases of vegetation, and organs
(Kovalevsky 1987; Dobrovolsky 2008).

E. Baltrénaité (D<)  P. Baltrénas * D. Butkus

Department of Environmental Protection, Vilnius Gediminas
Technical University, Saulétekio al. 11, 10223 Vilnius, Lithuania
e-mail: edita@vgtu.lt

A. Lietuvninkas
Department of Mineralogy and Geochemistry, National Research
Tomsk State University, Lenin Av. 36, 634050 Tomsk, Russia

A.A. Ansari et al. (eds.), Phytoremediation: Management of Environmental Contaminants, Volume 1,

In the latest publications, plant tolerance with regard to
chemical elements is associated with two directions of their
perception in plants: immunity (resistance) when they are
eliminated by plants or immunity (resistance) when they are
assimilated and later immobilized in the cells together with
the immobile forms (Prasad 2006; Shaw et al. 2006).
Actually, the issue is far more complex because separate
organs of plants (roots, trunks and stems, leaves, reproduc-
tive organs) under the same conditions accumulate chemical
elements differently—the acro- and basipetal types of
chemical element accumulation (Kovalevsky 1987; Pulford
and Dickinson 2006). These aspects are not going to be dis-
cussed in this paper. We will confine to the ability of plants
to accumulate a larger or smaller amount of chemical ele-
ments under certain conditions with regard to the back-
ground. This may be used both to evaluate their environmental
condition (bioindication) and to rehabilitate a contaminated
soil (phytoremediation).

Bioindication and phytoremediation are applied
aspects of the accumulation of chemical elements in
plants. Bioindication is a means of contamination indica-
tion that is most widely investigated in Lithuania and the
whole world. Plants most commonly used for heavy metal
bioindication are the following: Scots pine (Pinus sylvestris L.),
silver birch (Betula pendula), European ash (Fraxinus excel-
sior), BEuropean mountain ash (Sorbus aucuparia), small-
leaved lime (Tilia cordata), and domestic apple (Malus
domestica) (Kupcinskiené 2011; Stravinskiené 2010, 2011;
Butkus and Baltrénaité 2007a). Some of the most important
directions of fields in Lithuania are discussed in Sect. 2.2.
Phytoremediation, when using trees to rehabilitate
contaminated with heavy metals has several relevant advan-
tages: a large biomass of trees, genetic variety, and successful
forestry, converting biomass into fuel by means of anaerobic
decomposition, fermentation, or thermochemical processes;
positive attitude of the society towards afforestated territories;
and stability of those territories when dealing with erosion
caused by wind and water (Pulford and Dickinson 2006).
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To summarize, it may be stated that plant-based methods
of environmental bioindication and environmental quality
improvement would receive more approval from the inter-
ested parties if they assumed a clear quantitative expression
of bioindication.

The aim and content of this paper is to present investiga-
tions on the application possibilities of chemical composi-
tion qualities of higher plants that have been carried out in
Lithuania, as well as to introduce a new evaluation method
for chemical element uptake from soil to plants and within
plants, applying the dynamic factors of bioaccumulation,
biophilicity, phytoremediation, and translocation.

2.2  Aspects of Applying the Scots Pine
(Pinus sylvestris L.) and Other Trees
for Bioindication

and Phytoremediation of Metals

in Lithuania

Trees are qualified as sensitive indicators of the environment
condition (Cook and Kairitkstis 1999; Stravinskiené 2010;
Kupcinskiené 2011). The Scots pines (Pinus sylvestris L.)
are most widely spread compared to their congeners. The
whole territory of Lithuania accesses the habitat of the Scots
pines (Navasaitis et al. 2003; Navasaitis 2008). Due to the
wide distribution and usually non-barrier type of absorption
of variety of contaminants, Pinus sylvestris L. is suitable for
monitoring changes in the environment. As the academician
L. Kairitkstis (Cook and Kairiakstis 1999) states, the den-
drochronological and dendroindicational methods of envi-
ronment analysis are the theoretical basis for searching the
evaluative criteria for the anthropogenic effect on the forest
ecosystems and growth of trees.

With increase of environmental pollution, this problem is
examined more widely, and the issues of the influence of
xenobiotics on organisms, the significance of contamination
uptake through the food chain, and the usage of plants for
engineering solutions in the environmental security (phyto-
technology) are discussed; therefore such contaminants as
heavy metals (i.e., remaining in the nature for a long period of
time, a large part of which, according to the biochemical role,
are toxic) have gained great significance. Also, a lot of atten-
tion to metals has been paid in the following international sci-
entificprograms and conferences: COST859 Phytotechnologies
to Promote Sustainable Land Use and Improve Food Safety,
COST FA 0905 Mineral Improved Crop Production for
Healthy Food and Feed, SETAC, TRACEL, and ICOBTE.

In the analysis of the uptake of heavy metals from soil into
the Scots pine wood, carried out in 2001 in Lithuania, a num-
ber of more important pathways of metal (Ni, Cu, and Zn)
uptake by the Scots pine have been evaluated in the
Rukla—GaiZitnai (Jonava district) and Kairiai (Klaipéda
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district) military grounds; they are air—pine bark; air—soil—pine
wood, and soil-pine wood. Zn concentration about four times
above the average has been found in wood samples from the
Scots pines that grew near the shooting range. This could be
explained by the fact that Zn concentration in the shooting
range soil is three times higher than the average concentration
in that territory. About five times higher concentration of Ni
and about three times higher concentration of Cu have been
found in wood samples from the Scots pine near a water body
that was used for military purposes. Ni and Cu might have got
into the atmosphere and precipitate on the bark of the trees as
constituents of fuel; they also might have got onto the soil
together with rainfall and through roots—into the wood
(Butkus and Baltrénaité 2007a). The local increase of metal
concentration in the environment is also confirmed by the fact
that concentration of Cu and Ni found in the water body
exceeds the highest permissible concentration for drinking
water 19 and 22 times, respectively (Baltrénas et al. 2005). In
the bark samples of the Scots pine that grew in this area, con-
centration of Cu has been found about 1.3 times higher than
the average concentration of other pines that have been ana-
lyzed (1.75 mg/kg); the concentration of Ni detected was two
times higher (4.56 mg/kg) (Butkus and Baltrénaité¢ 2007a).
This justifies the application of the Scots pine’s property to
accumulate more metals in its bark in various countries, such
as Portugal, Jordan, Germany, Finland, Czech Republic, and
the United Kingdom (Machado et al. 2006; Schulz et al. 1999;
Harju et al. 2002). This phenomenon is also investigated in
Lithuania (Butkus and Baltrénait¢ 2007a; Pundyté¢ and
Baltrénaité 2011; Baltrénaité et al. 2014).

In 2005 investigations were carried out in the territory of
a former forest; they took place 7 years after sewage sludge,
contaminated with heavy metals, was spread on the soil and
6 years after planting the trees (Pinus sylvestris L.; Betula
pendula; Alnus glutinosa). Air contamination with metals in
that area was not detected. The main uptake of metals was
most probable in the system soil-tree. Concentration of Cu
and Pb was approximately six times higher and of Ni four
times higher in the Scots pine than in the black alder.
Concentration of Cu was 2.5 times, of Pb 4 times, and of Ni
3 times higher in the Scots pine than in the silver birch.
Compared to control samples, the concentration of these
metals in the Scots pine was about five times higher. These
investigations allowed assuming that the spread of metal-
contaminated sewage sludge in the soil stimulates the accu-
mulation of metals in the seedlings during the first 6 years
after planting. Concentration of Ni, Pb, and Cu in the Scots
pine can moderately reach up to five times higher values
compared to control trees and from two to six times compared
to the silver birch and the black alder (Butkus and Baltrénaité
2007b; Baltrénaité and Butkus 2007).

Such results encourage continuing to regard trees as a
potential option when phytoremediation is preferred and
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when seeking to eliminate or stabilize contamination. On the
other hand, it has been observed that sewage sludge, con-
taminated with heavy metals, does not stimulate rapid
increase of the wood biomass. After having evaluated the
increase of the biomass in the same territory after 10 years
time, the difference between the control trees and trees that
grew in the soil with applied sewage sludge was not statisti-
cally significant. It has been found that the increase of the
Scots pine biomass was by 87 % larger than that of the silver
birch, and the accumulated Cu, Cd, and Pb concentration in
the Scots pine biomass was higher than that in the silver
birch by approximately 60 %. This analysis allowed inspect-
ing two tree functional trait groups of the Scots pine and the
silver birch: better nutritional qualities of the soil can be bet-
ter identified by the increase of the specific root length
(SRL), the reduction of the root—shoot ratio and wider root
branching, whereas the effect of potential heavy metals can
be better identified by a lower height of the trees, the trunk
diameter, and the dry biomass (Vaitkuté et al. 2010).

Analyses of element concentration (Pb, Cu, Zn, K, and
Mg) in the wood of Pinus sylvestris L. that have been carried
out in a formerly intensive industrial territory (Panevézys,
Lietuva) have confirmed that Scots pine has the qualities to
biomonitor aerogenic metals. Compared to the control site,
concentration found in the wood of the Scots pine was
higher: Cd (p<0.05) about two times higher, Zn (p<0.001)
and Cu (p<0.05) about 1.5 times higher, K (p<0.05) 1.3
times higher, and Mg (p<0.05) 1.9 times higher (Pundyté
and Baltrénaité 2011; Pundyté et al. 2011).

Trees are affected not only by anthropogenic, but also by
natural (abiotic and biotic) factors, which often become
stressors. Tree diseases, as a biotic factor/stressor, as well as
the interaction of the tree and the pathogen, gain relevance in
the understanding of natural resistance and the biochemical
aspects of this concept. H. annosum is known as a dangerous
rot pathogen of the main roots of a tree, which further dam-
ages the conifer wood. In 1999 it had damaged approxi-
mately 1.2 thousand hectares of pine forest (Navasaitis et al.
2003). During the analysis of a damaged pine wood compo-
sition, in the tree ring of 1959-1960, the concentration of Ni
and Cr was about five times higher than in other tree rings. In
this tree ring, according to the micromorphological symp-
toms of the mycelium, the root rot pathogen’s mycelium has
been detected. The increase of Ni and Cr concentration in the
damaged wood can be explained by the tree’s resistance to
the disease, when the concentration of metals increased to
fight the disease pathogens (Poschenrieder et al. 2008).
When the pathogen gets into the wood, it destroys its
constituent part—lignin—in order to reach cellulose which
is in the cell walls and which is a very important source of
energy. Stress, caused by these processes, stimulates the
tree’s protective functions. It is probable that metals also take
part in the protective reactions. It is known that Ni improves

metabolism because while accumulated on the cell walls, it
enhances their permeability, and Cr is necessary for the pro-
duction of glucose, from which glucoside and lignin are
formed. Although these data are primary, they allow suggest-
ing that the changes in metal concentration can identify
biotic and abiotic factors/stressors that affect trees
(Baltrénaité and Butkus 2006; Vaitkuté and Baltrénas 2011).

The effect of other contaminants on pines and other trees
in Lithuania has been discussed in the following works:
Stravinskien¢ and Dicitnaité (1999), Juknys et al. (2003),
Juknys et al. (2006), Kupcinskiené (2011), Ozolincius et al.
(2005), Augustaitis et al. (2007a, b), Augustaitis and
Bytnerowicz (2008), Butkus et al. (2008), Stravinskiené and
Simatonyt¢  (2008),  Stravinskien¢ and  Erlickyté-
Marciukaitiené (2009), Baltrénaité et al. (2010), Pliopaité
Bataitiené and Butkus (2010), Stravinskiené (2010),
Stravinskiené (2011), Baltrénas and Vaitkuté (2011), Pundyté
et al. (2011a, b), and Markert et al. (2012).

This paper will further concentrate on metals and their
uptake and translocation in trees, although the presented
evaluation method based on dynamic factors can be applied
in the cases of all other chemical elements and trees.

2.3  Dynamic Factors in Evaluations
of Bioindication and Phytoremediation
2.3.1 The Concept of Dynamic Factors

The fields of bioindication and phytoremediation require
evaluating the processes of the absorption of chemical ele-
ments by the plants, in order to compare the plants by their
capacity to absorb chemical elements and to compare the
chemical elements by their possibilities to get into the plants.
The changes in uptake of metals by plants, which depend
upon the plant species and the genotype, are elaborately
described by Prasad (1997), Brooks (1998), and Prasad and
Hagemeyer (1999). However, besides the biochemical view-
point, the biogeochemical attitude is also of great impor-
tance. The latter is concentrated on the link between plant
and its environment, firstly the soil.

The interface of the soil and a plant is the main criterion
when evaluating the peculiarities of the concentrative function
of the plant. The basic parameters of the soil, which control
metal uptake by plants, are different subject to the native rock,
landscape, type of ecosystem, and soil modification, and alto-
gether they determine the processes of metal mobility and
uptake by plants. These parameters are as follows: pH; Eh;
CEC; the content of clay particles and the organic material in
the soil; the concentration of Fe, Mn, and Al oxides and
hydroxides; the variety and abundance of microorganisms;
and finally, the proportion of the mobile forms of metals which
are being evaluated. The interface of the soil and a plant, or in
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other words, the concentration of metals in a plant with respect
to the soil, is the basis for a widely used Biological Absorption
Coefficient (BAC), also known as Index of Bioaccumulation
(IBA), Transfer Factor (TF) (Kabata-Pendias 2010), Transfer
Coefficient (TC) (Antoniadis et al. 2006), Bioaccumulation
Factor (Prasad 2006), Mobility Ratio, (MR) (Mingorance
et al. 2007; Baker 1981; Chamberlain 1983), Bioconcentration
Factor (BCF) (Pulford and Dickinson 2006; G4l et al. 2008;
Yoon et al. 2006), or Plant-Soil Coefficient! (Kovalevsky
1987), which is expressed by the proportion of metal concen-
tration in a plant and soil. This ratio indicates qualities of metal
absorption by plants (when the value of the ratio is more than
one, plants are termed as accumulators; when the value is
close to or equal to one—as indicators—when it is less than
one—as excluders), the degree of metal hazard as well as risk
assessment for biota. In Russia, bioaccumulation sequences of
metals and other chemical elements have been created by
B. Polynov and later on improved by A. Perelman (1989).
Chemical elements were divided into four groups according to
their uptake: elements of vigorous uptake (P, S, CI, By, 1), of
strong uptake (Ca, K, Mg, Zn, Se, etc.), of medium uptake (Mn,
Ni, Cu, Co, Pb, As, Hg, etc.) and of weak/very weak uptake (V,
Cr, Sb, Cd, etc.). Mingorance et al. (2007) used the Enrichment
Factor (EF) to evaluate the accumulation of metals and other
chemical elements in the analyzed soil and plant, comparing it
to the control objects.

Although the abovementioned factors/coefficients express
the uptake of metals into the plant in relation to the soil, they
do have some disadvantages. From the biogeochemical point
of view, they provide a comparison of metal concentration in
different media (plant and soil), but only in a particular place
(with its typical environmental conditions) or at a particular
time (e.g., 10 years after the sewage sludge had spread on the
soil). Firstly, it would be inaccurate to compare different
plants according to the abovementioned factors/coefficients
in the biogeochemical respect, because they may have grown
under different circumstances, in different soil and in differ-
ent elementary landscape, and these facts determine the
diverse qualities of metals (and other chemical elements)
mobility and uptake. Secondly, the necessity arises to com-
pare not only metal concentration in the plants to metal
concentration in the soil or in the control plant but also to
compare the changes in the metal uptake processes and the
intensity, compared to the control case. Moreover, in order to
evaluate the process (in this case, the uptake of chemical ele-
ments), it is also necessary to compare the processes, not the
concentration. Thirdly, there is a lack of comparative propor-
tion between the metal uptake by the plant and the control

'The Plant—Soil Coefficient defines proportion of metal concentration
in the plant’s ashes and the soil. In the works of other researchers, the
concentration of metal in the plant has been recalculated on the basis of
dry biomass.
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case, expressed in numbers, which would facilitate the evalu-
ation of metal uptake. Fourthly, the integration of the effect
of natural processes, which have influence on the metal
uptake, is very important. These goals can be achieved by
using second-level factors®. They are calculated by compar-
ing the value of the uptake factor in the territory of investiga-
tion to the corresponding factor value in the control territory.

We proposed to use the second-level factors to describe four
types of the metal behavior in plants after soil modification. The
factors are called the dynamic factors® because they are sensitive
to changes of variables that are involved in calculation.

The dynamic factor of metal bioaccumulation (BAyy,)
reflects the physiological sensitivity of plants to the general
soil contamination degree [Eq. (2.1)]:

i i
_ CTJ x CS,C

BA,, = -t
MG G

) 2.1

where Cr_[ concentration of metal i in tree wood ash on the
treated site, mg/kg; Cs (| concentration of metal i in the
treated soil, mg/kg DW; Cs_ /! concentration of metal i in the
control soil, mg/kg DW; and C;_.' concentration of metal i in
the control tree wood ash, mg/kg.

The dynamic factor of metal translocation reflects the
changes in metal translocation from plant roots to vegetative
organs [Eq. (2.2)]:

R, - CCe 22

dyn_C::lXC\i/C’ ()
where C, [ concentration of metal i in tree vegetative organs
on the treated site, mg/kg DW; C; ' concentration of metal
in tree roots on the treated site, mg/kg DW; C; .| concentra-
tion of metal i in tree roots on the control site, mg/kg DW;
and C, . concentration of metal i in tree vegetative organs on
the control site, mg/kg DW.

The dynamic factor of metal biophilicity (BF,,,) reflects
changes in metal participation in plant metabolism [Eq. (2.3)]:

BF, = C;*’

dyn — Ci .
T_c

(2.3)

>There can be several levels of comparison of metal concentration in
plants: (1) direct comparison of their concentration in biomass (incor-
rect because the concentration of respective metals in the soil that nour-
ishes plants is not included); (2) bioconcentration (bioaccumulation)
coefficients (the effect of higher or lower metal concentration in the soil
on their uptake and accumulation in plants is not evaluated); (3)
dynamic factors of bioaccumulation, which include the effect of soil
metal concentration in control (background) and contaminated territo-
ries on their uptake and accumulation in plants.

3The concepts and calculations of dynamic factors correspond to
Baltrénaité et al. (2012) of the reference list.
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Generally, metal biophilicity is the ratio of metal accumu-
lation in living biomass and metal concentration in the
Earth’s crust, and thus it indicates metal involvement in the
metabolism on the global vegetation basis.

The dynamic factor of phytoremediation reflects changes
in phytoremediation effect and phytoremediation capacities
of plants [Eq. (2.4)]:

_ C"i"_lXBlXCé_cxpc

dyn —
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where B, and B, annual tree increment on treated and control
sites, respectively, kg/ha; p. and p, soil density on treated and
control sites, respectively, g/cm?. Usually p.=p..

If we rearranged Egs. (2.1) and (2.4) and presumed that
the soil density before and after the modification did not alter
much (p.=p,), we would have an expression of the interface
between the dynamic bioaccumulation factor and the
dynamic bioremediation factor [Eq. (2.5)]:

FR, =BA xi.
B

dyn

(2.5)
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c

Besides the biogeochemical meaning, the dynamic fac-
tors have practical advantages:

(a) They integrate four types of information—metal content
between two mediums (or plant organs) and between
reference and treated sites—into one value and thus
make metal transfer evaluation less complicated.

(b) They are dimensionless and thus provide easy comparison.

(c) They eliminate systematic errors of analysis and thus
improve the precision and quality of evaluation.

2.3.2 Dynamic Factors: Practice

Experimental analyses designed to establish the factors have
been carried out in a former forest territory (Giténai forest
Taruskos forestry, PanevéZys region, the western part of
Lithuania, at E024°34'38.8” latitude and N55°43'31.6” lon-
gitude) where 14 years ago a part of the territory (2 ha) was
modified with industrial sewage sludge. A site more than
200 m away from the modified site has been selected as the
control site. A year after modification, the site was planted
with Scots pines (Pinus sylvestris L.) and silver birches
(Betula pendula). In natural conditions, black alders (Alnus
glutinosa) sprout in the site. Samples of wood and soil were
taken from the modified and the control sites. Six samples of
each tree species were sampled (Pinus sylvestris L., Betula
pendula, Alnus glutinosa); meanwhile in the tree growth
place complex, soil samples were taken at a depth of
0-40 cm. The physical and chemical preparation of wood
and soil samples has been accomplished according to the
methodology depicted by Baltrénaité et al. (2012).

The statistical analysis of the data has been performed
using Microsoft Office Excel 2007. The array of primary data
has been evaluated according to the 3D criteria. To calculate
the values of dynamic factors, the mean values of measure-
ments were used. The dynamic factors, expressing metal
uptake and translocation processes in the cases of the Scots
pine, the silver birch and the black alder, are provided in
Figs. 2.1, 2.2, 2.3, and 2.4. Columns reflect the values of
dynamic factors that are larger than one, i.e., express increase
with regard to the control site.

As it can be seen in Fig. 2.1, the BAyy, values of the majority
of metals were higher than one. Values below one were only
found in the cases of Mn and Pb and only in the cases of the
black alder and the silver birch (they cannot be seen in Fig. 2.1
because the Y-axis starts with 1). The highest value of BAyy, was
found in the Scots pine, and the highest value among metals was
common for Ni in the case of the Scots pine (BAy,=120.8).

In the cases of almost all the metals (except Mn in the
black alder), the dynamic factors of biophilicity (BFy,) were
higher than one (Fig. 2.2), i.e., the contamination of the soil
with heavy metals increased their biophilicity and metal con-
centration in plants, compared to metal concentration in the
soil. The Scots pine also was distinct for its highest values of
BF,y, for all analyzed metals.

Opposite tendencies emerged regarding the dynamic
translocation factor (TRgy,): only the values of TRy, for Mn
and Ni and only with regard to the black alder were higher
than one (Fig. 2.3). In the cases of other metals, this factor
indicated a decreased metal translocation in the contami-
nated site, compared to the control site.

The individual qualities of analyzed trees in respect of
phytoremediation are reflected by the dynamic phytoremedi-
ation factor (FRgy,): it was the highest in the case of the Scots
pine and especially pronounced with regard to Pb (Fig. 2.4).

2.3.3 Advantages of Dynamic Factors

2.3.3.1 Dynamic Factors Allow Comparing

the Changes in the Process of Metal

Uptake by Different Plants (Trees), by

Evaluating the Geochemical Features

of the Analyzed Area
By using dynamic factors, not only plants can be compared
on the level of their capacity to uptake metals, but also the
changes in the process of metal uptake can be evaluated after
soil modification, comparing the results to the control site,
which must be identical in other geochemical respects,
except the fact of modification.

In our investigation, after soil modification with sewage
sludge, the Scots pine was distinct from the three tree species
of investigation. Compared to the control site, the metal uptake
became more intense in the Scots pine than in the silver birch
or in the black alder. This was indicated by higher values of
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BAgyn, BFgyn, and FRyy,, which allow suggesting that on the
one hand, the Scots pine accumulated higher amounts of met-
als and the accumulation was more intense when the soil con-
tamination with metals increased. The higher accumulation
common for the Scots pine was confirmed by Kovalevsky
(1987) who studied the mechanisms of metal uptake by trees
in non-contaminated areas. He stated that in respect of Pb and

Cu, a non-barrier type of accumulation mechanism is common
for the Scots pine. On the other hand, a more intense metal
accumulation in the Scots pine can indicate its weakened pro-
tective functions and weaker immunity from environment’s
pollution, compared to the silver birch and the black alder. The
weakened photosynthesis intensity of the Scots pine and its
decreased immunity from the effect of contaminated air of its
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environment, compared to the silver birch, has been estab-
lished by Neverova and Jagodkina (2010). Thus, coniferous
trees (as the example of the Scots pine showed) could be more
affected by metal load than deciduous trees.

The TRy, value found in the black alder was higher
(except for Pb with regard to the silver birch and Cr) than in
other trees, which suggest that in a contaminated site the
uptake of metals from the roots into the vegetative organs of
the black alder was more intense. This does not oppose the
fact that the black alder has a higher intensity of transpiration
flow (2.59) than the silver birch (2.41) and the Scots pine
(0.6) (where that of larch is equal to one) (according to
L. Ivanov) (Milburn 1979; Zimmermann and Milburn 1982;

-

Alnus glutinosa

Betula pendula

Navasaitis 2008), which determines a faster transpiration
flow uptake with metals dissolved in it, from the roots
towards the vegetative organs.

2.3.3.2 Dynamic Factors Provide the Possibility

to Compare the Influence of Soil

Modification on the Participation

of Chemical Elements (Metals as Well)

in the Metabolism of Plants (Trees as Well)
Anthropogenic activity is also a stress to the vegetation,
and heavy metals are classified as a stress factor
(Kupcinskiené 2011); during the activity of which, the
plants’ metabolism alters, and other phenomena appear
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that are not common for the normal state of the plant. Soil
modification with sewage sludge is also considered a
stressor, and the participation of analyzed metals in the
tree’s metabolism is reflected in the dynamic factors of
biophilicity and bioaccumulation, as well as in the altered
sequence of metal biophilicity. Soil modification increased
Ni and Cr biophilicity in the analyzed trees because com-
pared to the tree’s biophilicity sequence in the world’s
vegetation biomass—Znjes Cug; Mngy Pbs; Nijs Cryy
(Dobrovolsky 2008)—in our case Ni and Cr “moved” from
the end to the beginning of the sequence.
Pinus sylvestris L.—Niz; 94 Crygq Mn; 6 Pbsy; Cuyer Znsgs
Betula pendula—Nig 3, Crsgg Cuyz0 Zns 14 Pbys; Mny 3
Alnus glutinosa—Niyg.61 Crs27 Zn,g3 Cuy g9 Pbyge Mngsg,
Furthermore, in all the cases of analyzed trees, the BAy,
and BF,, values of Ni and Cr were higher than one. These
metals are known for their active participation in processes
when a tree is affected by stressors. Jhee et al. (2005) found
that Ni stimulates metabolism and enhances the permeability
of cell walls, meanwhile Cr is an important stimulator of the
lignification process that has been affected by stressors.
Enlarged concentration of Ni and Cr was found in the Scots
pine wood that has been affected by biotic factors (Baltrénaité
and Butkus 20006).

2.3.3.3 Dynamic Factor of Phytoremediation

Concretizes the Evaluation

of Phytoremediation Efficiency
FRgy, helps to decide which plant is more appropriate for
phytoremediation. The results of our research revealed
that the Scots pine was distinct for its higher metal accu-
mulation and its elimination from the modified soil in the
growth area: in 1 year it eliminated from 0.07-0.15 %
(Cu, Pb, Ni, Zn) to 0.23-0.29 % (Cr, Mn) of the metals
accumulated in a 40 cm soil surface layer. Meanwhile the
silver birch rehabilitated the modified soil by 0.04-0.07 %
(Cr, Cu, Pb and Ni) and 0.2-0.3 % (Zn, Mn), and the black
alder by 0.01-0.04 % (Cr, Mn, Cu, Pb and Ni) and 0.1 %
(Zn)%, compared to the control trees. Compared to the
control site, the Scots pine accumulated more intensely
and thus eliminated (FRyy,>1) Ni, Mn, Cu, Cr, and Pb
from the modified soil; the silver birch Pb, Ni, and Cr; and
the black alder Pb and Ni.

2.4  Conclusions

1. Bioindication and phytoremediation are applied aspects
of the uptake of chemical elements from soil to plants.
For bioindication and phytoremediation purposes, more
and more graminaceous and ligneous plants are being
evaluated, and more different media (soil-plant, plant—
air) or the interfaces of different organs of the same
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organism (roots—vegetative organs) are analyzed. If the
plant-based methods of improving environment observa-
tion gained a quantitative expression, they would receive
more approval from the parties interested.

2. Dynamic indicators of bioaccumulation, biophilicity,
translocation, and phytoremediation allow comparing
changes in the processes of metal uptake in different
plants (trees), by evaluating the geochemical features of
the area of interest; they help to evaluate the influence of
soil modification on the participation of chemical ele-
ments (metals as well) in the metabolism of plants (trees
as well); they allow a quantitative evaluation of phytore-
mediation efficiency during a specific period of time.
Dynamic factors integrate the internal (physiological) and
external (ecological) factors.

3. In the case with trees, dynamic factors revealed several
relevant tendencies: (1) the dynamic factor of bioac-
cumulation showed that after soil modification with
sewage sludge, the metal uptake by trees became more
intense in the following sequence: black alder <silver
birch < Scots pine, while the Scots pine had the highest
metal accumulation; (2) the dynamic factor of biophi-
licity highlighted the tendency that soil contamination
may result in the metal biophilicity shift, e.g., the bio-
philicity of Ni and Cr increased significantly in respect
of other metals within the sequence of generic biophi-
licity of the world vegetation; (3) by means of the
dynamic factor of translocation, it was found that in
the black alder the metal uptake from the roots to the
vegetative organs increased more than in the silver
birch or the Scots pine, due to the soil modification; (4)
the dynamic factor of phytoremediation quantitatively
estimated that the Scots pine, in respect of analyzed
metals, is a better soil phytoremediator than the silver
birch or the black alder.
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3.1 Introduction

Heavy metal soil pollution has been increasing since the
beginning of the Industrial Revolution. As metals are not
biodegradable, they tend to persist and accumulate in soils;
however, the risks to man and the environment strictly depend
on their bioavailability. Bioavailability can be defined as the
fraction of the total amount of a contaminant in the soil that is
available or can become available for uptake by organisms in a
given time span (Peijnenburg and Jager 2003; van Gestel
2008). Bioavailable contaminants have a negative effect in an
organism only if absorbed, being the pathways of exposure
and physiological characteristics differ depending on the
organism.

Bioavailability concept is essential in the relationship
between soil and plants since plants are able to uptake the
substances only if present in available forms in the soil envi-
ronment. This, in turn, highlights the importance of bioavail-
ability for the phytoremediation strategy used to clean up
sites contaminated by heavy metals. The initial idea of
phytoremediation originated from studies on hyperaccumu-
lator plants (Brooks et al. 1977), which can uptake and toler-
ate extremely high levels of heavy metals. As later stated by
Brooks in 1998 “a small perennial shrub in Tuscany, Italy,
was destined to lead the way to a whole range of new tech-
nologies and discoveries ...”. Much time has passed since
the appearance of the article (Minguzzi and Vergnano 1948),
which described a plant that could accumulate very high
amounts of nickel. This research gave rise to the remediation
technology that has since evolved by exploiting the multiple
properties of plants. Today the term phytoremediation
broadly defines a series of plant-based technologies to
remediate or contain contaminants in soil, water and sedi-
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ments (ITRC 2009). In the case of inorganic contaminants,
phytoremediation uses two main strategies: phytoextraction
and phytostabilization. Phytoextraction involves firstly the
cultivation of plant species that are suited to contaminated
soil and are able to uptake the metals present. Secondly, the
vegetable biomass, enriched in metals, has to be removed.
Finally, the resulting biomass has to be disposed of or
reused. Phytostabilization regards the ability of roots to
immobilize the contaminants in the root zone while stabi-
lizing the soil, thus reducing metal leaching and aerial dis-
persion of contaminated soil particles.

Heavy metal phytoextraction is very attractive since it
enables the use of a biological technique to remove non-
biodegradable contaminants from a contaminated site.

Phytoextraction has essentially followed two strategies:
continuous or natural phytoextraction, in which hyperaccu-
mulator species are involved (Ghaderian et al. 2007), and
assisted phytoextraction, in which additives are used to
mobilize the metals in soil solution, thus increasing the bio-
available amounts of metals to plants.

Both strategies depend on biomass production and the
amount of metal uptaken by plants. These variables are in
turn determined by the plant’s ability to grow in contami-
nated soils as well as bioavailability of heavy metal. The effi-
ciency of phytoextraction thus strictly depends on the soil’s
properties. These properties determine the growing condi-
tions and regulate the distribution of contaminants in the soil
liquid phase, since plants uptake metals only if they are
present in the soil solution.

Soil characteristics are often not fully considered in the
technology evaluation; however, the ability of the same plants
to uptake metals is quite different in soils with different proper-
ties that determine metal bioavailability. The total heavy metal
concentration in soil is a parameter of a relatively low impor-
tance in the phytoextraction mechanism. Contaminants present
in soil solution are generally the only readily bioavailable, and
these must be primarily considered to evaluate the feasibility of
phytoextraction. When the available metal pool is exhausted,
for example, for absorption by plants, only a certain amount is
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replenished from those soil surfaces where the metals are
associated with the weakest bonds, and the efficiency of the
technology is progressively reduced (Shelmerdine et al. 2009).

3.2  Soil Properties and Metals

Bioavailability

In environmental studies, bioavailability should take into
account very different processes ranging from the release of a
contaminant from the solid phase of an environmental matrix
to the absorption by a living organism. These aspects are
interrelated, and the complexity of interactions between an
organism and the environment defines the processes of bio-
availability (NRC, National Research Council 2002). The envi-
ronmental behaviour and toxicity of a contaminant can only be
evaluated in terms of its molecular form. Bioavailability is the
key to understanding the risks from pollution and to defining
remediation strategies, since organisms only respond to the
fraction that is biologically available (bioavailable). In soil, the
bioavailable fractions of contaminants are dependent on soil
properties and processes, which vary with time. Due to ageing,
the binding of a contaminant to the soil can become stronger
and the effects on the environment consequently smaller. On the
other hand, contaminants may become more available by
natural or anthropogenic change of soil properties (e.g. pH).

In terms of heavy metals, the path from unavailable to
available forms is regulated by chemical, physical and bio-
logical conditions which determine the transfer of metals
from the solid to the solution phase of soils. After a contami-
nant has reached the soil, it interacts with the surfaces of the
solid phase through a series of reactions of adsorption—
desorption and precipitation—dissolution which determine
the amount of contaminant in the liquid phase.

Once the chemical has been released into the liquid phase of
the soil, it is transported with the soil solution and fills the mac-
ropores network. During transport, the contaminant may inter-
act again with the soil surfaces with specific and non-specific
adsorption reactions. Following ageing, the chemicals that were
initially adsorbed on the surface are slowly redistributed within
aggregates of soil even in pores of subatomic dimensions.

These reactions play an important role in determining a con-
taminant’s mobility and bioavailability for plants which is
strictly related to the chemical characteristics of the contami-
nants and above all to the characteristics of the soil such as pH
(Li et al. 2003; Chaney et al. 2005), organic matter (Wanga et al.
2010), clay content (Abdullah and Sarem 2010), cation exchange
capacity and redox potential (Cherlatchka and Cambier 2000).

Table 3.1 reports the effects of the main soil properties on
bioavailability.

Other factors influence the mobility of metals in soils and
phytoextraction efficiency. Temperature can modify the
mobility of organometal complexes and their absorption by
plants. Ionic strength can reduce the sorption of heavy metals
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by soil surfaces due to the increased competition from alka-
line metals (Petruzzelli and Pezzarossa 2003).

Heavy metals are essential elements for plant and animal life
but become toxic at high concentrations, and living organisms
must be able to adjust their concentration at the cellular level.
Consequently, living organisms have developed transport sys-
tems to adjust the absorption and distribution of the various met-
als. Plants have a high metabolic capacity, which make them able
to selectively uptake the heavy metals from the soil. Plants have
also developed a natural genetic diversity to survive in soils with
high concentrations of toxic metals and other contaminants.
Metals are absorbed by plants mainly through the roots, where
the majority of mechanisms that prevent the toxicity of metals
are located. The root system provides a very high surface area,
able to absorb and accumulate the water and nutrients needed for
growth, together with other elements such as heavy metals.

Metals move from the soil towards the roots essentially
through the processes of mass flow driven by plant transpira-
tion and diffusion along a concentration gradient determined
by the plant’s uptake.

The roots of plants are able to change the chemical and
physical properties in the adjacent soil, in particular at the
interface between the soil and the roots (rhizosphere) where
organic and inorganic compounds (root exudates) are
released. The composition and amount of exudates vary
depending on species, plant physiological status, environ-
mental conditions (soil, climate) and the architecture of the
roots. There are many compounds released: inorganic ions
(H*, OH" etc.), gas (CO,, O,), soluble organic acids, phenols,
amino acids, sugars and particulate organic matter (muci-
lage, residues cell) (Dakora and Phillips 2002). The root exu-
dates influence the number and extent of the microorganisms,
the aggregation and stability of the particles of soil around
the roots and the bioavailability of the elements.

The action of the root exudates can then directly or
indirectly increase or decrease the availability of the metal
elements in the rhizosphere through mobilization or immo-
bilization processes. These are caused mainly due to
changes in pH and in the redox potential, release of a che-
lating agent that complexes the metals and an increase in
microbial activity (Fitz and Wenzel 2002). In the rhizo-
sphere, the root exudates are also an important source of
the carbon required for the development of bacteria and
fungi (Badri and Vivanco 2009; Kozdroj and van Elsas
2000). The interactions between plants and microorgan-
isms promote the growth of plants and their resistance to
biotic and abiotic stresses (Gray and Smith 2005).

In whatever environmental conditions, metals to be
uptaken by plants must be present in soil solutions in soluble
forms (Panich-Pat et al. 2004). This means that bioavailability
is the key to evaluating the feasibility of phytoextraction as a
remediation technology. One of the main difficulties in the
practical application of bioavailability in remediation stems
from the lack of a general consensus on which methodology
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Table 3.1 Effect of soil characteristics on bioavailability

Parameter
pH

Clay content

Organic matter

CEC

Redox potential

Effect on bioavailability

— Affects the concentrations of metals in soil solutions by regulating precipitation—dissolution, specific adsorption and
complexation processes

— Regulates metal hydrolysis: beyond a threshold pH (specific for each metal), these reactions drastically reduce the
concentration of most metal ions in the soil pore water

— Atlow pH levels, sorption processes are reduced due to the acid-catalyzed dissolution of oxides and their sorption
sites, whereas complexation by organic matter tends to decrease with increasing acidity

Ion exchange and specific adsorption are the mechanisms by which clay minerals adsorb metal ions from the soil liquid

phase. This is done through the adsorption of hydroxyl ions followed by the attachment of the metal ion to the clay by

linking it to the adsorbed hydroxyl ions or directly to sites created by proton removal. Highly selective sorption occurs at the

mineral edges. Notable differences exist between clay minerals in terms of their ability to retain heavy metals

— The organic matter of soils has a great influence on metal mobility and bioavailability due to the tendency of metals to
bind with humic compounds in both the solid and solution phases in soil

— The formation of soluble complexes with organic matter, in particular the fulvic fraction, is responsible for increasing
the metal content of soil solutions. However, higher molecular weight humic acids can greatly reduce heavy metal
bioavailability due to the strength of the linkages

— The negative surface charges may be pH dependent or permanent. To maintain electro-neutrality, they are balanced
reversibly by equal amounts of cations from the soil solution

— Weak electrostatic bonds link cations to soil surfaces, and heavy metals can easily substitute alkaline cations on these
surfaces by exchange reactions

— Specific adsorption promotes the retention of heavy metals, also by partially covalent bonds. This can drastically
reduce the possibility of plants absorbing inorganic contaminants

Reduction—oxidation reactions in soils are controlled by redox potential (Eh). High levels of Eh are encountered in dry,
well-aerated soils, while soils with a high content of organic matter or subject to waterlogging tend to have low Eh values
— Plant-induced reductions of the redox potential and low Eh values can promote the solubility of some metals such as
arsenic, thus increasing metal phytoextraction. This can be ascribed to the dissolution of Fe—Mn oxyhydroxides under

reducing conditions, thus resulting in the release of adsorbed metals. Under anaerobic conditions, the solubility of
heavy metals could decrease when sulphides are formed from sulphates thus diminishing plant uptake

Oxides/hydroxides

Hydrous Fe and Mn oxides are particularly effective in influencing metal solubility in relatively oxidizing conditions.

They reduce metal concentrations in soil solutions by both specific adsorption reactions and precipitation
— Under reduced conditions the dissolution of Fe and Mn oxides/hydroxides can release adsorbed elements such as

arsenic, and phytoextraction is promoted

should be used to measure the bioavailability. To overcome
this obstacle rather than searching for a universal method
that is valid in all conditions, it is essential to apply more
site-specific tests to assess bioavailability. In phytoextrac-
tion, the processes that determine the metal bioavailability
are the release from the solid phase into the soil solution and
the uptake of the element in soluble forms by the root system
of the plants. This means that phytoextraction feasibility
tests need to consider both a chemically driven process, i.e.
the release of the metal from soil surfaces, and a physiologi-
cally driven process, i.e. the uptake by plants. Soil character-
istics and plant traits determine bioavailability and
phytoextraction efficiency. The bioavailability of metals in
contaminated soils should be evaluated using chemical
extraction and a bioassay test.

Chemically, the amount of metals in the liquid phase of
the soil and/or that can be easily released from the solid
phase (metals retained with electrostatic bonds) can be deter-
mined using both direct sampling of soil pore water or bland
extractants, such as water or dilute solutions of alkali metals
that do not modify the surfaces of the soil. Extraction with
more strong agents, commonly used in soil chemistry, may
be useful in “assisted phytoextraction” since their action is
much more aggressive than that of plants.

The reagents to evaluate the potential bioavailability
should be selected according to the specific site conditions.
The same reagent may not produce useful information in dif-
ferent soils with different sources of contamination. However,
a chemical extractant cannot provide a good estimate of
metal uptake for different plant species.

The chemical test must be accompanied by a biological
test, with plant species that are grown in the real polluted soil
under controlled conditions. The growth of plants in con-
taminated soil is essential when deciding which type of
technology to use, because it allows to define the actual
retention of metals from the surface of the soil, often
increased by “ageing”. At the end of the growth period, an
analysis of the metal content in plants will provide informa-
tion on the bioavailable fraction.

Chemical and biological tests alone do not define the
bioavailability, but they do provide information on the con-
taminant bioavailable fractions (Petruzzelli and Pedron 2006).

According to Harmsen (2007),

bioavailability = f; (bioavailabilitybio)
x f, (bioavailabilitychem )

where f; and f, are mathematical functions.
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Chemical and biological tests can be further combined
with toxicity tests and measurements of other plant
parameters, such as seedling emergence, survival, root
length, shoot height and root and shoot mass (Almansoory
et al. 2013; Lucas Garcia et al. 2013).

3.3  Bioavailability at Contaminated Sites

Knowledge of the bioavailability processes can be used at
various stages in the selection and application of remedia-
tion strategies. In recent years, there has been a develop-
ment of remediation technologies that use what has been
learn about the bioavailability of contaminants in the soil.

Two different strategies can be used either to reduce or

increase bioavailability.

Techniques that reduce bioavailability prevent the move-
ment of pollutants from the soil to living organisms by:

1. Removing the labile phase of the contaminant, i.e. the
fraction that is more dangerous for human and
environment

2. Converting the labile fraction into a stable fraction (e.g.
the precipitation of metals)

3. Increasing resistance to
contaminants
There are also other procedures which have the aim to

increase the bioavailability of pollutants that can be used in

the frame of technologies that remove or destroy the solubi-
lized contaminants.

These procedures are based on:

1. Sieving to increase the mass transfer from absorbed
phases

2. Increasing the temperature

3. Using chemical additives to mobilize the contaminants
In biological techniques such as phytoremediation, an

understanding of the bioavailability of the pollutants plays a

primary role in assessing the applicability and efficiency of a

technology.

Full-scale applications have revealed that phytoextraction
is severely limited by the long time required to achieve reme-
diation goals due to the growing cycles of plants. To increase
the efficiency of phytoextraction, it is essential to promote
metal bioavailability in soils. This can be achieved with
amendments, such as chelating agents, which promote the
desorption of metals from the solid phase thus increasing their
concentration in the soil solution where are uptaken by plants.
This procedure is the basis of assisted phytoextraction.

Numerous amendments have been used and several
promising results have been obtained due to the increase in
metal solubility, particularly in the lab or greenhouse.
Organic acids with a low molecular weight, such as ethyl-
enediaminetetraacetic acid (EDTA), hydroxyethyl ethylene-
diamine triacetic acid (HEDTA) and diethylenetriamine

the mass transfer of
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pentaacetic acid (DTPA), were among the first additives to
be used. EDTA has been repeatedly used since it can com-
plex many heavy metals (Gupta et al. 2008; Wu et al. 2004;
Seth et al. 2011; Pedron et al. 2010). Although these ligands
generally increase the transfer of metals from the soil to the
roots, their high mobilizing capacity, together with their
long persistence in the soil, may increase the concentration
of the metal in the soil solution, thus exceeding the bioavail-
able quantity that the plants are able to assume (Luo et al.
2005; Santos et al. 2006; Cao et al. 2007).

An evaluation of the complexing agent must also take
account of the possible side reactions between the ligand and
other chemical species in the soil solution.

In fact, the efficiency of the treatment also depends on the
kind of soil, since other ions, such as Ca and Fe, interact with
the chelating agent and can be co-solubilized. This can
reduce the mobilization of metal contaminants; thus, the
amount of chelating agent to be used should be more than
that theoretically required (Nowack et al. 2006).

For example, although the Ca-EDTA complex has a much
lower constant of complexation than that EDTA-Pb, the high
solubility of Ca together with its high concentration in soil
makes this an important competing cation when phytoextrac-
tion is carried out in soils with neutral or basic pH values.
Other complexing agents, for example, ethylenediamine-
N,N’-disuccinic acid (EDDS), have a lower Pb complexing
ability than EDTA. However, the low stability of the com-
plex Ca-EDDS does not reduce the amount of Pb mobilized
and bioavailable to plants.

The use of chelating agents that are not easily biodegrad-
able has been criticized for the potential residual toxicity
(Evangelou et al. 2008). To avoid the effects of toxicity,
highly biodegradable organic acids of a low molecular
weight have been used such as citric, oxalic and tartaric
acids, all of which have a much lower toxicity (Wu et al.
2004; Evangelou et al. 2006; Doumett et al. 2008, 2011).

Fertilizers have also been used as additives (Giansoldati
etal. 2012). Very positive results were obtained with the use of
phosphate and thiosulphate in soils contaminated by arsenic
and mercury, respectively (Tassi et al. 2004; Moreno et al.
2005; Pedron et al. 2011, 2013). Physical characteristics of
soils at contaminated sites are often very poor and it is difficult
for microorganisms and soil fauna to live in these environ-
ments. Moreover root growth is hindered due to a scarce nutri-
ent supply. Bioavailability and the uptake of heavy metals can
be modified by the use of plant microbial consortia, which
change the rhizosphere environment by modifying pH, redox
conditions and the chemical speciation of metals (Vetterlein
et al. 2007; Wenzel 2009; Lin et al. 2010). Foliar treatment
with phytohormones, such as cytokinin, has also increased the
phytoextraction efficiency of crop plants in mercury-contami-
nated soil, through the increase in plant biomass and evapo-
transpiration (Barbafieri and Tassi 2010; Cassina et al. 2012).
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Fig.3.1 EBCS scheme

Using phytoextraction, the amounts of metals that can
be removed from soils is generally no more than 1-2 % of
the total concentration in the soil, since plants only act on
the contaminants present in the soil solution. The technol-
ogy has also been constrained by the expectation that site
cleanup should be achieved in a comparable time to other
remediation technologies (Robinson et al. 2003; Koopmans
et al. 2007). Positive results were obtained with the genetic
modification of high biomass plant species which increased
the accumulation of metals and the resistance to adverse
environmental conditions (Bizily et al. 2000; Meagher and
Heaton 2005; Hussein et al. 2007). In those countries
where genetic engineering is only permitted on a limited
scale, the remediation target for phytoextraction should be
limited to remove the fraction (bioavailable) that is the
most hazardous to the environment and human health (Fitz
et al. 2003; Wenzel 2009). This remediation strategy
derives from the intrinsic properties of phytoextraction
which is strictly related to heavy metal bioavailability.
This means that phytoextraction can only be used to
decrease bioavailable metals, in this way the clean up time
can also be substantially shortened. This approach was
defined as “bioavailable contaminant stripping” and was
introduced by Hamon and McLaughlin (1999) and a
recently revised and implemented as “enhanced bioavail-
able contaminant stripping” which also takes into account
the ability of soil to resupply metals from less available
pools (Lehto et al. 2006; Petruzzelli et al. 2011, 2012;
Pedron et al. 2013).

The EBCS approach (Fig. 3.1) is a four-step procedure to
use in phytoextraction to remove bioavailable metals from soil:
1. Identification of metals in bioavailable forms (soluble or

easily solubilizable).

2. Determination of long-term metal releasable from soil
surfaces. This step is performed by one or more extrac-
tions with a metal-specific mobilizing agents. Since the
extractive capacity of the specific agent is much greater
than any natural process, the amount extractable can be
considered (on a precautionary approach) as the maxi-
mum available to plants.

3. Pot experiments with addition of the same mobilizing
agent, by growing plant species able to uptake available
fractions. Control of the possible presence of metals in
the leachates from pot trials.

4. After harvesting, further cycles of plant growth are per-
formed on the same soils, with and without the addition
of the specific mobilizing agent, to evaluate any residual
metals in bioavailable forms. At the same time further
extractions with the specific additive are carried out on
soil to verify the absence of extractable metals. When
the metal concentration in plants is negligible and no
amount of metal can be extracted from the soil by the
specific mobilizing agent, the residual metal fractions
in soil can be safely considered to be permanently
unavailable.

EBCS belongs to “Green Remediation” strategies, a com-
plete new approach to remediation that takes into account
environmental impacts of remediation activities, to maxi-
mize the environmental benefits of cleanup procedures
(USEPA 2008). An essential feature of Green Remediation is
the aim to minimize bioavailability of contaminants using
wherever possible low invasive technologies such as phy-
toremediation. This strategy has been encouraged by new
legislation which no longer defines pollution on the basis of
target concentrations but according to a site-specific risk
analysis. The inclusion of the concept of bioavailability in
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risk analysis would be an important choice for the management
of contaminated sites. The acceptance of this option will
strictly depend on the capability of the scientific community
to clearly communicate the results obtainable to the stake-
holders and legislators.

3.4  Case Studies

Two case studies show how it is possible to increase the
efficiency of phytoextraction by manipulating the bioavail-
ability. In the first case, the addition of various additives to a
very acid soil reduced the toxic effects arising from a too
high bioavailability of the metals, thus enabling the plants to
grow. In the second case, the addition of a single fertilizer
simultaneously increased the bioavailability of arsenic and
mercury, thus promoting a greater plant uptake.

3.4.1 Case Study 1:Decreasing Bioavailability
in a Very Acidic Soil Contaminated by

Different Metals

The site is located in an agricultural area where residues
from stainless steel production had been discharged for more
than 30 years (Pedron et al. 2009). The soil contamination
derived from high levels of Cu (1,140 mg kg™'), Zn
(235 mg kg™') and Ni (141 mg kg™).

In this soil (Table 3.2), due to the very acidic pH (4.8), an
excess of metal bioavailability promoted a very high uptake
of heavy metals thus inducing phytotoxicity in plants, lead-
ing to a strong reduction in growth and biomass production.
In these conditions phytoextraction was not practicable.

To overcome phytotoxicity, agents were used that are able
to reduce metal bioavailability.

3.4.1.1 Experimental Procedure

Soil characterization was performed including, in addition to
total concentration, an evaluation of heavy metal bioavail-
ability. A sequential extraction procedure (SEP) with H,O,
1 M KNO; and 0.01 M EDTA was performed in original and
treated soils in order to assess changes in potential heavy
metal bioavailability.

A feasibility test at a microcosm scale was carried out using
three different treatments to decrease metal solubility. The
materials used were zeolites (10 % w/w with respect to soil
weight, Z-Soil); compost (10 % w/w with respect to soil weight,
C-Soil); and Ca(OH), to increase soil pH value to 6.2 (Ca-Soil).

Table 3.2 Soil characteristics

pH CEC (cmol kg™) Sand (%)
4.8 26.4 47.4

Silt (%) Clay (%)
46.0 6.6
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Microcosm experiments were carried out by sowing three
plant species—Brassica juncea, Poa annua and Helianthus
annuus—in 200 g of soil using approximately 0.20 g and
0.10 g of seeds per microcosm for B. juncea and P. annua
and four seeds for H. annuus, respectively. The original soil
(O-Soil) without any additions was used as a control.

Five replicates of vegetated microcosms for each kind of
soil were prepared and watered daily with tap water.
Experiments lasted 45 days. At the end of the growing period,
the plants were harvested and the aerial parts were separated
from the roots. The dry mass of the plants was gravimetri-
cally determined, and shoots and roots were analyzed for
heavy metal content. After an acid—oxidant digestion (HNO,/
HCIO, mixture 2.5:1 ratio), using a microwave system
“ETHOS-900” (MILESTONE) with a pulsed-mode emis-
sion in Teflon vials, plant samples were analyzed by flame
AAS (Varian AA 240FS).

3.5 Results
Figure 3.2 reports the data from the adopted SEP.

The highest water extractability was found in the original
contaminated soil.

Treatments reduced the amount of water extractable met-
als, with the lowest efficiency with the zeolite treatment.

The second step in the sequential extraction (KNOj;)
provides an evaluation of the “exchangeable” metal retained
by soil surfaces with low-energy electrostatic linkages.

Zeolite addition significantly reduced the extractability of
the three metals from 40 to 70 %. However, the greatest
reductions (over 90 %) were obtained after the compost and
Ca(OH), treatments.

The EDTA extraction, which also identifies the metals
bound by linkages of a covalent nature, showed a reduction
(10 %) of Cu extractability with respect to the original soil,
while for Zn and Ni, the addition of compost and Ca(OH),
drastically reduced their solubility leaving a greater amount
available for EDTA extraction.

In the microcosm experiments, the effects of the treatments
on biomass production were positive with an increase for all
the plant species (Fig. 3.3). The addition of compost pro-
duced the most favourable conditions for the growth of
plants, probably also due to the increase in fertility of ele-
ments such as carbon, nitrogen and extractable phosphorous
and potassium in the contaminated soil, thus promoting
microbial activity.

The performance data can be evaluated by considering the
amounts of metals removed. This amount, which can be
expressed as “total accumulation”, is the result of metal
uptake and biomass production. The results showed that all
the treatments increased the metal removal efficiency as
expressed by total accumulation (Fig. 3.4).
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With H. annuus plants, the highest value was detected in
the Z-Soil and C-Soil for Zn with an 11-fold increase com-
pared to the total accumulation in the O-Soil. The best
results obtained for Ni were in the Z-Soil, where the

increase in the total accumulation was 13 times greater than
the O-Soil. In the case of Cu in H. annuus plants, the high-
est increase in total uptake was found in the C-Soil, 28
times higher than in the O-Soil.
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Fig.3.3 Biomass production
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In conclusion, in this soil the high level of metal concentrations
could drastically reduce seed germination and the healthy
growth of plants, thus creating difficulties in the use of phytore-
mediation. To limit the negative effects of phytotoxicity, the soil
was treated with compost, zeolites and Ca(OH),. These treat-
ments decreased the metal solubility by increasing metal pre-
cipitation as in the case of Ca(OH), addition, with a consequent
increase in pH, or by increasing adsorption using materials with
adsorptive properties for metals, such as compost and zeolites.
Humus-like substances in compost are able to complex or
adsorb heavy metals, thus reducing their bioavailability. As zeo-
lites are a class of porous aluminosilicates bearing a negative
charge, they retain metal cations in their structural sites. A lower
solubility of metals after treatment makes them less available to
plants promoting an increase in biomass production, leading in
the meantime to a significant uptake of metals.

Soil washing, chemical extraction, excavation and landfill
disposal were considered as remediation alternatives to
phytoremediation, which in the case study would have been
difficult to apply due to the acidic nature of the soil. By
manipulating heavy metal bioavailability, the final result led
to the possibility of using phytoextraction technology also,
in this highly contaminated site. This solution led to a cost
reduction and improved the soil quality.

Z-Soil (pH=4.70)  C-Soil (pH=5.69) Ca-Soil (pH=6.20)

3.5.1 Case Study 2:Increasing
the Bioavailability in a Soil

Contaminated by Mercury and Arsenic

The soil in this case study was from a former industrial site
that had been subjected to various chemical activities con-
taminated by As (41.1 mg kg™!) and Hg (67.0 mg kg™!). The
soil was characterized by a basic pH (8.06) and a content of
organic matter of around 1.5 %. The soil texture showed a
prevalence of the sand fraction (78.9 %), with 13.1 % of silt
and 8.0 % of clay. The cation exchange capacity was
15.6 cmol kg™!. All analyses were performed according to
soil analysis methods (Sparks 1998).

3.5.1.1 Experimental Procedure

To maintain an elevated soil quality, it was decided not to
use complexing agents such as EDTA, and only additives
with fertilizing properties were planned. In order to assess
soluble and mobilizable fractions of Hg and As, two different
extraction procedures were used: ammonium thiosulphate
0.27 M (NH,),S,0; for Hg (Moreno et al. 2004; Pedron
et al. 2013) and potassium dihydrogen phosphate 0.05 M
KH,PO, for As (Tassi et al. 2004). Mercury concentration in
soil, plant samples and soil extracts was determined by
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atomic absorption spectrophotometry with an Automatic
Mercury Analyzer (AMA 254, FKV, Bergamo, Italy),
according to the SW-846 method 7473 (USEPA 1998).
The As concentration was determined using ICP-OES with
a method for the generation of hydrides (Sparks 1998).
The results obtained are reported in Table 3.3.

From the comparison between the extractants, it was
discovered that the effectiveness of the thiosulphate on As was
comparable to that of phosphate; while the Hg results con-
firmed the findings of several studies (Moreno et al. 2004,
2005; Pedron et al. 2011, 2013), highlighting the positive
effects of thioligands in increasing Hg bioavailability for plants.

The main objective of this case study was to evaluate
whether to use assisted phytoextraction in this soil, which
was characterized by high concentrations of arsenic and mer-
cury, by adding a single mobilizing agent for both contami-
nants, with significant cost savings.

The soil used in the microcosm experiments was prepared
by eliminating the coarser materials, homogenized but with-
out sieving to 2 mm, to obtain a more representative sample
of the real field situation. Experiments were carried out in a
growth chamber in controlled conditions: 14 h of light, with
atemperature of 24 °C, and 10 h in the dark at 19 °C. Relative
humidity was maintained at 70 % (Pedron et al. 2009).

Using microcosms under controlled conditions of light,
temperature and humidity reveals in about 30 days the ability
of a plant species both to grow on the matrix under consider-
ation and to absorb and translocate the contaminants to the
aerial part of the plant.

The plant species selected for the tests were Brassica juncea
var. scala, and Lupinus albus var. multitalia. Ammonium thio-
sulphate 0.27 M (NH,),S,0; was used as a mobilizing agent.

Table 3.3 Extractability of As and Hg. Data are expressed as mg kg~!
dry soil
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Each microcosm was filled with 400 g of contaminated
soil. After wetting the soil, B. juncea (0.5 g of seed per pot)
was sown on the surface of each pot, while L. albus (three
seeds) was pre-germinated and then planted in the micro-
cosms. After about 2 weeks, treatment was started according
to an experimental design previously used (Pedron et al.
2013), 2 mL of 0.27 M (NH,),S,0; were added daily for 5
days to five replicates for each species, with controls
(untreated microcosms) run simultaneously.

The splitting of the total dose was performed over 5 days
to minimize possible toxic effects on the plant species. After
harvesting, plant aerial parts were separated from the roots
and washed with deionized water. The roots were also washed
in an ultrasound bath (Branson Sonifier 250 ultrasonic pro-
cessor; Branson, Danbury, Conn.) for 10 min to eliminate any
soil particles that might have remained on root surfaces.
Vegetal samples were left in a ventilated oven at a tempera-
ture of 40 °C until a constant weight was obtained. The dry
mass of shoots and roots was gravimetrically determined.

3.5.1.2 Biomass Production

Assessing the biomass production is of paramount impor-
tance in quantifying the removal of metals by plants and
enables the removal of the contaminants from the soil to be
estimated. In this soil the seed germination of B. juncea and
L. albus was not hindered by the presence of As and Hg.
Figure 3.5 shows that the addition of thiosulphate reduced the
biomass production of B. juncea, probably due to an increase
in the concentrations of the two contaminants, in particular
mercury, which significantly stressed the metabolism of the
plant.

3.5.1.3 Arsenic and Mercury in Plant Tissue

At the end of the growing cycle, plants were harvested; aerial
parts and roots were separated and dried in a ventilated oven
at40 °C. The Hg and As concentrations in the plant tissues of

Extractant As (mg kg™) Hg (mgkg™)  B. juncea, and L. albus are reported in Table 3.4.
0.05 M KH,PO, 7.6 n.d. The phytoextraction by B. juncea and L. albus would
027 M (NH),5.05 74 12.9 not have been effective in this contaminated soil without
@mCeT
700
oTs
600
500
o 400
S
300
200
100
0 T
Fig.3.5 Biomass production of B. juncea L. albus
microcosm plants
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Table 3.4 As and Hg content in shoots and roots of the selected plants.
Data are expressed as mg kg~! dry weight

Shoots Roots

As Hg As Hg
CTB n.d. 3.3+£0.74 n.d. 16.9+4.9
TS B 143+4.4 120+7.5 543+4.4 1,451+£319
CTL 0.82+0.09 1.1£0.35 1.6+£0.60 4.5+0.46
TSL 43+1.4 24.1+2.1 14.2+3.2 744+£34.6

CT, control; TS, thiosulphate treatment; B, B. juncea; L, L. albus

modifying the bioavailability of the contaminants by the
use of a mobilizing additive. The addition of the mobiliz-
ing agent promoted the Hg and As uptake by the plants,
both in the case of B. juncea and L. albus, with respect to
the control microcosms.

In the controls, the greatest Hg concentration found in the
aerial part was about 3.3 mg kg! for B. juncea plants, while
the As concentration was always negligible. In the root por-
tion, the Hg concentration was about 17 mg kg~! in B. juncea
(As content was negligible) and 4.5 mg kg™! in L. albus
where As concentration was 1.6 mg kg~'. The addition of the
thiosulphate solution to the soil promoted Hg and As uptake
in the aerial part of the plants, reaching Hg concentrations of
120 mg kg™! for B. juncea and 24.0 mg kg~! for L. albus. As
concentrations were 14.3 mg kg in B. juncea and
4.3 mg kg~!in L. albus.

Both in the controls and the treated plants, the amounts of
As and Hg were higher in the roots than in the shoots. This
indicates that within the short time frame of the tests, the
plants are able to uptake the metal and partially translocate it
to the aerial parts. As is well known, roots retain contami-
nants to protect plants.

From the results obtained, it appears that Hg is absorbed
in greater quantities than As, particularly in the roots both for
B. juncea and L. albus. This is not surprising since the addi-
tive used is specific for Hg. However, the effect of thiosul-
phate on the bioavailability of As is of great interest. The
results of plant uptake confirm the results of the extractabil-
ity tests. This additive is also able to mobilize As in similar
quantities to those derived from the use of phosphate.

3.5.1.4 Total Accumulation

The total accumulation, calculated as the product of the con-
centration of the metal in plant tissues for the respective dry
biomass, provides an estimate of the amounts of contami-
nants removed from the polluted soil and thus the phytoex-
traction efficiency. The data are reported in Fig. 3.6.

It is clear that the addition of thiosulphate greatly
increased the amounts of metals removed by the plants, due
to the higher concentrations of As and Hg.

Results showed that increasing the metal’s bioavail-
ability with the use of (NH,),S,0; promoted more Hg and
As uptake by the plants than in the controls. While the
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effect of thiosulphate on mercury bioavailability is due to
the formation of the soluble complex mercury—thiosul-
phate Hg(S,0;)*, which can be absorbed by plants
(Moreno et al. 2005), the thiosulphate—arsenic interaction
in the soil-plant system has not been studied with a view
to phytoextraction.

The increase in arsenic bioavailability promoted by thio-
sulphate addition could be ascribed to the competition
between arsenate and sulphate ions for the same soil sur-
faces, with the release of arsenic in the liquid phase in poten-
tially bioavailable forms.

3.5.1.5 As Extractable Sulphate

In the soil, thiosulphate decomposes into sulphur and sul-
phate. Sulphur can give rise to precipitates while sulphate
remains in solution. This is why the thiosulphate fertilizer
is widely used because the sulphate has an immediate
action on the crops, while the sulphur is released over
time. In the specific conditions of the soil in this case
study, we can assume that the thiosulphate in the soil is
transformed into tetrathionate and subsequently to sul-
phate as shown in the following scheme:

S,0,”” »5,0,” - S0, -»S0,*

The reaction is either abiotic or biotic depending on the
microbial community present. The kinetics of the oxidation
depend on the characteristics of the soil; in general the first
step is very rapid and requires a few hours, after which the
reaction is complete in a few days (3-6), but can be speeded
up in the microcosms due to the presence of the plants which
further stimulate microbial activity. In a previous work
(Barbosa-Jefferson et al. 1998) results of thiosulphate incu-
bation in different soils revealed that the final concentration
of sulphate deriving from thiosulphate transformation is
basically the same as of thiosulphate added.

Thus, with an excess of sulphate ions, deriving from thio-
sulphate addition, we can suppose that arsenate ions are
released in the liquid phase of the soil in a potentially bio-
available form for plant uptake.

To test this hypothesis, arsenic extractions with sulphate
were performed in comparison with thiosulphate extraction
(Table 3.5).

Data show that in this soil the As extractability was the
same with the use of thiosulphate and sulphate. The capa-
bility of thiosulphate to promote the release of As from
soil surfaces and to improve its phytoavailability was
reported also in a different soil (Pezzarossa et al. 2013).
Competition between sulphate and arsenate for the same
adsorption sites is generally very low; however, in an
alkaline environment SO,*> ions are found to form outer
and inner sphere complexes which could substitute arse-
nate at least in outer sphere complexes (Myneni et al.
1998). Although the issue is highly controversial, the
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Fig.3.6 Total accumulation of
As and Hg in the selected plants
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Table 3.5 Extractability of As by thiosulphate and sulphate. Data are
expressed in mg kg™! dry soil

Extractant concentration (NH,),S,0; (NH,),SO,
0.14M 3.83+0.05 3.87+0.08
0.27M 6.98+0.08 6.06+0.03

results obtained show a clear correlation between the As
amounts extracted by sulphate and those extracted by
thiosulphate. This thus confirms that the sulphate—arse-
nate competition could be the basis for the release of arsenic
in solution in bioavailable forms to plants. However, a
further aspect needs to be considered: the interactions
between sulphur and arsenic affect both the absorption of
the contaminant and its transport to the aerial part of the
plant. The addition of sulphur to the soil promotes the
absorption of arsenic by plants, and sulphur plays anti-
stress role in reducing the toxicity of arsenic (Duan et al.
2013). Thiosulphate can act either as nutrient and detoxi-
fying agent, due to the stimulation of plant defensive sys-
tems, and influenced either the biomass production and
the As accumulation in plant tissues.

3.6 Concluding Remarks

When selecting technologies, contaminant bioavailability has
often been neglected, yet in reality it is essential. In fact, there
is a noticeable discrepancy between the results based on labo-
ratory tests and those obtained from full-scale cleanup where
several difficulties have been encountered that have often been
underestimated in theoretical studies (Ernst 2005; McGrath
et al. 2006; Robinson et al. 2006; van Nevel et al. 2007).

One of the main reasons for this discrepancy derives from
not considering bioavailability. In soil, bioavailability is the
result of the complex mechanisms of retention and release
which depend on the soil characteristics and on the biology
of the organisms involved (Alexander 2000; Ehlers and
Luthy 2003). It is thus essential to evaluate the retention abil-
ity of soil in order to be able to estimate the possible success
of phytoremediation strategies. The level of retention
depends on the soil type. In soils of temperate regions, which
have a high content of expanding minerals, metal retention is
much higher than in soils of tropical regions. This in turn
drastically influences the metal bioavailability to plants and
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as a consequence plant uptake and phytoextraction
efficiency. Consequently, any phytoextraction programme
that does not consider the specific properties of the contami-
nated soil may completely fail to predict how efficient it will
be in field applications.

Phytoextraction aimed to remove the bioavailable frac-
tions of metals can provide sustainable solution in remedia-
tion since at the end of the treatment the soil quality is
improved. Moreover the removal of bioavailable fraction can
be considered as a fundamental step also to promote preven-
tion of public health (Henry et al. 2012) since in this way
most exposure pathways to hazardous substances are elimi-
nated or drastically reduced.
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4.1 Introduction

Phytoremediation includes a range of plant-based remediation
processes such as phytoextraction, phytostabilization, phy-
toimmobilization, rhizofiltration, and phytovolatilization
(Alkorta et al. 2004; Ali et al. 2013; Vithanage et al. 2012).
Among all of these techniques, phytoextraction is crucial,
because the principle of this technique is metal translocation
to shoots and bioconcentration is observed in the above
ground parts of the plant species (Peuke and Rennenberg
2005; Vithanage et al. 2012). This is all the more important
when the harvest of root biomass is generally not feasible
(Zacchini et al. 2009; Tangahu et al. 2011; Ali et al. 2013).
However, the efficiency of phytoextraction (as well as other
techniques of phytoremediation) depends on numerous cou-
pled environmental factors. Generally, they can be defined
as factors influencing the lives of organisms and which are
essential to their correct functioning in land and water envi-
ronments. The most universal division of environmental fac-
tors distinguishes two main groups, namely, biotic (living)
and abiotic (nonliving) factors (Schulze et al. 2005). The
biotic group includes plants, animals, protists, fungi, and
bacteria, whereas the abiotic group includes weather (rain,
insolation, temperature, cloud, snow), pH, rocks, oceans,
and rivers, as well as anthropogenic factors (all the factors
that are products of human activity, e.g., organic and/or
inorganic pollutants). The characteristic traits of all men-
tioned factors are in mutual interrelation; therefore, when
one factor is changed, the whole system can be altered
(Atwell et al. 1999; Beard et al. 2005). However, the phyto-
extraction potential depends on external environmental
factors, but also on internal plant factors. Interest in phyto-
extraction has grown due to the identification of metal

phytoaccumulator plant species (Seth 2012) and their high
capacity for adaption to environmental conditions. Plants
are able to adapt to disadvantageous environmental conditions
(growth in significantly polluted areas, drought, salinity),
and two main strategies are used: stress avoidance and toler-
ance. Selection of plants used in phytoremediation is
extremely important and has been presented in numerous
scientific works, both in hyperaccumulator and non-hyper-
accumulator plants (Hendriks et al. 2003; Mleczek et al.
2010). The mentioned plants produce numerous chemical
compounds able to stimulate or inhibit plant growth espe-
cially in unfavorable environmental conditions (Davies
1987; Dimkpa et al. 2009). The growth-promoting substances
include phytohormones, bioregulators, and biostimulators,
where, e.g., auxins (Chalupa 1984; Dimkpa et al. 2008;
Liphadzi et al. 2010), cytokinins (Ei-D et al. 1979; Cassina
etal. 2011), and gibberellins (Pandey et al. 2007) are stimu-
lators, and abscisic acid is an inhibitor (Park et al. 2009).
Also, plants activate a defense mechanism combined with
the exudation of specific molecules into the environment
and adaptive changes in plant structure and growth to with-
stand the adverse growth conditions (Drzewiecka et al.
2012). These specific molecules include:

(i) Metal-binding peptides created from glutathione
(GSH)—phytochelatins (PCs) (Grill et al. 1987; Rauser
1995)

(i) Low molecular weight, metal-binding proteins—
metallothioneins (MTs) (Cobbett and Goldsbrough
2002; Kégi 1993)

(iii) Amino acids with especially the role of histidine
(Leszczyszyn et al. 2007)

(iv) Phytin (Rauser 1999)

(v) Low molecular weight organic acids (LMWOAs)
secreted into the rhizosphere (Magdziak et al. 2011; Li
et al. 2012a, b)

(vi) LMWOAs produced in plant tissue (Adeniji et al.
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The amount and the kind of molecules occurring in a
given plant together with specific traits of certain plant taxa
determine the ease of plants’ adaptation to new environmen-
tal conditions, biomass crop, and at the same time efficiency
of trace element accumulation. In this regard, plant selection
has fundamental importance in phytoextraction efficiency,
but the influence of external factors although variable (inter-
action between elements in polluted soil) is also permanent
(abiotic factors). For this reason, it is not possible to deter-
mine the precise efficiency of trace element accumulation.
The range of tolerance together with maximum, optimum,
and minimum of particular factor values decides about the
plant tolerance as well as plant ability to adapt to these fac-
tors (Chapin et al. 1987; Atwell et al. 1999). Due to the size
constraints on this chapter, the characterization of all envi-
ronmental factors is impossible. Therefore we present only
some of them, which are most frequently analyzed or com-
mented on in scientific environmental studies.

4.2 Environmental Factors

Proper plant growth is not possible without adequate amounts
of water fulfilling the primary role in normal plant function-
ing. Due to the difference in water potential ¥ in the soil,
plant, and atmosphere, the natural flow of water from the soil
to the atmosphere occurs. The presence of conditions for the
occurrence of the phenomenon determines the transport of
numerous substances and compounds playing an important
role in the life processes of plants (Tien et al. 1979; Chen and
Aviad 1990). Therefore, this seemingly small polar molecule
with a high thermal capacity allows the elongation growth of
cells and tissues of plants. The amount of available water
affects the physiological and biochemical processes of plants
(Hanson and Hitz 1982; Al-Karaki and Al-Raddad 1997,
Maggio et al. 2000; Asrar and Elhindi 2011). For the proper
functioning of the individual cell structures, it is important to
maintain a sustainable water balance, because changes in
water availability result in altering growth, yield, and water
relations (Abdel-Fattah et al. 2002; Wu and Xia 2006; Ibrahim
et al. 2011) and metabolic pathways (Subramanian and
Charest 1995; Asrar and Elhindi 2011; Asrar et al. 2012).
However, the root system plays the essential role in providing
water, nutrients, and physical support to the plants. It is the
major plant organ, which receives most stress factors and as a
response to environmental factors starts the modulation of
organs and then tissue in response to changing conditions of
the external environment (Kummerova et al. 2013). In the
event of water deficiency, the plant growth is significantly
reduced due to osmotic stress resulting from decreasing soil
water potential and uptake of nutrients (Auge 2001; Lee et al.
2007; Seagraves et al. 2011) and increased levels of nitroge-
nous compounds in plants due to increased protein hydrolysis,
and the accumulation of osmoprotectants is observed
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(Seagraves et al. 2011). Moreover, the changes in root physiol-
ogy and morphology depend on the level of groundwater
(Zencich et al. 2002), providing an additional and important
water source, and with it the minerals, which next to rainfall,
are considered to be the main source of water for plants
(Ehleringer and Dawson 1992). In the case of water stress in
the upper soil layer, it leads to increased root length and
reduced diameter, which reduces the resistance of roots to
water uptake, so crop roots actively absorb water from the sub-
soil (Costa et al. 2000; Hendrick and Pregitzer 1996; Li et al.
2012a, b), while in the case of water excess, formation of
anaerobic conditions in the root zone area is observed.
Associated with this is the reduction of selective permeability
of plant roots, which then is connected with accumulation of
both essential and toxic elements. This situation is especially
seen in the case of plants with a small annual growth increase
in flooded areas (even more than half the height of plants) and
where an increase in water level occurs for a long time, result-
ing in wilting of most of them (Dinicola 2006). Metals such as
Zn, Ni, and Cd in water-logged soils are less available, because
of decreased solubility resulting in low redox potential and
formation of sparingly soluble sulfides (Rieuwerts et al. 1998;
Hammer and Keller 2002). The most important hyperaccumu-
lators of different metals (Ni, Co, Zn) originated from areas
with dry, hot summers and/or grow on skeletal soil with very
low water holding capacity (Reeves and Brooks 1983). For
hyperaccumulator plants metal bioavailability is an important
factor affecting uptake. High soil moisture usually does not
negatively affect growth and metal accumulation by hyperac-
cumulators. Angle et al. (2003) confirmed that high soil mois-
ture stimulated growth and metal uptake by hyperaccumulators
of Ni such as Alyssum murale and Berkheya coddii and of Zn
such as Thlaspi caerulescens, which generally grow on low
moisture soil. On the other hand, low moisture enhanced Se
accumulation and reduced biomass production of Festuca
arundinacea (Tennant and Wu 2000).

But, with access to water, it involves not only the structure of
the root system and further plant development but also the avail-
ability of plant nutrients (essential and toxic elements). Different
water content and different chemical and biological properties
of soil/roots from the rhizosphere zone and from bulk soil can
affect nutrient bioavailability to the plant. It is evident that bio-
availability of metals could be artificially increased under opti-
mum or a little above water resources. Water is the main source
of macronutrients (K, N, P, S, Ca, and Mg) but also micronutri-
ents (Fe, Zn, Cu, Ni, and Mo) and toxic elements (Pb, Cd, and
Hg). Their presence is an important contribution to the life pro-
cesses of plants and their growth. Their amount in water, as an
important medium, is not decisive, because plants developed a
selective mechanism to acquire some element ions in spite of
others, and selective absorption of elements depends on the
membrane transporter properties (Salt et al. 1995; Seth 2012).
By these specific transporters are able to recognize, bind, and
then mediate the transmembrane transport of ions. However,



4 Phytoremediation and Environmental Factors

under metal-polluted soil, plants take up not only essential nutri-
ents but also significant amounts of toxic elements, such as Cd,
Hg, and Pb. Essential nutrients and toxic trace elements are
absorbed by the same processes, so under increased concentra-
tions of nonessential elements, plants are not able to distinguish
between the two ions. Therefore, at high levels of toxic metals,
there follows competition between ions, and the plant starts to
retrieve the component that dominates in the environment.
Moreover, in the case of plants, accumulation of all contents
begins, as mentioned above, at the roots, which are a crucial
element affecting the efficiency of phytoextraction. The most
important is the mobility of elements in the soil and their avail-
ability to the cells of the roots, which may result in further trans-
port of metal-containing sap to aboveground parts of the plant.
It should be noted that the transfer process is controlled by two
factors: the root pressure and transpiration of leaves, which are
contingent on water resources in the soil environment (Seth
2012). Stress associated with water availability leads to disrup-
tion of water potential gradients, loss of turgor, disruption of
membrane integrity, and denaturation of proteins.

Soil is the most important environmental factor in the
growth and development of plant life. However, it must be
mentioned that soil has indeed a diverse composition, with no
regular and predictable structure, as a result of which part of
soil may have significantly different physical, chemical, and
biological properties from another part located in close prox-
imity. It all depends on many factors, including composition
of mineral and organic matter, soil water, aeration, climate,
the presence of soil bacteria and fungi, and animals inhibiting
the ground. All of these parameters have essential effects on
plant life, but also are an important issue in effectiveness of
the phytoremediation process. Dynamic changes that occur in
the soil environment not only determine development or inhi-
bition of plant growth but also have a significant impact on
the remediation process. However, among the numerous
abovementioned parameters which determine the process of
phytoremediation in soil, the most significant impact is the
type of pollution (Wang 1994; Gonzales et al. 2013), because
soil may be polluted by natural aromatic and hydrocarbon
compounds and man-made chemicals (pesticides, herbicides,
fungicides, and antibiotics) and metals. In the case of organic
pollutants, their metabolism generally results in degradation
into nontoxic substances that can be used by the plants and
their microbial partners as a source of carbon, phosphorous,
nitrogen, sulfur, and, in the some cases, trace elements (Saier
and Trevors 2010). In the case of metals, the situation is much
more complicated. Metals are not readily removed or
degraded by chemical or microbial processes and in conse-
quence are accumulated in soils and aquatic sediment (Ojegba
and Fasidi 2007). This problem can be solved through the use
of plants with increased tolerance to metals and the phytore-
mediation process. During the phytoremediation process,
plants may transport trace elements in their cell walls, chelate
them in the soil in inactive forms using secreted organic com-
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pounds, or complex them in their tissue after transporting
them into specialized cells and cell compartments. Metals
may be stored in vacuoles safe from the sensitive cytoplasm
where most metabolic processes occur. Plants also make che-
lating peptides such as cysteine and small proteins such us
phytochelatins and metallothioneins that are stored safely in
vacuoles (Saier and Trevors 2010). However, the effective-
ness of phytoremediation depends mainly on the bioavailabil-
ity of trace elements in soil, and their bioavailability strictly
depends on soil solution properties (Chen et al. 2006).
Chemical properties of soil—such as pH, Eh, and nutrient
content—influenced the metal forms present in the soil and
their accumulation (de la Fuente et al. 2008). However, it is
important that a large proportion of metals in soil is immobi-
lized, because they are bound with selected matrix compo-
nents (Sheoran et al. 2011; Ali et al. 2013; de la Fuente et al.
2008), and only a fraction of soil metal is bioavailable for
uptake by plants (Lasat 2002). For this reason the cleanup of
soils contaminated with heavy metals (HMs) is one of the
most difficult tasks for environmental engineering (Li et al.
2013). However, before plants are able to absorb and then
accumulate metals, there must be a process involving activa-
tion of metals in the environment; in other words, there must
be a process in which metals will be bioavailable to the plants.

Transport of heavy metals in the soil depends to a large
extent on the chemical form of the metal. In the initial phase
of the metal-soil contact, metal reactions are fast (minutes,
hours). For this reason, natural consequences are various
chemical forms of the metals and their different bioavailabil-
ity, mobility, and toxicity (Shiowatana et al. 2001; Buekers
2007). The distribution of the metals in the soil is conditioned
by factors such as precipitation or dissolution reactions, ion
exchange, adsorption and desorption, immobilization of the
biological activation, and plant species (Levy et al. 1992).
Nevertheless, having an influence on all these parameters is
the pH value, which is one of the parameters determining the
metal speciation in soil. The trace elements that commonly
occur as impurities in soil and for which the pH value is an
important factor in the form of their occurrence include lead
(Pb), chrome (Cr), arsenic (As), cadmium (Cd), copper (Cu),
mercury (Hg), and nickel (Ni).

How does the pH affect the metals’ occurrence in soil?

Pb

The lead phosphates, carbonates, (hydr)oxides, and sulfide
are the dominant Pb compounds presented in the soil envi-
ronment (Raskin and Ensley 2000). Their properties change
depending on pH value, and insoluble forms occur when the
pH is above 6 (Raskin and Ensley 2000). In conclusion, the
mobility of Pb increases with decreasing pH value.

Cr
Chromium commonly found in contaminated areas can occur in
the Cr** or Cr®* oxidation state, depending on the pH and redox
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conditions of the soil. Cr®* is the dominant form where aerobic
conditions exist, whereas in the presence of organic matter, S*-
or Fe?* ions under anaerobic conditions can be reduced to Cr**.
It is also important to note that Cr®* is the more toxic form and
moreover more mobile with increasing pH. Chromium mobility
decreases with the decrease in the oxidation state degree due to
the increasing adsorption reaction to clays and oxide minerals
below pH 35, and low solubility above pH 5, due to the hydrox-
ide Cr** (IIT) formed in the solid form (Chrostowski et al. 1991).
On the other hand, the Cr mobility is relevant to physicochemi-
cal properties of the soil, which determine the sorption proper-
ties due to the content of clay, iron oxide, and also the amount
of organic matter.

As

The toxicity of As is determined by the form in which it
occurs (depending on whether it is in the As** or As>* form or
as organic). The As speciation highly determines its toxicity
and bioavailability as well as determining the establishment
of an adequate transport mechanism (Larios et al. 2012;
Larsen et al. 1998). It is known that inorganic forms are more
toxic and mobile than organoarsenic forms. Among inor-
ganic forms of As, it was found that arsenite (As*) is 10
times more toxic and mobile than arsenate (As>*) (Demirbas
2001; Lasota et al. 1968, 1980) and 70 times more than
monomethylarsonic acid (MMAA) and dimethylarsinic acid
(DMAA) (Demirbas 2001; Le et al. 1994; Londesborough
et al. 1999; Niedzielski et al. 2013). However, the bioavail-
ability of As is determined by the pH, and As mobility
increases with increasing pH value (Smith et al. 1995).

Cd

Cadmium may be present in the soil as a result of application
of agricultural inputs such as fertilizers, pesticides, and biosol-
ids (sewage sludge). The disposal of industrial wastes or the
deposition of atmospheric contaminants increases the total
concentration of Cd in soils, and the bioavailability of this Cd
determines whether plant Cd uptake occurs to a significant
degree (Weggler et al. 2004). But it should be underlined that
Cd mobility strictly depends on pH value, and the acidification
of soils increases the geochemical mobility of Cd (Campbell
2006). In the case of Cd, the bioavailability to plants (as well
as other organisms such as animals or humans) is important
because once absorbed by an organism, it remains resident for
many years (Wuana and Okieimen 2011).

Cu

Copper is an element that forms stable complex compounds
with organic material; therefore, only a small part of Cu ions
or in more bioavailable organic forms are present in soil solu-
tion. The pH value is strictly associated with Cu solubility in
the environment (solution), which significantly increases at
pH 5.5 (Martinez and Motto 2000), which is rather close to the
ideal farmland pH of 6.0-6.5 (Eriksson et al. 1997).

Z.Magdziak et al.

Hg

In the soil environment mercury may exist in mercuric (Hg?),
mercurous (Hg,>), elemental (Hg,), or alkylated form (methyl/
ethyl mercury), but pH is a factor which determines the form in
which Hg will be present. Moreover, sorption to soils, sediments,
and humic materials is an important mechanism for the removal
of Hg from solution. Sorption is a pH-dependent process and
increases as pH increases. In consequence, the amount of bio-
available forms of mercury increases with the pH decrease of the
environmental (Wuana and Okieimen 2011).

Ni

In the case of Ni speciation under neutral pH or slightly alka-
line soil environment, the hydroxide of Ni, which is a stable
compound, is precipitated. The precipitate is readily soluble
in acid solutions, consequently giving compounds of Ni**,
while under strongly alkaline conditions, a soluble form of
nickelite ion (NO,") is formed. However, it should be noted
that in the case of the soil, the greater part of all the Ni com-
pounds that are released into the environment are adsorbed on
soil particles, which become immobile as a result. In the case
of Ni, the mobility significantly increases in acidic soils,
making it more bioavailable, and often leaches down to the
adjacent groundwater (Wuana and Okieimen 2011).

In the soil solution, siderophores have a significant
impact; they are small molecule chelating compounds with
high affinity to Fe3* ions and having the ability to bind trace
elements (Al, Cd, Cu, Ga, In, Pb, Zn) and are produced by
plants, bacteria, and fungi (Kidd et al. 2009; Rabeda et al.
2011). In the case of plants, the metal-mobilizing compounds
secreted by roots into the rhizosphere are called phytosidero-
phores (Lone et al. 2008), which have certain mechanisms
for solubilizing heavy metals in soil. Generally, only a frac-
tion of soil metals are bioavailable for uptake by plants
(Lasat 2002). In addition, plants growing in areas contami-
nated by high amounts of trace elements are characterized by
a low content of iron in plant tissue. This generally results in
chlorosis associated with iron deficiency, which is the conse-
quence of the inhibition of chloroplast development and
chlorophyll biosynthesis (Imsande 1998). The presence of
bacteria in the rhizosphere, with the simultaneous presence
of iron—siderophore complexes, is an additional source of
iron for plants in polluted conditions (Bar-Ness et al. 1991;
Reid et al. 1986; Wang et al. 1993). Strong binding of heavy
metals to soil particles or precipitation makes a significant
fraction of soil heavy metals insoluble and therefore mainly
unavailable for uptake by plants (Sheoran et al. 2011). Due
to secretion of H* ions by roots, the rhizosphere is acidified,
and in consequence metal dissolution increases. The pres-
ence of H* ions allows displacement of heavy metal cations
adsorbed to soil particles (Alford et al. 2010) and, in most
cases, lower soil pH, promoting desorption of metals and
increase of their concentration in solution (Thangavel and
Subbhuraam 2004).
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Furthermore, the rhizospheric microorganisms (mainly
bacteria and mycorrhizal fungi) may significantly increase
the bioavailability of heavy metals in soil (Vamerali et al.
2010; Sheoran et al. 2011). Interactions of microbial sidero-
phores can increase labile metal pools and uptake by roots
(Mench and Bes 2009; Ali et al. 2013). Bacteria are an
important factor of soil, because they have the ability to min-
eralize organic matter, improving bioavailability and effec-
tiveness of nutrient uptake (Dominguez-Crespo et al. 2012).
Bacteria present in soil have a significant impact on phytore-
mediation, especially those bacteria which belong to the
plant growth-promoting rhizobacteria/bacteria (PGPR/
PGPB) group. Also, the presence of PGPR bacteria is very
important in areas contaminated with heavy metals, as it is
conducive to the process of plant growth, inhibits the devel-
opment of chlorosis, and increases the resistance of plants to
increased metal content in the soil environment (inter alia
abovementioned Ni, Pb, or Cu). Bacteria in the rhizosphere
are involved in the accumulation of trace elements poten-
tially toxic to plant organs (Jing et al. 2007). What is more,
at the same time, the presence of bacteria affects the reduc-
tion of phytotoxicity of contaminated soil. This is due to the
fact that the plant-bacterium together forms a specific
arrangement in which the plant provides the bacteria the
organic carbon (e.g., by molecules/compounds secreted by
the cells of the root), which in turn induces the bacteria to
reduce the phytotoxicity of the soil. In addition, bacteria and
plants are in a symbiotic relationship by which microbial
activity results in degradation of contaminations. Moreover,
the components secreted into the root zone by the plant roots
increase metal bioavailability and consequently increase the
possibility of further phytoremediation abilities of bacteria.
This mechanism increases the ability of plants to adapt to
unfavorable conditions in the presence of metals, as well as
increasing the phytoremediation potential by the presence of
plant—bacterium symbiosis (Jing et al. 2007). Moreover, bac-
teria in the soil are usually present in large amounts, have a
high surface area and metabolic activity, affect the bioavail-
ability and toxicity of heavy metals by adsorption and dis-
solution, and carry out oxidation-reduction reactions or
association of bacteria with organic and inorganic colloids
(Shen and Yang 2008). The presence of bacteria in the root
zone may have a beneficial effect because they are able to
produce a series of compounds, which may be used by plants,
and their presence leads to increased plant ability to absorb
nutrients contained in the medium and also changed mor-
phology of the roots (increased spreading), thus increasing
the collection surface area (Rabeda et al. 2011). These mech-
anisms occurring in the soil in the presence of bacteria, pre-
sented, for example, in Brassica juncea growing on soil
contaminated by Cd, Cu, P, or bound Zn with simultaneous
presence of Azotobacter chroococcum or Bacillus megate-
rium, leading to lower toxicity, and even neutralization of
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toxic elements with respect to the plants, as a consequence
result in increased efficiency of the phytoremediation pro-
cess. This is due to the fact that on the surface of the cell
walls of bacteria are present sulfhydryls and carboxyl groups
and also a number of specialized proteins embedded in the
cell wall and cell membrane, which limit the toxicity of the
metal. Furthermore, microbes will produce metal-resistant
genes composed of structural genes and regulatory genes to
reduce the toxicity of heavy metals through many approaches.
However, it should be noted that the siderophores produced
by gram-positive and gram-negative bacteria are the most
effective agents in metal complexing in the soil solution. In
conclusion, the ability of activating metal absorbed onto the
soil fraction, followed by complexation and their accumula-
tion in the phytoremediation process, significantly depends
on bacteria present in the soil environment.

An important factor in trace element availability in the
soil environment, next to bacteria, is the effect of fungi, due
to the fact that they are closely involved in the carbon cycle
in nature. Through the ability to decompose organic matter,
they take a significant role in the distribution of generated
energy, and also conversion of proteins from plant residues
on the nitrogen dissolved in the acidic form or NH,* ions,
which are more easily available forms for plants. In addition,
mushrooms are involved in the circuit of inorganic compo-
nents (Dominguez-Crespo et al. 2012). Also through the
presence of plant—fungus symbiosis, the plant becomes much
more resistant to environmental stress (Khan 2005; Gamalero
et al. 2009; Rabeda et al. 2011). The presence of mycorrhizal
fungi on the one hand can significantly increase the absor-
bent surface area of the root system and consequently allows
better nutrition of the plants and on the other hand results in
significantly increased accumulation of metals in the cells
(Liang et al. 2009; Rabeda et al. 2011).

Moreover, the mycorrhizal fungi—as outlined above for
bacteria—may produce siderophores, but also may secrete
other components whose presence has a significant impact on
the physical and chemical properties of the soil environment,
which in turn contributes to the activation or inhibition of the
processes taking place in soil. One of them is glomalin
(Gonzalez-Chavez et al. 2004), whose presence in the soil is
strongly associated with trace metals present in soil. Also, like
plants, fungi secrete into the rhizosphere other molecules,
such as organic acids, enabling the activation of the substrate
metal, complexion, detoxification, and increased efficiency of
accumulation (Magdziak et al. 2012; Vanék et al. 2012).

It is worth emphasizing the presence of salts in the soil
solution, which in addition to water is another important fac-
tor significantly influencing the growth of plants, as well as
modifying the efficiency of accumulation of trace elements
from the environment (Atkinson et al. 2007). The increasing
salinity of soil occurring all over the world reduces growth of
plants mainly by water deficit in the root zone, causing a
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number of changes in the homeostasis of cells at the molecu-
lar, physiological, and biochemical level. Salinity is a stress
factor influencing plants, which is connected mainly with the
negative effect of Na* toxicity for cell metabolism and oxida-
tive damage of plants related to formation of reactive oxygen
species (ROS) (Manousaki and Kalogerakis 2009). It also
affects the metabolism of soil organisms, leading to a major
reduction of soil fertility. Salinity has toxic and/or osmotic
effects affecting the use of hyperaccumulators to decontami-
nate polluted soil. Because salinity can change the bioavail-
ability of metals in soil, salinity is a key factor in translocation
of the metals from roots to aerial parts of the plant (Otte
1990; Fitzgerald et al. 2003; Manousaki et al. 2008). The
authors suggested that metal accumulation in saline condi-
tions can be very useful in enhancing phytoremediation pro-
cesses. Manousaki and Kalogerakis (2009) revealed that
cadmium uptake by cadmium and lead-tolerant Atriplex hali-
mus L. increased with increasing salinity, because of higher
bioavailability of the metal in soil. They suggested that it was
achieved by displacement of cadmium from binding sites in
soil matrix by Na*, solubilization of organic matter bound
with the metals, or formation of soluble chloro-complexes of
Cd which tend to shift Cd from the solid phase (Norvell et al.
2000; Weggler et al. 2004; Wahla and Kirkham 2008).
Salinity of storm water could change metal uptake through
the toxic effect of Na* and Cl- (Fritioff et al. 2005). Because
Na* can release Cd from the sediment to the water, it causes
an increase of cadmium concentration in water (Greger et al.
1995). Increasing salinity reduced metal accumulation (Cu,
Zn, Cd, Pb) in submersed plants Elodea canadensis and
Potamogeton natans L. (Fritioff et al. 2005). The Ni accumu-
lator Alyssum murale was documented to be highly salt resis-
tant in terms of seedling emergence and survival of emerged
seedlings, while the Zn accumulator Thlaspi caerulescens
was salt sensitive in low concentrations of Ni and Zn. High
concentrations of the metals did not have a clear effect on
salt tolerance (Comino et al. 2005). The experiment was car-
ried out with NaCl concentration of 0.25, 50, and
100 mM. Another experiment indicated that in some plant
non-hyperaccumulators of any metal, such as Tamarix ramo-
sissima, the Cd uptake significantly increased with elevating
salinity. Additionally, the salinity affected the translocation
of Cd from roots to the aerial parts of plants, and no visible
signs of metal toxicity were observed (Manousaki et al.
2008). Because of Cd tolerance and high production of bio-
mass, the authors suggested the use of 7. ramosissima for
phytoremediation of cadmium-contaminated soil.

It should also be noted that the growth of plants signifi-
cantly depends on the air temperature, implying the widely
discussed nowadays global warming. Global warming is
associated with increased concentration of carbon dioxide
(CO,) and other greenhouse gases in the atmosphere by nat-
ural and anthropogenic activities (Cox et al. 2000; Qaderi
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and Reid 2009; Qaderi et al. 2012). Industrialization dra-
matically changes the biological, chemical, and physical
properties of the environment via the increase of atmo-
spheric CO, concentration despite reduction of CO, emis-
sions. A positive effect of elevated atmospheric CO,
concentration on heavy metal phytoextraction in polluted
soil was documented, e.g., Pinus densiflora and Pteridium
revolutum, via increasing production of biomass or uptake
of heavy metals from soil (Jia et al. 2010; Kim and Kang
2011; Zheng et al. 2008). What is more, higher CO, concen-
tration will result in an overall increase of the surface air
temperature in the coming decade, extrapolating from the
existing records (Smith et al. 2007; Qaderi et al. 2012),
which also may lead to enhanced plant metabolism and
increased development (Larcher 2003; Qaderi and Reid
2009). The responses to higher temperatures depend on
plant developmental stage and the character of temperature
increase. Observed higher temperature, under global warm-
ing, stimulates plant growth, photosynthetic capacity, and
decomposition of soil organic matter, which affects mobili-
zation of metals. The bioavailability of elements such as Ag,
Cu, Zn, Fe, Sb, and Cu increased, which consequently
resulted in an increase of phytoextraction efficiency
(Baghour et al. 2001; Li et al. 2012a, b; van Gestel 2008).
Temperature also had a positive effect on Cu, Zn, and Cd
uptake by submersed plants Elodea canadensis and
Potamogeton natans L. (and also for Pb), and high tempera-
ture together with low salinity led to nearly twofold elevated
metal concentration in comparison to low temperature or
high salinity (Fritioff et al. 2005). However, apart from the
positive effects of higher temperatures in phytoextraction,
one should pay attention to the negative side of warming. It
has been predicted that global warming will cause more fre-
quent and prolonged drought periods. Limited water supply
can affect tree species and lead to dieback of sensitive spe-
cies. Drought led to stomata closure and restriction of CO,
input, which causes imbalances between excitation energy
driving electron transport and electron consumption in
Calvin cycle reactions (Flexas et al. 2004; Tausz et al. 2004).
These imbalances cause the formation of harmful reactive
oxygen species (ROS) and (photo-)oxidative stress (Tausz
et al. 2004). Antioxidative and photoprotective defense sys-
tems counteract damage caused by ROS (Smirnoff 1993).
Reactive oxygen species also results in photosynthesis
decrease, but increased transpiration and stomatal conduc-
tance, and in turn, reduced plant biomass (Jones 1992;
Nobel 2009; Qaderi and Reid 2009), due to the fact that
plants usually produce smaller leaves and extensive root
systems to increase water uptake from soil but reduce water
loss from leaves (Gliessman 1998).

It is worth underlining that a significant role in soil is also
played by animals inhabiting the soil environment. While the
composition of organic matter is conditioned by many fac-
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tors, as described above, a little should be mentioned about
the animals inhabiting the soil environment, in particular
earthworms. They are an essential part of the soil fauna and
are regarded as a useful indicator of soil health and quality.
The most important role of earthworms in soil is organic
matter decomposition and subsequent cycling of nutrients.
Also, data available in the literature indicate that their pres-
ence in the soil may have humifying action, because some
humic acids are detected only in soil where earthworms are
present (Spurgeon et al. 2003; Sizmur and Hodson 2009).
For this reason they have a biological impact on soil pollut-
ants, because it is known that organic metal compounds are
more bioavailable due to the fact that microorganisms inhab-
iting the soil while the metals are released in solution readily
decompose organic components. Next, metals consequently
released into solution may be chelated by compounds pro-
duced by earthworms and further absorbed and taken up by
the plants (Ruiz et al. 2011). Moreover, earthworms have a
direct impact on the cycle and metabolism of nutrients,
which has a significant impact on the physical, chemical, and
biological properties of the soil. Sizmur and Hodson (2009)
presented a conceptual model of how earthworms may
impact metal chemistry in soil, and regardless of the type of
soil, the results clearly show that the presence of earthworms
affects the bioavailability of elements. Physical and chemical
properties of the soil have a significant impact on the phyto-
extraction process, indicated by the fact that numerous stud-
ies on remediation of soils in contaminated areas have shown
how by modifying the properties of the soil one can increase
the accumulation process and at the same time accelerate the
remediation process. For this reason, the development of
phytoremediation as a useful technique for soil remediation
is focused on soil properties, where metals occur in soluble
form, easily accumulated by plants (Lasat 2002).

4.3 Conclusions

e Phytoremediation is the complex of environment purity
improvement techniques based on plants’ abilities and
depends on several environmental factors.

* Oxidative stress associated with water availability influ-
ences the techniques’ efficiency.

e Soil is the most important environmental factor in the
effectiveness of the phytoremediation process.

* Availability for plants of trace elements contaminating the
environment depends on pH value of the soil and/or water.

* Rhizospheric microorganisms may significantly increase
the bioavailability of trace metals.

» Salinity of soil reduces growth of plants and effectiveness
of the techniques.

e Earthworms present in soil have a direct impact on
phytoremediation.
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Frank Sleegers

5.1 Scope and Introduction

This study focuses on selected case studies of unbuilt
scenarios and built projects that explore brownfield remedia-
tion and specifically phytoremediation within urban con-
texts. It investigates overlooked opportunities that lie in the
interdisciplinary overlap of environmental sciences, urban
systems design, aesthetics, and cultural crossovers. The
study begins with a short introduction of the contexts com-
mon to urban brownfield and phytoremediation techniques
and is followed with an overview on the current research
green infrastructure as it represents a spatial, multi-scalar
strategy to transform urban areas. The case studies include:
(a) one built example of successful urban brownfield trans-
formation—Westergasfabriek in Amsterdam (NL); (b) one
example of communicating and staging the transformation
of an industrial brownfield in Lowell, MA; and (c) two
visionary research-by-design scenarios. The findings are
relevant for scientists focusing on incorporating phytoreme-
diation and remediation in urban contexts, as well as
decision makers and community stakeholders.

5.2 Background

5.2.1 Context of Urban Brownfields

Contamination is not the only problem of urban brownfields—
a majority of these areas are located in deprived urban neigh-
borhoods with limited access to public open space and a lack
of resources and opportunities that range from education over
to unemployment or food deserts, while contamination is an
impediment for future investment and economic development.
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These areas are a burden for municipalities as they bring in no
tax revenue and leave cities and neighborhoods with a nega-
tive perception. While these negative factors play a decisive
role, these brownfields share common opportunities as many
of them are located within reach of urban centers. With the
problem of increasing suburbanization of cities and the exces-
sive consumption of undeveloped land in the peripheries, they
could be recycled and balance the lack of open space and lack
of housing opportunities in dense urban areas.

5.2.2 Phytoremediation

Phytoremediation has the capacity to assist in the remediation
of petroleum hydrocarbons, benzene, and heavy metals,
which are among the common toxics found in urban brown-
fields. The simultaneous treatment of these multiple contami-
nants is claimed to make phytoremediation a cost-effective
and attractive option (Raskin and Ensley 2000, ix; Marmiroli
and McCutcheon 2003). Plants typically tested in phytoreme-
diation include trees such as hybrid poplars and willows and
herbaceous perennials and grasses including yellow iris,
reeds, cattails, legumes, and mustards. The roots of plants
used in phytoremediation help to rebuild soil structure in the
rhizosphere, and they also contribute to the improvement of
soil structure through the deposition of organic material from
leaves, branches, and root cells. Repeated planting and har-
vesting may be required to reduce contaminant levels to per-
missible limits. Phytoremediation technologies can be
classified into five categories that are not mutually exclusive
and may occur simultaneously: (a) phytostabilization (plant
roots limit the mobility of contaminants and thus stabilize,
rather than remove them), (b) phytodegradation (plant metab-
olism transforms, breaks down, stabilizes, or volatilizes
organic compounds from the soil and groundwater into harm-
less by-products), (c) phytoextraction or phytoaccumulation
(absorbs contaminants from the soil and translocates them to
harvestable shoots and leaves), (d) phyto- or rhizofiltration
(plant roots remove or contain toxics in aquatic environments),
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and (e) phytovolatilization (plants take up organic and inorganic
contaminants from the soil, transforming them into volatile
form and transpiring them into the atmosphere at compara-
tively low concentrations) (Ghosh and Singh 2005).

While conventional remediation techniques such as exca-
vation and disposal off-site or on-site-treatments by capping
techniques are prevailing, phytoremediation has become
common practice in centralized stormwater and rainwater
treatment facilities (Zhang et al. 2007); as a system and pro-
cess-oriented technology for urban transformation, it is still
on a conceptual level. Unrealistic expectations about time
management, performance capabilities of phytoremediation
techniques, an underrating of the complexity of the cleansing
process, and the intricacy of the urban and social context of
contaminated sites may be the prevailing issues. The disad-
vantage of phytoremediation such as the time factor, the lim-
ited applicability for a mix of pollutants, or possibly toxic
effects on the plants could be balanced by the advantage of
using low capital and operating cost and the great potential
of capitalizing on the aesthetical and cultural values of this
technique.

Concepts to spatially allocate phytoremediation more
strategically could help advance and proliferate it as a tech-
nology and are among the key concerns of this paper.

5.2.3 Green Infrastructure and Landscape
Urbanism

Green infrastructure can shape urban form and is princi-
pally structured by a hybrid hydrological drainage network,
complementing and linking relict green areas with built
infrastructure that provides ecological and social functions
(Benedict and McMahon 2006, 2-4, 35). Green infrastruc-
ture applies key principles of landscape ecology to urban
environments as a multi-scale and multilayered approach.
The green infrastructure pattern derives from ecological
and social process relationships with an emphasis on con-
nectivity and context. Benedict defines the green infrastruc-
ture as “an interconnected network of green space that
conserves natural ecosystem values and functions and pro-
vides associated benefits to human populations” (Benedict
and McMahon 2006). Ahern and Kato (2007, 287) present
a definition of green infrastructure as “Integrated networks/
systems of built and protected/managed urban ecosystems
that provide multiple, complementary functions in support
of urban sustainability.” Ahern (2006, 267-269) further
grounds his findings on the corridor—patch—matrix theory
(Forman and Godron 1984), yet expands the definition with
the widely accepted resource model for landscape planning
in the abiotic, biotic, and cultural (ABC) resource model
(Ndubisi 2002; Ahern 1995). While proposing interdisci-
plinary and transdisciplinary collaboration, he emphasizes
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that the urban hydrological and drainage system principally
frames the structure of the green infrastructure. An explan-
atory example is Weller’s master plan for the Wungong
Urban Water Landscape Structure Plan in Perth, Australia
that focuses on landscape as an infrastructural system. The
existing vegetation and the Wungong River system are part
of the landscape structure that ensures the protection and
creation of landscape systems—habitat, drainage, and pub-
lic open space. Park-like avenues 26 m in width become
multifunctional linear elements as grass drainage swales
and recreational corridors. They create the landscape
framework that connects to the Wungong River, larger
community parks, smaller patches of active and passive
open space, schools, and developable land (Weller 2008).

The current research of green infrastructure and land-
scape urbanism describes multi-scalar and multilayered spa-
tial landscape frameworks for urban environments that are
developed through interdisciplinary and transdisciplinary
collaboration. Their application may create new opportuni-
ties for phytoremediation with the focus on transforming
urban brownfields as a process-oriented and systematic con-
nectivity tool.

53 Case Studies

5.3.1 Westergasfabriek Amsterdam:
Integration of Open Space System,
Historic Heritage, and Mainstream
Cultural Venues

A built and well-published example is the Westergasfabriek
in Amsterdam, Netherlands (Margolis 2007; Spens 2007).
This, an inner-city formerly contaminated site, illustrates
how a diversity of strategies redefined an urban brownfield.
The Westergasfabriek has been a coal gas plant from 1885
to 1967 and left a large and underutilized contaminated
area within the inner-city area of Amsterdam. Artists dis-
covered the area in the early 1990s and created a small cul-
tural center. Simultaneously, the city planned to remediate
the complete area which resulted in an invited design com-
petition in 2000. The winners of the competition, Gustafson
Porter landscape architects and Mecanoo architects, real-
ized the project in 2005. The challenges of contamination
were solved in a safe but rather conservative way—a cap-
ping method was chosen to keep contaminants on-site
while isolating them from further uses. A strategy of short-
term uses and long-term planning was beneficial for the
project—short-term uses would incorporate cultural activi-
ties within the historic buildings and put the area on the
map, while long-term planning would incorporate the
remediation of the buildings and contaminated areas to
build the park. Today the area provides a diverse pool of
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destinations and activities. The remaining architecture
on-site are industrial heritage monuments that were adapted
to house contemporary uses—commercial and noncom-
mercial—from mega-events in a former, gigantic gasholder
to small conference rooms at an old meter house for a maxi-
mum of 40 people, restaurants, clubs, and a day care center.
The new 14-hectare public park accommodates a rich
diversity of program elements from picnic to open-air con-
cert areas and paddling on a canal and integrates a pedes-
trian and bicycling system that connects to the municipal
open space system (Westergasfabriek 2013).

This case study is an example of rebranding an urban
brownfield through creative adaptive reuse of existing archi-
tecture on-site, integration through implementation of
diverse cultural and social uses, and the creation of multi-
scalar and multipurpose public open space that connects to a
citywide system for pedestrians and bicyclists.

5.3.2 Tanner Street Initiative: Comprehensive
Staging and Communication Strategies

The Tanner Street Initiative is a comprehensive, 25-year
plus redevelopment study completed by StoSS Landscape
Urbanism of Boston, MA, in 2002 to address larger
ecological, cultural, recreational, and cultural issues
around the 4.5-acre Silresim Chemical Co. Superfund site
in Lowell, Massachusetts (StoSS 2002). This study was
conducted because the city decided that the cleanup would
not be effective without including the entire district. The
EPA had been treating the heavily contaminated ground-
water on the site since the mid-1990s (EPA 2013). Since
2011, the property undergoes a major cleanup through a
thermally enhanced soil vapor extraction technology that
was funded through the 2010 President Obama’s
“American Recovery and Reinvestment Act.” StoSS’ study
contains valuable aspects for communicating and staging
a remediation process. It was developed through numer-
ous meetings with local and regional community stake-
holders and residents. The result is a timeline of staging
the recovery of the contaminated site and the surrounding
neighborhood. Carefully sequenced and overlapping pro-
gram elements are defined and proposed to create a pro-
cess-oriented strategy within an overarching time-based
framework of temporary events, catalysts, incubators,
scaffolds, and speculative futures (Table 5.1).

StoSS’ strategy is supported through convincing on- and
off-line communication and presentation tools that are inte-
grated into the public processes and targeted the transforma-
tion of the whole neighborhood as it engages aesthetics, arts,
social and cultural values, and ecological performance
(Fig. 5.1). Imaginative visual tools can thus drive, energize,
and catalyze public perception and participation. It may

facilitate access to new funds. While not all of the ideas were
implemented, one tangible positive result of the Tanner
Street Initiative is the development of a strategic neighbor-
hood master plan that was published in late 2013 as a result
of a more than 10-year-long community participation pro-
cess (Interview 2013).

5.3.3 Hamburg-Wilhelmsburg:
Multifunctional Water-Based Green
Infrastructure Network

Samimi and Wang’s research-by-design study “Rhizotopia”
in Hamburg—Wilhelmsburg, Germany (Samimi and Wang
2007), was a product of an interdisciplinary urban design
laboratory at the University of Massachusetts Department of
Landscape Architecture and Regional Planning with advis-
ing from the Environmental Science Program at the univer-
sity and a collaboration with the International Building
Exhibition Hamburg. The study comprises an approximately
1 km? large territory in the less active eastern area of the port
area of Hamburg, Germany, at the eastern edge of the chan-
nelized Reiherstieg branch of the tidal Elbe River. This place
is located just 2 miles south from the center of downtown
Hamburg, is mostly protected by dikes, and is only 1-2 m
above sea level with a high water table. The territory is con-
taminated with heavy metals, oils, and organics due to the
existence of former oil refineries and industrial activities
since the beginning of the nineteenth century. While the
refineries were extinct during World War II, some of the
industrial activities remained until a big flood in 1962
destroyed the already declining industries. They left behind
underutilized and secluded areas of contamination that have
not been fully assessed and are close to residential areas fur-
ther east (Fig. 5.2).

“Rhizotopia” combines phytoremediation techniques
with the strategies of applying principles of a green infra-
structure framework that transforms over time with places
for educational interventions (Figs. 5.3 and 5.4). East-
western arteries connect the residential neighborhoods of
Hamburg—Wilhelmsburg to the underutilized tidal
Reiherstieg branch of the Elbe River. These arteries are com-
plemented by other streets in a grid pattern and form an inter-
connected system as a spatial infrastructure framework. In
the beginning, the proposed phasing plan suggests the con-
struction of a gridded system of ditches with grasses and
multilane allées of fast-growing, deep-rooting hybrid poplars
(Populus deltoides) and willows (Salix). The grid system
allows for flexible cleansing and development options within
the created blocks such as highly desired new housing oppor-
tunities in the area. These blocks could be remediated
instantly with conventional methods to meet regulatory
benchmarks—or they could be cleaned up by longer-term
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Table 5.1 Staging timeline for proposed activities on the Silresim site and the adjacent Tanner Street neighborhood. The program elements were
extracted from web-based information material that was generated by Stoss Landscape Urbanism in 2002 (Stoss 2002)

Silresim site

Tanner street corridor

Events 0-2 years “Temporary and interim events, designed to raise public awareness of the site, its diverse resources, and the clean-up
process, as well as to allow participation in the site’s recovery.” (Stoss 2002)

Site tours Environmental art installation
Holiday light festival Pothole repair
Movie nights River meadow Brock clean-up/community day

East pond clean-up/family picnic day

Catalysts 0-5 years “Interim installations, demolitions, and small-scale constructions that physically re-make the image of the site, thus
attracting investor interest, bolstering funding plans and allocations, and initiating other transformations.” (Stoss 2002)

Re-cladding of water treatment plant (opaque to
transparent)

Movable elevated walkway installations
Movable solar farm test plots, interim park
eco-tech

Phytoremedial forest demonstration installation
Property screen/hedgerow installation

Identity vine installation

Recreation remediation trail installation

Lowell connector gateway construction

Property taking/demolition/sedding

Incubators 2—15 years “Small-scale business ventures geared to providing short-term returns but serving as long-term models or
generators of new business expansion and redevelopment.” (Stoss 2002)

Green technology demonstration site Re-training center

Short-term redevelopment sites

Scaffolds 5-20 years “Physical infrastructures and frameworks that require significant public and private investment, remaking the
circulatory, infrastructural, and ecological foundations of the district.” (Stoss 2002)

Water processing system construction
Remedial treatment construction

Tanner street reconstruction
New and extended roads construction

River Meadow Brook remediation terraces
East Pond park construction
Ecological infrastructure installation

Speculative futures 10-100 years

Distributed energy generation site (solar farm)
Metal recycling facility

Tourism service district (motels, retail)
Lowell national historical park expansion

High—rise commercial condos
Junkyards, used car lots, processing facilities, energy corridor (co-firing)/renewable

generation

Commercial/industrial park
Green technology corridor

Network

Sacred heart, community advisory board, city of Lowell DPD, art advisory committee, city-wide advisory committee, coordinating committee

phytoremediation techniques. The network of allées will be
able to remediate medium to lighter concentrations of soil
pollutants and stabilize the flow of hazardous substances into
the groundwater. In the future, the ditches can accommodate
a coherent system for stormwater cleansing and disposal.
The grid layout will also allow new recreational connections
and delineate the future layout of neighborhood streets that are
integrated with the existing, adjacent residential areas to
enhance the accessibility of public open space and the overall
quality of life. In addition, the remediation infrastructure is a
habitat for wildlife, and the plants can be harvested and used
for energy-producing processes (Sleegers 2010a, b).

This case study is an example how a spatial network can
service phytoremediation and simultaneously hold multiple
functions as an interconnected system for recreation and trans-
portation in a once isolated neighborhood. The study utilizes
the diverse plant selection to respond to the variety of contami-
nants while enriching aesthetic values. It also demonstrates

that the functions of this phytoremediation network can grow
and transform into a system for surface water treatment.
Noteworthy is the fact that the research study was developed
in an interdisciplinary collaboration including the disciplines
of landscape architecture and the environmental sciences.

5.3.4 Amsterdam Buiksloterham: Landscape
Framework Through Classification
of Pollution Levels and Dynamics
of the Landscape

Wilschut et al. (2013) tested the potentials of phytoremedia-
tion in Buiksloterham, a former landfill in the harbor area of
Amsterdam-North. Like the area in Hamburg, this landfill has
been used for industrialization since the beginning of the
1900s and left vacant and contaminated parcels behind that
are an impediment for further investment and revitalization.
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Speculative review of a temporary holiday light festival on the superfund site

A8

Fig.5.1 Examples of proposed temporary and interim events to raise public awareness of the site. This information was obtainable through a

specifically created website (StoSS 2002)

Basic information about the contaminants was available
through soil quality reports and average pollution concentra-
tions—zinc being the main pollutant, followed by lead and
copper, PAKs, and mineral oils. The terrain has a high ground-
water table of 0.9-1.5 m. The authors of this study created a
spatial framework that was based on three criteria: (a) the lev-
els of contamination with a resulting anticipated cleanup
time, (b) allocation of spatial typologies in relation to planned
land use dynamics and level of contamination, and (c) a plant
selection for the three phytoremediation functions of stabili-
zation, degradation, and accumulation (Fig. 5.5). These crite-
ria were synthesized and resulted in a master plan and a
number of illustrative landscape typologies that creatively
translate the spatial framework into tangible visual models.
The remediation time needed to reduce the levels of
contamination for meeting the regulatory threshold set by
municipalities was developed through a regression model
(Koopmans et al. 2007) for the zinc-hyper accumulator alpine
pennycress (Thlaspi caerulescens). Based on average con-

tamination values and the phytoremediation capacity of
alpine pennycress, the authors could geographically classify
the area into the three groups from clean to highly polluted.
These three groups allow for a differentiation into areas where
phytoremediation is useful or not and resulting possible land
uses. The contamination level also allows for basically two
levels of dynamics that can be related to spatial typologies
and lead to a framework concept that was originally devel-
oped for an integration for nature, conservation, water man-
agement, and industrial agriculture in rural areas (Kerkstra
and Vrijlandt 1989). Clean parcels allow for all kinds of land
uses and allow for quick change over time. Medium polluted
areas will take some time to clean up and can thus create a
landscape framework including landscape typologies that
accommodate phytoremediation such as streets, canals, and
parks. Heavily polluted and potentially hazardous areas can
also be included in this framework. The authors propose
omnipresent barges with displaced soil on the canals as float-
ing phytoremediation gardens. After identifying and strategizing
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Fig.5.2 Aerial photograph. The largest concentrations of contaminants are found in the tree-covered areas. This area has been underutilized since

the end of World War II (Google earth 2014, © AeroWest 2014)

spatial allocations, it is necessary to select plants according to
their phytoremediation capacities and desired aesthetical val-
ues. Examplary plants are black willows (Salix nigra) and
poplars (Populus deltoides) that are proposed for the stabili-
zation of organic and inorganic pollutants as these plants cre-
ate an upward groundwater flow; tufted hair grass
(Deschampsia cespitosa), broadleaf cattail (Typha latifolia),
and basket willow (Salix viminalis) are used for degradation
of pollutants in wet environments; and alpine pennycress
(Thlaspi caerulescens), Indian mustard (Brassica juncea), or

hybrid aspens (Populus tremula x Populus tremuloides) accumu-
lates pollutants. Like in Hamburg, for Buiksloterham, the
authors propose the production of biomass as temporary
short-time uses on clean parcels or on medium polluted
areas. Overall, the proposed scenario could be a successful
framework to spatially allocate different future functions or
land uses of urban brownfields in relation to contamination,
anticipated economic activity level, and plant selection—
the latter one in respect to aesthetics and phytoremediation
functions (Figs. 5.6, 5.7, and 5.8).
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Fig.5.3 A comprehensive
master plan creates new
connections from east to west
that are part of a green
infrastructure network (Samimi
and Wang 2007)

2. Space-time models include different levels of pollution
and anticipate cleanup time at a larger scale. The alloca-
tion of different future functions or land uses of urban
brownfields in relation to contamination and the antici-
pated or planned economic activity level is crucial for
organizing a landscape framework.

ings propose a simultaneous application of multifaceted and 3. The variety of aesthetical values of plants in the phy-

5.4 Discussion and Conclusions

The cases introduce comprehensive lessons to learn from
more general examples of urban brownfield remediation to
specific scenarios of phytoremediation strategies. The find-

overlapping strategies and recommendations:
1. A combination of phytoremediation with a water infra-

toremediation has been identified in many visual sce-
narios. For a success of this strategy, it is important to

structure network that is integrated into the open space
system as applied green infrastructure and establishes a
multi-scalar and multilayered spatial landscape frame-
work for urban environments, transforming urban
brownfields through a process-oriented and systematic
connectivity tool. This system can grow and transform
into a system for surface water treatment.

consider their remediation capability, time aspects, and
toxic tolerances.

. The architectural heritage of remediation sites has possi-

bilities of adaptive reuses that add cultural values.

. Staged phasing frameworks integrate cultural, social, and

educational processes as they secure and extend the phys-
ical network.
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Fig.5.4 Proposed reed and grass planted remediation ditches (Agrostis
ssp., Festuca ssp., Lolium ssp., Panicum ssp.) and multilane allées of
fast-growing, deep-rooting hybrid poplars and willows (Populus deltoi-
des, Salix ssp.) become part of the street and pedestrian circulation net-
work. This network creates a framework for the future urban form of

6. Interdisciplinary collaborations between scientist and
designers secure aesthetic values and integrate the phy-
toremediation technology with larger urban systems.

7. Illustrative and engaging visual communication tech-
niques for staging, design, and implementation are tools
that can well integrate with the public processes and tar-
get the transformation of the whole neighborhood as they
engage aesthetics, arts, social and cultural values, and
ecological performance. Graphic presentation and visual-
ization rebrand neighborhoods and stimulate discussion
about phytoremediation, innovative solutions, future
research, and new aesthetic paradigms.
Phytoremediation is a complex science that, if realized

in complex urban situations, needs multi-scalar and inter-

ETALLATION OF Calat Eo0 DCEF 0070
ITmee witui)

the project area and connects it to the existing neighborhood (Fig. 5.3).
After the area has been remediated, the water remediation network can
be transformed into a surface stormwater treatment system, and the
multilane allées can become street boulevards with permanent street
trees (Samimi and Wang 2007)

disciplinary long-range plans. The spatial concepts of
phytoremediation have more opportunities than explored
so far. The described frameworks provide lessons to learn
for creating more comprehensive and multilayered strate-
gies and thus provide a synthesis that is valuable for sci-
entists, designers, planners, and stakeholders on the
regional and municipal level. While many of the described
strategies and recommendations are not new, they are cur-
rently practiced in isolation. A simultaneous application
of this palette of strategies may embrace and synergize
visual, spatial, scientific, and cultural elements as multi-
scalar approach. Executed, they will result in the propaga-
tion of phytoremediation as a technique to transform
derelict urban landscapes.



I. Degree of Pollution, Remediation Time, and Potential Uses

Pollution Category

Remediation Time

Potential Uses

Clean none All uses possible - long-term and temporary uses
Medium < 45 years Phytoremediation possible
High > 45 years No on-site phytoremediation,

Displacement nearby possible

II. Dynamics of the Landscape and Spatial Typologies

Pollution Category

Level of Dynamics

Spatial Typology

clean

High dynamic system parcels
medium
) streets
Low dynamic system canals
high parks

I11. Plant Selection and Phytoremediation Function

Phytoremediation

stabilization

degradation

Function

accumulation

Fig.5.5 Matrix of major elements of a landscape framework

b

Fig.5.6 Maps of landscape frameworks and the indication of heavily polluted parcels, medium polluted parcels, and clean parcels—from left to right
(Theuws and Wilschut 2009). From Theuws and Wilschut (2009); published in Theuws P, Wilschut M, Duchhart I (2013) Environ Pollut 183:85-86
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phyto-extraction island
with mixed species

phyto-extraction barge
with mixed species

Fig.5.7 Landscape typology “accumulation park.” This park is made
accessible by a raised path and planted with a mixture of phytoextrac-
tion species combined with rows of poplars. From Theuws and Wilschut

fully accessible
clean island (background)

D,
-t IR QECuws felie
. h & v

raised path

(2009); published in Theuws P, Wilschut M, Duchhart I (2013) Environ
Pollut 183:85

canal

wetland

path  barge

road

path hydraulic
control

cycling
path

Fig. 5.8 Landscape typologies “canals with barges and wetlands” and “roadsides.” From Theuws and Wilschut (2009); published in Theuws P,

Wilschut M, Duchhart I (2013) Environ Pollut 183:84
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Lukas Trakal, Domingo Martinez-Fernandez,
Martina Vitkova, and Michael Komarek

6.1 Introduction

Phytoextraction is a process which can remove the soluble
(bioavailable) metal pool from soil or aqueous solutions using
different kinds of terrestrial or aquatic plants. This transport
may be divided into three different steps: (1) absorption from
the solution (e.g., soil solution), (2) transport to the root
xylem, and (3) transport to the shoots (Mench et al. 2009).

A modern approach, how to evaluate the extraction poten-
tial of selected plants as well as how to plan and design the
most effective metal phytoextraction, is the ability to rele-
vantly model this process. There are many studies aimed at
the modeling of metal transport. Nevertheless, there is a lim-
ited amount of present studies, which are focused on the
modeling of the phytoremediation process. In general, devel-
oping an applicable model requires sufficient conceptual
model description and a fundamental theoretical understand-
ing of the studied system, as well as its experimental equip-
ment and measurement; these are all crucial aspects required
to create a relevant simulation of studied problem. This
chapter attempts to describe the problems associated with
metal phytoextraction modeling. The term ‘“root metal
uptake” is crucial for the simulation of phytoremediation of
metals, which is a concrete modification of the general term
“root uptake.” Root uptake is one of the most important pro-
cesses considered in numerical models because root surfaces
represent the first-phase boundaries in nature for nutrients
and toxic elements. In order to efficiently model the phytoex-
traction processes, it is essential to provide information
about (1) the spatiotemporal concentration changes of metals
in the root-influenced soil and (2) the cumulative uptake of
metals per unit length of root over time (Darrah et al. 2006).

L. Trakal (>4)  D. Martinez-Fernandez * M. Vitkova « M. Komarek
Faculty of Environmental Sciences, Department of Environmental
Geosciences, Czech University of Life Sciences Prague,

Kamycka 129, 165 21 Praha 6-Suchdol, Czech Republic

e-mail: trakal @fzp.czu.cz

6.2 Root Uptake

Determining water and metal uptake by plant roots and their
subsequent translocation into the tissues of the aerial parts is
obviously critical for assessing the modeling of phytoreme-
diation options. Because metals are taken up by plants dis-
solved in water, it is crucial to have information about the
transport of water and the hydraulic properties of the roots.

6.2.1 Root Water Uptake
Water is primarily absorbed by the root hairs and other root
zones and then transported to the aerial parts in xylem tissues.
Water absorption by the plants is mainly a response to the
water potential gradient (from low to high energy) from the
rhizosphere to the xylem of the roots. Soil water has a lower
total solute concentration than plant water, and hence the
osmotic gradient tends to drive water from the soil into the
root. The rate of water uptake from the soil depends on rooting
density, the hydraulic conductivity of the roots, and the differ-
ence between average soil-water suction and root suction.
The root hydraulic conductivity is a measure of the amount of
water transported by the root in an interval of time at a deter-
minate pressure [mg g! DW h™! MPa™!] (Steudle et al. 1987).
It depends on osmotic potential gradients which result from
differences in the composition and the concentration of sol-
utes, and also on the plant species and its developmental stage.
In order to reach the central cylinder of the root with the
vascular bundles, the movement of water and dissolved ions
follows the dimensional network of cells. A portion of the
total flow may occur by diffusion through the walls or by
passing into the cortical cells and thence to the central cylin-
der through the plasmodesmata linking these cells. The set of
walls and intercellular spaces is called the apoplast, and the
protoplast interconnected network is called the symplast
(Fig. 6.1). The proportion of water that follows the apoplas-
tic and symplastic pathways depends on the resistance

A.A. Ansari et al. (eds.), Phytoremediation: Management of Environmental Contaminants, Volume 1, 69
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Apoplast

Symplast

Fig.6.1 In the area of greatest absorption of the roots, the water with
dissolved metals can enter until the parenchyma via the apoplast or go
into the cells via the symplast. If water enters the cells, the metals will
be forced to go across the plasma membrane using any of the transport

offered by both paths, but both are controlled by the water
potential gradient generated between the two sides of the
endodermis. The particular structure of the endodermis con-
fers high resistance to water passage, because of the presence
of the Casparian band, a suberized band in the radial and
transverse walls of endodermal cells, and blocks the passage
of water through the cell walls. Consequently, the water goes
across the endodermis by the symplastic route. Due to the
nature of the endodermis and its physical properties, it
behaves like a semipermeable membrane (Hopmans and
Bristow 2002); this can be useful during modeling, since it is
possible to assign physical parameters such as diffusivity,
permeability, selectivity, etc. Additionally, the effects of
environmental factors on the permeability of the roots should
be similar to the influence of these factors on the permeabil-
ity of the membranes, in general.

During daylight hours, the evapotranspiration from the
leaves increases the hydrostatic pressure there, resulting in
the sub-pressure called tension that pulls water upward from
the roots. Therefore, water transport across roots is purely
passive, without an input of metabolic energy.

6.2.2 Root Metal Uptake

6.2.2.1 Rhizosphere and Adsorption
In the soil, the metals can be present as free ions, soluble
metal compounds, and insoluble compounds such as oxides,
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systems, whether active or passive. Once in the endodermis, the
Casparian band forces all water and metals to follow the intracellular
pathway. From the vascular bundles, water and solutes can be metabo-
lized or ascend to the rest of the plant

carbonates, and hydroxides. Metals can remain in the soil in
four different ways: (1) retained in the soil, either dissolved
in the aqueous phase of the soil or occupying exchange sites,
(2) specifically adsorbed on inorganic soil constituents, (3)
associated with soil organic matter, and (4) precipitated as
pure or mixed solids.

Plants can adopt different strategies in the presence of
metals in the environment, depending on the plant species
and the characteristics of the metal content of the soil (Baker
1981; Barcelé and Poschenrieder 2003). Roots of plants
grown in metal-contaminated sites can develop mechanisms
to protect the plant from excessive uptake of a metal (Santa-
Maria and Cogliatti 1988), acting as a “barrier” and basing
their metal resistance on an efficient strategy of metal exclu-
sion, restricting transport to the shoot. On the other hand,
other species accumulate the metals in the aerial parts in a
form nontoxic to the plant. Exclusion is more common for
species that are sensitive and tolerant to metals, while accu-
mulation is the preferred strategy for species that always
grow in contaminated soil.

There are many physical, biological, and physiological
mechanisms that are involved in the uptake of metals by
plant roots (e.g., Hopmans and Bristow 2002; Jungk 2002;
Darrah et al. 2006). In more detail, metal uptake is influ-
enced by the spatial distribution of the root system, its archi-
tecture and morphology, and the presence of more active
sites of uptake like root hairs (Somma et al. 1998; Biondini
2001; Javaux et al. 2008).
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Table 6.1 Deficiency and toxicity limits (mg kg~' DW) in plants for
the main trace elements, their absorption forms, elements with which
they compete or interfere, and their main mechanisms of uptake during
situations in normal conditions, under the excess limit for the plants

(Hilbold 1975; Bergmann 1988; Balsberg Pahlsson 1989; Mengel and
Kirkby 1987; Dordas and Brown 2002; Fitz and Wenzel 2002; Meers
et al. 2005; Lefevre et al. 2010; Oliveira 2012)

Element Limit deficiency  Limit toxicity Absorption form Competition Uptake

As - 3.50 (AsO,)* P as PO, Active by phosphate transporters

B 5-30 50-200 H;BO; - Passive

Cd — 3-10 Cd* Ca, Mg Passive, but also active

Co Only for legumes 100-1,000 Co** Fe, Zn, Cd, Cu, Mn, Cr, Mg, S, Ni Active

Cr - 100-300 Cr*>Cr¥*>CrO,> Ca, Mg, Fe, Mn, Cu, S, P Cr** passive, Cr®* active

Cu 6-10 15-30 Cu?* Zn, Fe, Mo, Cd, Se, Mn, Ni, Cr, N, P, Ca  Active and passive

Fe 50-100 (500 for rice) Fe**>Fe* Ca, P Active

Hg - 1-3 Hg*> K Passive and active

Mn 30 100-800 Mn? Mg, Ca Active and passive

Mo 0.1-0.3 10-50 MoO,> - Active

Ni - 10-1,000 Ni%* Mg Passive

Pb - 100-200 Pb?>Pb(NO;), Zn, Cd, Ca Passive (apoplastic pathway or
via Ca**-permeable channels)

Zn 30-60 100-600 Zn* Cd, Cu, As, Fe, N, P, Ca, Mg Active

Sorption of metals by plant roots is due to binding and
electrostatic attraction by a limited number of cell surface
cation exchange and binding sites on the negatively charged
root surface. The type and number of these sites varies by
species due to the composition of root cells and the func-
tional groups they present (Johnson and Singhal 2007). The
Langmuir isotherm (see below) has generally been used to
represent solute sorption to a finite number of exchange sites
in the root and to provide a good fit for metal sorption to
plant biomass (Chen et al. 1996; Sun and Shi 1998;
Villaescusa et al. 2004; Vijayaraghavan et al. 2006) and to
root tissue (Bhainsa and D’Souza 2001). Mobilized metals
are able to bind to sites in the root cell walls (Wang et al.
1992) and plasma membranes (Briat and Lebrun 1999).

6.2.2.2 Transport to the Root Xylem

After adsorption, metals can be absorbed into the cytoplasm
of the epidermal or cortical cells and continue through the
symplast (from cell to cell) or remain in the apoplast. Metal
movement through the apoplast may be caused by the flow of
the water in which they are dissolved, by diffusion due to
differences in the chemical or electrochemical potential of
the metal between two points. In the endodermis, the
absorbed metals are subject to the selective permeability of
the membranes—before reaching the central cylinder—due
to the high resistance to water passage of the aforementioned
Casparian band, so that the metals circulating in the apoplastic
pathway must pass into the symplast. Each time a metal is
incorporated into the symplast, it must necessarily go across
the plasma membrane of the cell. Pathways that allow metals
to cross biological membranes can be passive but also can be
based on active transport systems (Russell 1977).

For most metals, plant uptake is passive (non-metabolic),
moving into the plant along with the water used for transpira-
tion, by convective mass flow of water by simple diffusion,
or through protein channels (Fig. 6.1). It is important to
emphasize that when biological and structural properties of
root cells are altered, all elements are taken up passively.
This is the case when concentrations of elements pass over a
threshold value for a physiological barrier (Kabata-Pendias
2011), as happens in contaminated soils with high concentra-
tions of metals (see Limit Toxicity in Table 6.1). Therefore, a
longer exposure and a greater amount of water transpired
mean that more contaminants will be taken up by the plant.

However, some metals such as Cu, Fe, and Zn are essen-
tial to maintain plant metabolism, and for that reason plants
have active systems (metabolic), and cell membranes contain
proteins known as “proton pumps” that regulate the flow of
ions from outside to inside the cell (and vice versa; Fig. 6.1).
The existence of active transport mechanisms gives the mem-
branes a selective permeability, which thus acts as a filter and
allows the regulation of the inputs and outputs of different
metals in the symplast. So, while the passive component rep-
resents the mass flow of metals into roots with water, the
active component represents a very diverse range of various
biological energy-driven processes (Luxmoore et al. 1978;
Hopmans and Bristow 2002; Jungk 2002; Neumann and
Rombheld 2002; Silberbush 2002; Simtnek and Hopmans
2009). These other mechanisms include, for example, spe-
cific ion uptake by electrochemical gradients, ion pumping,
and uptake through the ion channels. For example, Ni and Pb
are preferably absorbed passively, while compounds that are
charged in soil solution (Cu?*, Fe**, Fe**, Zn?*) are likely not
to be passively transported across a hydrophobic membrane
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due to high transport activation energy requirements.
Therefore, these compounds must be transported synergisti-
cally by proton pumps in which a specifically designed pro-
tein, which utilizes the energy supplied from the ATP-ADP
reaction, pumps protons across a membrane. Then, mecha-
nisms of uptake differ, depending on the given element
(Table 6.1). An additional problem is the interaction of ionic
species during uptake of various metals which can be
absorbed by specific channels for other elements (Tangahu
et al. 2011; see Competition in Table 6.1).

6.2.2.3 Translocation to the Aerial Part

Part of the absorbed metals can be utilized in the root cells,
but most of them will be directed centripetally from the root
surface to the xylem of the central cylinder. After reaching
the root xylem, the metals enter the transpiration stream, in
which they are distributed to the rest of the plant, where they
will be metabolized. The long-distance transport of metals in
plants is partly related to the transpiration intensity. However,
numerous other factors such as pH, the oxidation-reduction
state, competing cations, hydrolysis, polymerization, and
formation of insoluble salts (e.g., phosphate, oxalate, etc.)
govern metal mobility within plant tissues.

The complexation of metals prevents their immobiliza-
tion in the xylem and allows their long-distance transfer to
the shoots and metal detoxification. Several plant metal
ligands have been identified, including organic acids (e.g.,
citric, malic, malonic), amino acids (serine, cysteine), and
peptides and proteins (phytochelatins and metallothioneins);
(Rauser 1999).

In general, easily transported metals, from roots to
aboveground parts, are Ag, B, Li, Mo, and Se; moderately
mobile are Mn, Ni, Cd, and Zn; and strongly bound in root
cells are Co, Cu, Cr, Pb, Hg, and Fe. The transport of trace
elements among plant organs also depends on the electro-
chemical variables of the elements (Kabata-Pendias 2011).

6.3  Numerical Modeling of Root Metal

Uptake

The metal uptake process is driven by the movement of water
in the unsaturated zone and its uptake rate by plant roots.
Hence, for the relevant root metal uptake, the water movement
and its uptake by the plant roots should be considered first
(Verma et al. 2006). In modeling, the flow of water to the plant
roots is described as either microscopic (single root model) or
macroscopic (diffuse sink). Microscopic models typically
describe the microscale physics of water flow from the soil to
and through the plant roots. A single cylindrical root system
(consisting of the endodermis, epidermis, and surrounding
homogenous soil) is divided into a soil domain and root-tissue
domain (Molz 1975; Hillel 1998), which are solved separately.

L. Trakal et al.

This approach describes the water extraction process by roots
but is not applicable for the complex modeling. On the other
hand, macroscopic plant water uptake functions are typically
an empirical function that describes water uptake in response
to soil suction, soil-water content, and time. This approach
neglects the effects of the root geometry and flow pathways.
The root water uptake is here represented using a single (sink)
term, which regulates the final mass balance equation
(Siminek and Hopmans 2009).

Once the water movement is simulated, the equation for
the metal transport is modified to take into account the sorp-
tion and desorption processes, respectively (Verma et al.
2006). Next, the root metal uptake is solved, assuming this
retardation factor, the temporal and spatial variation of the
metal, and the kind of metal transport (passive/active) as
affected by mass flow and diffusion.

Generally, two types of process-based models (Table 6.2)
are available to describe root metal uptake (Seuntjens et al.
2004). The first types of models are “mechanistic models”
(MM) that predict metal transport through the rhizosphere.
Multicomponent reactions, such as aqueous and surface
complexation or multicomponent transport of metals as well
as their complexes, are well defined. In the second type of
model, the “transport model” (TM), the metal transport in
the air-soil—plant continuum is solved using the convection-
dispersion equation (CDE) with the sink terms for the root
metal uptake (Siminek and Hopmans 2009). Additionally,
there are “other models” (O) related with phytoremediation
but from a more general point of view, such as (1) models
which are able to fit the optimal removal rate (bioaccumula-
tion factor; BCF) or (2) plant growth models related with
metal stress (see Table 6.2).

6.3.1 Mechanistic Models

Metallic elements may be present as different species in nat-
ural environments, which yields different mobility, availabil-
ity, and solubility. In order to properly describe and interpret
root metal uptake using modeling tools, it is necessary to
involve the rhizosphere processes and characteristics.
Therefore, the following aspects need to be taken into
account: acid-base and redox reactions, solution and surface
complexation, ion exchange, adsorption, mineral dissolu-
tion, surface speciation, metal speciation, metal diffusion
toward the root, root exudation, root uptake, and multi-
component transport of metals, ligands, and their com-
plexes (e.g., Seuntjens et al. 2004; Nowack et al. 20006; etc.).
In general, three interrelated parts of the soil-plant system
can be distinguished: soil particles, soil solutions, and plant
roots. The applicability of a model is highly dependent
on values and coefficients that describe the processes in
the soil, the plant itself, and the soil-plant interaction.
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The distribution between the solution and the solid phase is
calculated using equilibrium and kinetic reactions between
the individual components of the porous medium, namely,
metals, ligands, surfaces, and mineral phases (Seuntjens
et al. 2004).

6.3.1.1 Sorption Isotherms

The potential biosorption of metals is often demonstrated
using sorption isotherms, which represent the relationship
between the concentrations sorbed onto the surface of the
biomass and the equilibrium concentration in the solution.
Adsorption data can be modeled using two-, three-, or four-
parameter isotherms (Khan et al. 1997; Vijayaraghavan et al.
2006); however, Langmuir and Freundlich (two-parameter)
models are the most commonly used (e.g., Bar-Tal et al.
1991; Lesage et al. 2007; Sdnchez-Galvan et al. 2008). The
Langmuir model (3.1) provides a description of the equilib-
rium relationships between a bulk liquid phase and a solid
phase and is valid for monolayer sorption on a homogeneous
surface with a finite number of identical sorption sites. The
Freundlich isotherm (3.2) describes sorption onto heteroge-
neous surfaces; it is assumed that stronger binding sites are
occupied first and that the binding strength decreases with
increasing degree of site occupation:

s= Sy 3.1)
1+ K,
s = KFcﬂ (3.2)

where s [M M~'] and ¢ [M L] are concentrations in the solid
and liquid phase, respectively; sp. [M M™'] is the maximum
sorbed concentration; Ky [L¥ M'-# M''] and K, [-] are the
Freundlich and Langmuir sorption coefficients, respectively;
and B [-] is an empirical coefficient of the Freundlich
equation.

Vijayaraghavan et al. (2006) demonstrated the applicabil-
ity of ten different models of sorption isotherm to the bio-
sorption of Ni onto Sargassum wightii. The experimental
data obtained under different pH conditions were fitted to
five two-parameter models (Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich, and Flory-Huggins) and five three-
parameter models (Redlich-Peterson, Sips, Khan, Radke-
Prausnitz, and Toth). Subsequent error analysis showed that
the three-parameter models better describe the biosorption of
Ni compared to two-parameter models. The closest fit to the
Ni biosorption data was observed for the Toth equation.

Sorption models were produced which were well suited to
the data obtained from experiments on Myriophyllum spica-
tum L. for the treatment of metal-contaminated solutions.
For Co, Ni, and Zn, the sorption process was described
excellently by the Langmuir model, whereas the Freundlich
model better fitted the Cu data (Lesage et al. 2007).
The impact of EDTA on the rate of accumulation of Cd in

plants was tested and modeled by Meighan et al. (2011). The
uptake data were fitted to pseudo first-order and pseudo
second-order kinetic equations commonly used to model the
biosorption of metals onto inert materials.

6.3.1.2 Speciation-Solubility Modeling

A number of models are available to define speciation of
metals in the solution (e.g., soil pore water, wastewater).
They are often sophisticated mathematical models that have
been developed to describe complexation, ion exchange,
sorption, or dissolution/precipitation reactions. The
WHAM-VI speciation model (Windermere Humic Acid
Model WHAM) combines the simple inorganic speciation of
aqueous solutions with the humic ion-binding model VI
(Tipping 1994). This permits the inclusion of the effect of
humic substances (humic and fulvic acids) on metal specia-
tion (Lopez-Chuken et al. 2010). Visual MINTEQ
(Gustafsson 2006, 2011) is the Windows version of the
MINTEQA2 model (Allison et al. 1991), which is a geo-
chemical equilibrium speciation model for aqueous systems.
Other examples include GEOCHEM-PC (Parker et al. 1995)
and its upgraded version GEOCHEM-EZ (Shaff et al. 2010)
and MINEQL (Westall et al. 1972). The PHREEQC
speciation-solubility model (Parkhurst and Appelo 1999)
provides various options for hydrogeochemical modeling
involving a large number of reactions in water and geologi-
cal environments. The equilibrium compositions of the solu-
tions can be calculated with respect to the possible formation
of precipitated compounds. The ORCHESTRA modeling
framework (Meeussen 2003) has been developed for model-
ing equilibrium chemistry. All model definitions are separate
from the calculation engine or equation solver, which allows
the user to adapt the model structure and equations. It com-
prises also advanced sorption models that provide calcula-
tions for pH-dependent sorption and electrostatic interactions.
Moreover, both the PHREEQC and ORCHESTRA models
have been extended to combine geochemical processes with
transport calculations (Nowack et al. 2006).

A combined solubility-uptake model has been developed
to predict the suitability of Pteris vittata for the phytoremedia-
tion of As-contaminated soils (Shelmerdine et al. 2009). For
this purpose, as speciation in the soil solution was calculated
using the WHAM-VI model (Tipping 1994) including several
complex-formation constants (Ca-arsenate complex forma-
tion), which were added to the original database. In phytoex-
traction strategies it is crucial to increase the solubility of
metals in soils, often using the addition of synthetic chelates
such as EDTA. The formation of metal-chelate complexes in
phytoextraction has been modeled and shown in many studies
(Nowack et al. 1996; Schaider et al. 2006; Komarek et al.
2007, 2008, 2009, 2011; Lépez-Chuken et al. 2010; Meighan
et al. 2011). The PHREEQC-2 speciation-solubility code
(Parkhurst and Appelo 1999) was used to determine the metal
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speciation in extracts of different chelating agents (EDTA,
EDDS, NH,C]) studied by Komarek et al. (2007, 2008). In
addition, the interactions of Fe/Al oxyhydroxides with com-
plexing agents and thus the extraction efficiency has been
addressed (Nowack et al. 1996; Komarek et al. 2009, 2011).
Models such as PHREEQC-2 represent a useful tool to study
chelate-assisted phytoremediation and the effects of ligand
exudation on plant uptake and leachability of metals. This was
also documented by Seuntjens et al. (2004), who simulated
the influence of EDTA addition and the effect of oxalate exu-
dation by roots on Cu leaching and plant uptake.

Harris et al. (2012) have reported an important aspect
related to metal behavior in plants, that is, the speciation of
metals (Fe**, Fe*, Cu?*, Zn?*, and Mn?*) in the phloem sap.
The total concentrations of 20 amino acids and other compo-
nents, including organic acids, were included in the specia-
tion calculation model developed using the program
ECCLES (May et al. 1977). The model confirmed that the
metal ions are strongly chelated in the phloem, mainly by
nicotianamine, and that very few free metal ions are present
(Harris et al. 2012).

6.3.1.3 Metal Bioavailability and Root Uptake

It is important to assess the bioavailability of metals and thus
to distinguish between the total and available metal concen-
tration (van Leeuwen 1999; Guala et al. 2010b, 2013). The
free metal ion activity in solution may explain the metal
uptake and toxicity to a greater degree than the total soil
metal concentration (Sauvé et al. 1998). Although the “free
ion activity model” (FIAM) has been used for predicting
metal uptake in many studies (Hough et al. 2005; Maxted
et al. 2007; Shelmerdine et al. 2009; Lopez-Chuken et al.
2010), its general applicability has been a matter of debate.
The model suggests that metal ion activity (M>*) is the major
determinant of bioavailability in the soil (Sparks 1995).
However, chemical species other than M?** are taken up by
plants as intact metal complexes, which play a significant
role in overall metal uptake and accumulation (Campbell
1995; Parker et al. 2001; Schaider et al. 2006; L6pez-Chuken
et al. 2010). Moreover, local depletion of ions around roots
leads to changes in the rhizosphere conditions that may not
reflect bulk soil conditions (Zhang et al. 2001), and this is not
parameterized in FIAM (Hough et al. 2005). The use of the
FIAM depends on a number of simplifying assumptions: (1)
the rate of contaminant transport from roots to shoots
depends on the density of occupied transport sites at the root
surface and reaches a theoretical maximum when all sites are
occupied; (2) the root-to-shoot ratio is constant throughout
the exposure period of the plant; (3) the density of sorption
sites on the roots is constant irrespective of physiological
age; and (4) the free ion activity near the root surface is con-
stant throughout the exposure period of the plant and is iden-
tical to that measured in the bulk solution (Shelmerdine et al.
2009; Lopez-Chuken et al. 2010).
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Cadmium uptake by plants as a function of free and
Cl-complexed ions in soil pore water was modeled by L6pez-
Chuken et al. (2010) using a form of FIAM also called the
“biotic ligand model” (BLM; Datta and Young 2005; Hough
et al. 2005). This approach assumes the initial sorption of
free metal ions (M?*), or defined metal complex species (e.g.,
MCI*), from the solution onto hypothetical plant root sorp-
tion sites. The model also considers competition between
cations and protons for sorption sites (Maxted et al. 2007,
Lépez-Chuken et al. 2010).

The bioavailability of metals may be affected by the pres-
ence of organic acids, which are exuded by plant roots (e.g.,
Jones 1998; Seuntjens et al. 2004) as a response to environ-
mental stimuli and stresses (Ryan et al. 2001). Exudation rates
vary depending on the roots’ structure, the position along the
root, and the external impulses (Ryan et al. 2001). For model-
ing purposes (see Eq. 3.3), the exudation of organic anions is
assumed to be at a constant rate (Geelhoed et al. 1999):

dec,

—=Wu

3.3
U (3.3)

where ¢y is the concentration of the organic anion [M L], W
is the root biomass [M of FW], and u is the exudation rate
[M M of FW T-!]. More complex calculations involving
organic acid degradation may be included.

Modeling of root metal uptake involves a combination of
equations, which describe the uptake of the root active spe-
cies at the root surface as well as the diffusion of the free
metal and metal complexes in solution (van Leeuwen 1999;
Seuntjens et al. 2004). Uptake of metals at the biosurface by
the root and root hairs is assumed to follow a nonlinear
Michaelis-Menten rate equation (3.4; Barber 1995; Seuntjens
et al. 2004; Wilkinson and Buffle 2004; Redjala et al. 2010):

0
J =T (3.4)

(cf4 +Km)

where J is the actual metal uptake flux [M L2 T-!], J,., is the
maximum metal uptake flux [M L T-!], K, is the half satu-
ration constant [M L], and ¢y is the free metal concentra-
tion at the (root) surface [M L73]. However, this equation
assumes that only free metals are taken up. The diffusion of
both metals and metal complexes to the root surface plays an
important role for metal uptake:

3.5)

where J,, is the diffusion flux of the metal [M L3 T-'], k is
the mean diffusion rate coefficient [T™!], ¢, is the total metal
concentration in the bulk solution [M L], and ¢? is the total
metal concentration at the root surface [M L™3].

A combination of a Michaelis-Menten equation with
other types of models has been performed in many
other studies. Coupling a Michaelis-Menten model and an
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energy-based toxicity model aims to enhance the ability to
assess the feasibility of phytoextraction (Juang et al. 2011).
The bioaccumulation and phytotoxicity parameters of Cu in
switchgrass (Panicum virgatum L.) were adapted by fitting
the models to the data obtained from hydroponic experi-
ments under various exposure concentrations (Juang et al.
2011). Lehto et al. (2006) presented a “dynamic plant uptake
model” which describes plant Zn uptake using Michaelis-
Menten kinetics but includes consideration of the labile
metal Ky, value, advective replenishment of metal at the soil—
root interface, and the short-term kinetics of desorption from
soil solids. Degryse et al. (2012) aimed to describe the uptake
of Cd, Zn, and Ni by plants in a single comprehensive model
that combines Michaelis-Menten kinetics with a diffusion
equation. A solute transfer model was developed by Whiting
et al. (2003) to predict the concentration of Zn in the rhizo-
sphere solution of Thlaspi caerulescens and the efficiency
for maximal phytoextraction. The Zn uptake was fitted to the
Michaelis-Menten equation to be calculated for given exter-
nal concentrations of Zn at the root surface (Whiting et al.
2003). The Michaelis-Menten function was also successfully
applied to demonstrate the uptake of As (arsenite and arse-
nate) by rice plants (Abedin et al. 2002) or the accumulation
of Pb in Salvinia minima (Sanchez-Galvan et al. 2008).

6.3.2 Transport (Functional) Models

6.3.2.1 Water Flow and Metal Transport
Modeling

As mentioned before, these process-based models are solved
in the unsaturated media using Richards’ equation (3.6) and
the convection-dispersion equation CDE (3.7), with the sink
term consideration for the root water and metal uptake.
Additionally, CDE was modified due to the consideration of
metal sorption:

00(h) o oh

=—| K(h)| K} —+K} ||-S(h) 3.6
ot Bx,[ ()[ ”8xj+ ”J] () -0
e o _ 0 [gp 0| 24C)_ g0y a7
o ot ox " ox, ox,

where 0 is the volumetric water content [L* L™3]; & is the
soil-water potential [L]; K is the unsaturated hydraulic con-
ductivity; [L T, s [M M™'], and ¢ [M L3] are the concentra-
tions in the solid and liquid phase; p, is the bulk density
[M L7]; g; is the volumetric flux density [L T™']; K,* are
components of a dimensionless anisotropy tensor K* [-]; D;;
are components of the effective dispersion tensor [L? T™']; ¢
is time [T]; x; are spatial coordinates [L]; and S and S” are the
sink terms for the root water [L3 L3 T-'] and metal [M L3 T"']

uptake, respectively. Additionally, the sorption of metals
(amount of metal in the solid phase) is governed using linear
and nonlinear Freundlich and Langmuir isothermal adsorp-
tion, respectively (see Sect. 6.3.1.1).

6.3.2.2 Root Water and Metal Uptake Modeling

Root water and metal uptake are most frequently considered
using the macroscopic approach of modeling. As a practical
example of such models, the R-SWMS is a numerical model
for predicting soil-root water fluxes based on the water
potential gradient between soil and root nodes (Lynch 1995).
It is a three-dimensional-coupled water flow model for soil
and roots with an uptake stress function, which couples the
model of Somma et al. (1998) with the model of Doussan
et al. (1998). Next, the HYDRUS is a software package for
simulating water flow and solute transport in variably satu-
rated porous media. The software package includes compu-
tational finite element models for simulating the two- and
three-dimensional movement of water and solutes in vari-
ably saturated media. The model includes a parameter opti-
mization algorithm for inverse estimation of a variety of soil
hydraulic and/or solute transport parameters and an approach
that considers a single root to be an infinitely long cylinder of
uniform radius and water-absorbing properties (Gardner
1960). Among others, the HYDRUS program was chosen for
the study of root metal uptake (Simiinek and Hopmans 2009;
Trakal et al. 2013) and produced a compensated root water
and nutrient uptake model, where the total root nutrient
uptake is determined from the total of active and passive
nutrient uptake. Additionally, all considerations and equa-
tions are here presented as the simplest one-dimensional
problem. Two- and three-dimensional formulations should
then be considered after the expansion of the one-
dimensionally used equations.

Root Water Uptake
Root water uptake, the controlling process for root metal
uptake, is solved using the assumption of the continuum
approach where the water flow through the soil-plant—atmo-
sphere continuum is at a steady state (Hopmans and Bristow
2002). This process, represented by the sink term S in
Richards’ equation (3.6), is calculated according to the fol-
lowing Eq. (3.8):
S(h)=T.a(h)b(2:) (3.8)
where T, is the potential transpiration [L T™'], a(h) is the
stress-response function [—], and the parameter b(z,f) repre-
sents root water uptake distribution in the rhizosphere [L].
Potential transpiration (7},), which represents the root water
uptake rate, is determined by the atmospheric demand, and
its rate is usually calculated from meteorological variables
(Simtinek and Hopmans 2009). The b(z,f) parameter, which
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is a function of root growth, is functionally described using
(1) the linear distribution (Feddes et al. 1978), (2) the exponen-
tial distribution (Raats 1974), or (3) the general distribution
(Vrugt et al. 2001a, b. Water stress a(h) is determined using
two different approaches, such as computing the effective
leaf water potential (compensated for water stress) or the
zero-to-one stress-response function (uncompensated for
water stress; Hopmans and Bristow 2002).

Root Metal Uptake

Metal uptake from soil depends on the plant demand, on the
soil supply, and on various soil and plant characteristics.
Mathematical models are based on the same principles,
where the solute forms of metals (the most frequent being
divalent free metal ions M?*) are transported by mass flow
and diffusion (Rao and Mathur 1994). The bioavailability of
metals is then driven by the activity of free metal ions in
solution at the root surface; hence, the metal uptake is
assumed to follow a Michaelis-Menten-type relationship
(see Sect. 6.3.1.3; Seuntjens et al. 2004; Verma et al. 2006).
This model assumes that only free metal ions are taken up.
Additionally, root metal uptake modeling allows for both
passive and active metal transport; hence, this uptake is not
linearly dependent on the metal concentration in the soil
solution (Verma et al. 2006).The passive uptake represents
the transport of metals into roots associated only with water
uptake mechanisms. On the other hand, the active uptake of
some essential metals (Cu, Zn, etc.) can be defined as all pos-
sible nutrient uptake mechanisms connected with energy-
driven processes (Siminek and Hopmans 2009). Following
these principles, the final sink term for the root metal uptake
is solved using Eq. (3.9), according to Somma et al. (1998):

S (he)=56S(h)+(1-8)4(he) (3.9)

where 6 is a partition coefficient with a value from O to 1, S
describes passive metal uptake (calculated according to the
sink term for root water uptake), and A describes active metal
uptake. Additionally, as in the case of water uptake, the root
metal uptake should be compensated using the metal stress
index (Simtinek and Hopmans 2009). Nevertheless, for phy-
toremediation modeling, only passive transport (uptake)
should be considered since, in the metal-polluted soils to
which phytoremediation is applied, metals are present at
higher concentrations and hence their uptake is predomi-
nantly passive (see Sect. 6.2.2.2).

6.3.2.3 Water and Metal Translocation Modeling
Most of the modeling applied to phytoremediation technolo-
gies is focused on identifying appropriate plants for phytoex-
traction, since models can be used to identify constraints to
efficient phytoextraction (whether plant and soil) and to
determine whether commercial phytoextraction is feasible
(Whiting et al. 2003).
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Even though the influx of water at the root surface can be
calculated from the transpiration rate of plants [cm?® d! g
shoot DW] (Whiting 1998), studying the transport of metals
from soil to aerial parts is complex due to the existence of
specific transporters of metals in the roots that control their
diffusion. The translocation of metal along the xylem route is
equal to the daily transpiration rate from the roots to the
shoots (Kramer and Boyer 1995). Metal uptake, via the
transporters, from the root surface into the root symplast is
concentration dependent and can be fitted to a Michaelis-
Menten saturation kinetics (Nissen 1996). So, the metal
removal by a plant can be calculated using a saturable
Michaelis-Menten-type absorption model, and from that the
removal rate can be expressed as a time-dependent parameter
(e.g., Juang et al. 2011).

The root absorption power can be determined from the
uptake rate of each metal on a fresh weight basis. Using the
data for the root dimensions, this rate can be also recalcu-
lated per unit root surface area (Whiting et al. 2003).

There are numerous references studying metal transport
through the different organs of the plants (roots, stems,
leaves, fruits), through xylem and phloem solid and liquid
phase tissues (Brennan and Shelley 1999; Chrysafopoulou
et al. 2005), or the influxes of metals through the apoplastic
and symplastic pathways. Apoplastic metal uptake is calcu-
lated using Eq. (3.10):

U,., = K [Metal]’

apop (3.10)
where U, is the metal apoplastic uptake using a Langmuir
function [M M~ T-!], [Metal] is the metal concentration in
the external solution [ML7], Kg reflects the adsorption
capacity of the adsorbent (capacity factor) [L M'-P
M- DWT-!], and  measures the affinity of the metal to the
adsorbent (intensity factor) [-] (Redjala et al. 2010).
Symplastic metal uptake is then calculated using Eq. (3.11):

1,0 [Metal]

max

[l =—=— Metal
™K, +[Metal] +a[Meal]

(3.11)

where I, is the metal symplastic influx [M L= T]; Ly,
and K, are the Michaelis-Menten constants, the maximum
influx [M L3 T-!] and the affinity coefficient [M L], respec-
tively; [Metal] is the metal concentration in the external solu-
tion [M L~]; and a is the slope of the linear component [-]
(Redjala et al. 2009).

Mechanistic models generally consider only the symplas-
tic influx to be responsible for the root metal sink (Barber
1995). In order to verify the contributions of the apoplast and
symplast to the root influx of Cd (Redjala et al. 2009) and Ni
(Redjala et al. 2010), different models were employed using
the Kaleidagraph™ software. The combined Michaelis-
Menten and linear functions were used to model the sym-
plastic influx, while the Freundlich adsorption model was
used to describe the apoplastic uptake (Redjala et al. 2009).
This approach showed the importance of metal adsorption on
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the root apoplast, which can contribute significantly to the
amount of metal extracted from the soil, and that using only
a Michaelis-Menten function may not be sufficient in terms
of root uptake modeling (Redjala et al. 2009). However,
more investigations are necessary to determine the path of
metal movement from the apoplast to plant shoots (Redjala
et al. 2009, 2010).

Additionally, the model of Hung and Mackay (1997),
originally applied for transport of contaminants from the soil
to trees, has been simplified and used to simulate metal trans-
port from the soil to tree seedlings (Baltrénaité and Butkus
2007). Generally, it evaluates the transport of metals from
the soil and air and computes concentrations of metals in the
roots, stem, and leaves. The suitability of the Hung and
Mackay model for metal uptake by higher plants needs to be
further verified (Baltrénaité and Butkus 2007).

6.3.3 Other Models

Furthermore, there are models connected with metal phy-
toremediation that do not simulate metal root uptake and
transport. The following models are considered in this case:
(1) empirical fitting models of the bioaccumulation, (2) sim-
ulations of root/plant growth connected with the stress
response to the presence of metal(s), or (3) predictive models
of optimal metal removal rates (see Table 6.2).

6.3.3.1 Empirical Models of BCF Fitting

A plant’s ability to accumulate metals from soils can be esti-
mated using the biological concentration factor (BCF), cal-
culated as the metal concentration ratio of plant roots to soil
and given in Eq. (3.12) (Yoon et al. 2006). A plant’s ability
to translocate a metal from the roots to the shoots is mea-
sured using the translocation factor (TF), the ratio of the
metal in the shoots to that in the roots—as given in Eq. (3.13)
(Cui et al. 2007). The biological accumulation coefficient
(BAQ) is calculated as the ratio of the metal in the shoots to
that in the soil and is given in Eq. (3.14) (Li and Luo 2007).
The BCEF, TF, and BAC are useful parameters to evaluate the
potential of the plants in accumulating metals for phytoreme-
diation purposes, because, for example, the aerial part can be
harvested during phytoextraction tasks, while the plants can
retain metals in their roots during phytostabilization.

F _ [Metal]mot (3 12)
B [Metal]soil .
TF — [Metal]shoot (3 1 3)
[Metal]root
[Metal |
BAC — shoot (3 14)
[Metal]soil

6.3.3.2 Effects of Metal Uptake on Plant Growth

The effects of metals present in soil on plant growth can be
investigated using a nonlinear prediction of the soil-plant
interaction. The concentrations of metals in plants (Guala
et al. 2010a), and in parts of plants (Guala et al. 2010b), can
be predicted by a simple kinetic model based on their rela-
tionship with the concentrations of metals in soil. De Leo
et al. (1993) modeled the interaction between soil acidity and
forest dynamics with respect to the mobilization of Al. Guala
et al. (2010a) modified the model of De Leo et al. (1993) and
Guala et al. (2009) in order to study the mobility of metals at
different soil pH. In addition, Guala et al. (2010a, b) adapted
the mathematical equations to involve different plants and
different metals in the model. The relationship between the
metal in the soil and the total content of the metal in plants is
highlighted by Guala et al. (2011). Additional modifications
to the abovementioned models have been performed by
Guala et al. (2013) and involve changes in the concentrations
of metals in the biomass and the accumulation curves of met-
als in plants as a function of pH. The model relates the
dynamics of metal uptake from soil by plants, considering the
critical concentration level, the plant resistance, and the accu-
mulation capacity, for the effective design of phytoextraction
strategies. In general, the prediction provides information
about the effects of different metals on plants, depending on
various soil characteristics and the plant species. Thus, the
model can be applied to different plants to understand how
different levels of metals present in the soil can influence
plant growth (Guala et al. 2010a, b, 2011, 2013).

A multielement uptake model was developed to study the
accumulation and toxicity of Cu to pea (Pisum sativum L.)
roots using Visual MINTEQ (Gustafsson 2006, 2011). The
types of binding sites and the proton-binding constants were
estimated from titration experiments and a series of forma-
tion constants were derived. This chemical equilibrium
approach can approximate the interactions of various cations
with soils and plants, particularly under multi-metal condi-
tions (Wu and Hendershot 2010a, b).

The uptake of a metal ion present in the plant growth
medium depends on the plant growth rate and the concentra-
tion of the metal ion in the medium. The change in a metal
ion concentration with time can be described with a first-
order differential equation (Sternberg 2007), as demonstrated
by Uysal and Taner (2009).

6.3.3.3 Predictive Models of Optimal Metal
Removal Rates

Although other models obviate many of the fundamental pro-
cesses of metal uptake, some mathematical models are useful
for providing information important to the planning and
implementation of phytoremediation tasks at the industrial
level and for assessing the potential of the plant species used,
including economic aspects, for example, the cost and num-
ber of harvest cycles that would be needed to reduce the con-
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centration of a metal in the soil to an optimum (Thomas et al.
2005), the identification of the time and concentration condi-
tions for phytoextraction purposes (Gonnelli et al. 2000), the
number of years for the decontamination of each metal in a
multi-contaminated soil (Jankaite 2009), and the maximum
metal content in the biomass yield (Chen et al. 2012).

6.3.4 Drawbacks of Root Metal Uptake
Modeling

Not surprisingly, plant uptake varies considerably between
types of plant and individual species (Bell 1992). Factors
likely to influence uptake include root growth and depth,
transpiration rate, active uptake mechanisms, growth period,
location of fruits and tubers, and the size and shape of leafy
foliage (Buckley 1982). To create models, many assump-
tions must be accepted (e.g., Brennan and Shelley 1999),
and, although each of them has a scientific basis, they may
include errors that distort the results. For the additional com-
plexity required to understand such systems, there are few
predictive models available (Trapp 2000; Trapp et al. 2003).
Accumulation and metabolism can be predicted with satisfy-
ing accuracy only for a small fraction of chemicals (Trapp
2004). Another source of errors may be the highly interdisci-
plinary nature of this research (Trapp 2004).

The behavior of young roots is different from that of adult
roots. For example, young roots have no endodermis with a
differentiated Casparian band, so that metals can move directly
from the soil solution to the xylem without any regulation by
membrane transporters. The processes are sensitive to some
properties of the soil environment such as temperature, aera-
tion, and pH, while Eh, Ag, Au, Br, Cd, Cu, F, Hg, I, Pb, and
U also change the permeability of the cell membrane.

Lynch (1995) pointed out that root architecture is a pri-
mary aspect of plant productivity, particularly in environ-
ments where water and nutrients are scarce, as occurs in soil
contaminated by metals. Water and dissolved solutes (e.g.,
metals) take the pathway of least resistance to reach the plant
vascular tissue from the soil. Therefore, the soil conductivity
and root radial and axial conductivities are key parameters
affecting model response. Additionally, preferential pathways,
created along the roots over the growing season, should be
taken into account for the relevant modeling (Trakal et al.
2013). The roots usually extend and consequently shrink as a
result of variable water content in the soil (rhizosphere).

Over the growing season, the biomass of the plant
increases, diluting the metal concentration within the plant
tissues—relative to the flux of chemical uptake—and increas-
ing the aboveground canopy for interception of aerial deposi-
tion. The importance of growth dilution has been recognized
in several dynamic plant uptake models (Trapp and Matthies
1995; Hung and Mackay 1997; Samsge-Petersen et al. 2003).
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However, these models tend to assume that plants are in the
middle stage of exponential growth and do not describe bio-
mass accumulation over a season.

Finally, each metal(loid) has its own individual behavior
in the soil; hence, the bioavailable forms of each element are
dissolved in distinct ways in the soil solution. Due to this,
each element is taken up at different rates into the plant. In
summary, all these aspects should also be considered; thus,
models which couple together both mechanistic and transport
(functional) approaches should be the most relevant to the
complex phytoremediation modeling of root metal uptake.
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7.1 Introduction

The increased presence of heavy metals in the aquatic
ecosystem, primarily due to various industrial processes,
agricultural practices, mining and other human activities, has
resulted in a degradation of water quality and a severe threat
to the environment and human health. Among heavy metals,
cadmium (Cd) is one of the most hazardous due to its ubig-
uitous nature, non-biodegradability, high toxicity to biota
even at low concentrations and high solubility in water
(Da Silva et al. 2012; Xie et al. 2013). Although Cd is not an
essential element for plants, it can be readily taken up and
accumulated by many plants, representing a possible way to
enter the food chain (Prasad 1995; Astolfi et al. 2004).

The reclamation of water is considered as one of the most
challenging environmental management issues to address
the concern of the water shortage for agricultural purposes.
Several techniques have been developed to remove Cd from
water and wastewater. However, traditional water remedia-
tion methods, such as adsorption, chemical precipitation,
flocculation, ion exchange, membrane filtration and solvent
extraction, are generally too costly, energy intensive and
metal specific (Mishra and Tripathi 2008).

In recent years, considerable attention has focused on
the development of alternative methods that are less expen-
sive and more environmentally sustainable than conven-
tional technologies. Phytoremediation is a green technology
that uses plants to remediate soils, sediments, surface water
and groundwater contaminated by several pollutants. One
of the greatest benefits of phytoremediation is that metal
removal can occur directly at the sites of pollution
(Padmavathiamma and Li 2007; Shi et al. 2012). Most
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studies concerning water purification have been carried out
on aquatic plant species such as Eichhornia crassipes,
Pistia stratiotes, Salvinia herzogii, Hydromistia stolon-
ifera, Lemna minor and Wolffia globosa. These aquatic
macrophytes have been identified as Cd accumulators, sug-
gesting their possible use for the removal of this metal from
wastewater (Maine et al. 2001; Xie et al. 2013). In this con-
text, Zacchini et al. (2011a, b) reported the interesting per-
spectives of the fast-growing, phreatophytic trees for
phytoremediation of polluted waters.

Some authors have pointed out that the ideal plant for
Cd phytoremediation should concentrate the metal in the
above-ground woody, not renewable, organs and have a
high biomass production (Vassilev et al. 2005; Shi and Cai
2009; Pietrini et al. 2010a). In this regard, Salicaceae plants
have been intensively studied for their ability to accumulate
and tolerate heavy metals (Dos Santos Utmazian et al.
2007; Zacchini et al. 2009, 2011a; Drzewiecka et al. 2012;
Fernandez et al. 2012). Salix spp. include species that grow
along watercourses and rivers and perform an important
ecological role in the riparian ecosystem (Cartisano et al.
2013), providing erosion control, water quality improve-
ment and wildlife habitats (Kuzovkina and Quigley 2005).
Willows are characterised by many desirable traits for
environmental remediation projects: high biomass yield
that can be used for biofuel production, fast growth, an
extensive root apparatus and a low impact on trophic
chains (Marmiroli et al. 2011; Tognetti et al. 2013).
Additionally, short rotation coppice management of wil-
low is another suitable trait for phytoremediation pro-
grammes, improving the ability to accumulate Cd due to a
much higher biomass yield (Dickinson and Pulford 2005;
Zhivotovsky et al. 2011).

A large variation in Cd tolerance and accumulation pat-
tern has been observed among willow clones (Landberg
and Greger 1996; Vyslouzilova et al. 2003; Zacchini et al.
2009). Studies in field trials, greenhouse and hydroponic
pot experiments have reported that many species or geno-
types of Salix have the ability to accumulate high levels of
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Cd in above-ground tissues (Cosio et al. 2006; Meers et al.
2007; Zacchini et al. 2009; Pietrini et al. 2010b). This abil-
ity, combined with a valuable metal tolerance and high bio-
mass productivity, is considered a suitable characteristic
with which to select an appropriate genotype for the reme-
diation of Cd-polluted water (Vassilev et al. 2005). In this
context, the maintenance of photosynthetic activity could be
considered as a further indicator to select suitable willow
clones for phytoremediation. In fact, Cd alters photosynthetic
efficiency and affects growth rate and productivity, which are
important factors in selecting high-yielding genotypes
(Pietrini et al. 2010a; Flood et al. 2011). In this regard,
Pietrini et al. (2010b) outlined a peculiar strategy adopted by
willow plants to maintain a high photosynthetic efficiency in
leaves in the presence of a high concentration of Cd.

Hydroponics represents a suitable experimental method-
ology to assess the ability of a plant to tolerate and accumu-
late metals; hydroponic culture allows a uniform exposure of
the root apparatus to the imposed metal concentration and
also shortens the treatment period and increases the repeat-
ability of experiments (Pietrini et al. 2010a; Drzewiecka
et al. 2012). Furthermore, willow shows high resistance to
temporary waterlogging, a fundamental prerequisite to eval-
uate the remediation potential towards water pollution by Cd
(Jensen et al. 2009; Liu et al. 2011).

The aim of this work was to investigate the metal toler-
ance and accumulation in willow clones by analysing growth
responses, photosynthetic performance and Cd content in
different organs, in order to assess the Cd phytoremoval abil-
ity in polluted waters. To achieve this, we used four clones of
Salix alba L., a pioneer tree species from the riparian forest
(Kuzovkina and Quigley 2005), whose potential for phytore-
mediation has been previously evaluated under hydroponics
(Zacchini et al. 2009).

7.2 Materials and Methods

7.2.1 Plant Material and Growth Conditions

Woody cuttings (20 cm long) of Salix alba L. clones SSS5,
SP3, 6-03 and 2-03 were rooted and grown for 3 weeks in
pots filled with 3 L of a continuously aerated one-third
strength Hoagland’s nutrient solution, pH 6.5. The willow
plants used in this experiment were selected from clones of a
large Salicaceae collection field, previously assessed for bio-
metric responses to Cd (Zacchini et al. 2009). Cuttings were
grown in a controlled climate chamber equipped with metal
halide lamps (Powerstar HQI-TS; Osram, Munich, Germany)
providing a photon flux density (PPFD) of 300 pmol m2 s!
for 14 h at 25 °C. During the 10 h dark period, the tempera-
ture remained at 20 °C. Relative humidity was 60-70 %.

V.lorietal.

At the end of the rooting and acclimation phase, homoge-
neous grown cuttings were subjected to two treatments: (1)
Cd treatment, in which plants were exposed for 3 weeks to
Hoagland’s solution containing 50 pM of CdSO, (Sigma, St.
Louis, MO, USA) and (2) control treatment, in which plants
were maintained in the nutrient solution throughout the
experiment. Each treatment group consisted of five cuttings
of each clone. Nutrient solutions were completely replaced
twice a week to prevent depletion of the metal and nutrients.
At the end of the treatment, control and treated plants were
harvested and washed with 0.05 M calcium chloride for
30 min in slow agitation without damaging the roots. Plant
material was separated into roots, stem and leaves, dried in an
oven at 80 °C until a constant weigh was reached.

7.2.2 (Cd Content Analysis

Cadmium concentration was measured using an atomic
absorption spectrophotometer (Perkin Elmer, Norwalk, CT,
USA) on digested samples. Dried material was milled to a
fine powder (Tecator Cemotec 1090 Sample Mill; Tecator,
Hoganas, Sweden), weighed and mineralised. Mineralisation
was performed by treating 250 mg of powdered samples with
4 ml of concentrated HNO;, 3 ml of distilled water and 2 ml
of H,0, (30 % vol/vol m/m in water) and heating (EXCEL
Microwave Chemistry Workstation, Preekem Scientific
Instruments Co., Ltd, Shangai, China) in a four-step proce-
dure: 100 °C for 1 min at 250 PSI, 140 °C for 1 min at 350
PSI, 170 °C for 1 min at 450 PSI and 200 °C for 12 min at
550 PSIL.

The metal uptake ratio evaluates the capability of the
plant to extract and accumulate Cd and it was calculated as
the ratio of the Cd content in the whole plant to the Cd con-
tent of the corresponding growth solution (Iori et al. 2013).

The metal translocation index evaluates the ability of the
plant to translocate Cd along the plant, and it was measured
as the percent ratio of the Cd content of the aerial parts
(leaves and stem) to the Cd content of the corresponding
roots.

The metal content in plant parts was calculated by multi-
plying dry weight by metal concentration.

7.2.3 Gas Exchange and Chlorophyll
Fluorescence Measurements

At the end of the experiment, net photosynthesis (A, A,
transpiration rate (E), quantum yield (AF/F,) of electron
transport through photosystem II (PSII) and quenching
coefficient (P and NPQ) were measured in the cuvette on
the last fully expanded leaf with gas exchange system
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(HCM 1000, Walz, Germany), configured for simultaneous
measurements of chlorophyll fluorescence (MINI-PAM,
Walz, Germany). The relative humidity of air entering the
cuvette was set at 60 % and the temperature of both air and
cuvette was 25 °C. CO, partial pressure was set at
370 pbar bar!. A white light source (KL 1500; Schott,
Mainz, Germany) was used to vary the incident photosyn-
thetic photon flux density (PPFD) on the leaf surface
between 300 and 700 pmol m=2 s7!. The value for net CO,
assimilation rate (A, A..x) was calculated using the equa-
tions of von Caemmerer and Farquhar (1981). The fluores-
cence quantum yield of electron transport through PSII
(AF/F,) was calculated as (F',—F,)/F',, where F’_ is the
maximum fluorescence and F; is the steady-state fluores-
cence in the illuminated leaf (Genty et al. 1989). Chlorophyll
fluorescence quenching parameters were calculated accord-
ing to Schreiber et al. (1986). The efficiency of PSII (F,/F,,)
was measured with a PEA fluorometer (Plant Efficiency
Analyzer, Hansatech, King’s Lynn, Norfolk, UK) on 30
min dark-adapted leaves dividing the difference between
the maximum (F,) and the minimum fluorescence (F,)
(Fyv=F,—F,) by F,.

7.2.4 Pigment Analysis

The analysis of chlorophylls “a” and “b” and total carotenoid
contents was performed according to Pietrini et al. (2010a).
Two square centimetres of the last fully expanded leaf were
ground under dim light in a mortar containing liquid N,. The
leaf was reduced to a fine powder, and 2 ml of methanol were
added to extract the pigments. The samples were centrifuged
at 12,000 g at 5 °C for 10 min, and the supernatant was col-
lected and used for pigment determinations. Absorbance was
measured at 470, 652.4 and 665.2 nm with a spectrophotom-
eter (Perkin Elmer, Norwalk, CT, USA). The chlorophylls
“a” and “b” and total carotenoid contents were calculated
using the extinction coefficients and the equations reported
by Wellburn (1994). Five replicates were done for each
measurement.

7.2.5 Statistical Analysis

The data reported refer to a representative experiment with
five replicates. Experimental data were processed with a
two-way analysis of variance (ANOVA) using the SPSS soft-
ware supplemented with multiple comparison test of the
means using the Duncan’s method with a significance level
of P<(.05. Statistical significance of the data as resulting by
the effects of the two factors (clones and treatment) and their
interaction is presented in Table 7.1.

Table 7.1 ANOVA results for the effects of willow clones, cadmium
treatment and their interaction on the different analysed parameters
Parameter Clones Treatment Interaction
Cd amount roots ok - _

Cd amount roots Hk _ _

Cd amount roots Hk _ _

Cd amount leaf * — _

Cd amount stem * _ _
Whole plant uptake * - _
Metal translocation index HE - _
Uptake ratio * - _

Leaf Dw ok ns ns
Stem Dw kK ns ns
Root Dw R stk e
Root/shoot Hokok ok #*

Chl a sk skskok sokok
Chlb EEES EEES EETS
Chl Tot otk stk etk
Chl a/b sk sk A
Total carotenoids Hok Holok Hkok

A ns Hkk ns

A ns dokeok ns

E ns sk *
iWUE ns ko *

F./F, *ok ko ns

F, ns ns ns
OPSII ok okok s

qP ns sokok *

NPQ ns otk o

ns not significant
Significance of the main effects and their interaction are indicated as
*P<0.05, ¥**P<0.01, ***P<0.001

7.3  Results and Discussion
Studies on metal phytotoxicity commonly describe the inhi-
bition of biomass accumulation as one of the main symptoms
of Cd stress in plants (Vyslouzilova et al. 2003; Vassilev
et al. 2005). In this study, the four willow clones showed a
different biomass accumulation and distribution among
organs (Fig. 7.1). In particular, clone 2-03 was characterised
by the highest dry mass production in all organs, although
this was only statistically significant in roots, and also by the
highest root-to-shoot ratio. Cadmium treatment differen-
tially affected these growth parameters among clones. While
the leaf and stem dry mass did not significantly change due
to Cd exposure, root dry mass was clearly reduced in clones
2-03 and 6-03, whereas in clones SP3 and SS5 no change in
root biomass occurred.

A similar trend was observed for that regards the root-to-
shoot ratio. As a general consideration, Cd exposure caused
the highest growth reduction in clone 2-03 and the lowest in
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Fig. 7.1 Leaf, stem and root dry mass (g plant™) and root-to-shoot
ratio in willow clones grown for 3 weeks in the presence of 0 pM
(control, black bars) and 50 pM (grey bars) CdSO, in hydroponics

clone SS5. As the root is the first organ to come into contact
with Cd in the nutrient solution and represents the primary
route for metal absorption, root growth is considered a suit-
able parameter for metal tolerance tests (Wong and Bradshaw
1982). The reduction of root biomass observed in clones
2-03 and 6-03 might be due both to competition in the uptake
between Cd and some micronutrients essential for plant
growth and to the inhibition of root cell division as has been
suggested by several authors (Ernst et al. 1992; Gaudet et al.
2011; Zhivotovsky et al. 2011).

The metal bioaccumulation capability is a crucial trait to
screen plants for phytoremediation, and the metal uptake
parameters are reported as very relevant to the understanding
of the plant responses to heavy metal stress (Diwan et al.
2010). Data for Cd accumulation and distribution among
organs of willow clones are shown in Fig. 7.2. About Cd accu-
mulation in the leaf and stem, the results showed a similar
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trend, being the highest accumulation in clone SS5 and the
lowest in clone 2-03, with intermediate values in the other
two clones.

In roots, a more uniform Cd accumulation was observed
among clones, with the lowest value detected in SP3.
Consequently, total plant Cd amount was higher in clones
SS5 and 6-03 compared to that in the other two willow
clones. To better highlight the ability of the selected willow
clones to extract Cd from the solution and accumulate it in
plant tissues, the metal uptake ratio was calculated (Fig. 7.3).
Data confirmed the higher performance of clones SS5 and
6-03 compared to clones SP3 and 2-03.

Phytoremediation efficiency depends not only on the
plant ability to tolerate and accumulate high metal amounts,
but also on its potential to translocate the metal from the root
to the shoot. In this context, metal translocation to the aerial
part can be considered as a crucial biochemical process
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Fig.7.2 Leaf, stem, root and total plant Cd content (mg plant™) in wil-
low clones grown for 3 weeks in the presence of 50 pM CdSO, in
hydroponics (mean=S.E., n=5). In control plants Cd content was

for an effective utilisation of plants to remediate polluted
substrates (Zacchini et al. 2009; Diwan et al. 2010). In fact,
the accumulation of Cd in the above-ground woody tissues
could reduce the damaging effects exerted by this pollutant
on root physiology and biochemistry, resulting in a higher
metal removal efficiency, as these plant parts are commonly
harvested and stored. In this regard, Pietrini et al. (2010b)
put in evidence a peculiar tolerance mechanism carried out
in leaves by willow plants to avoid Cd-induced impairment
of photosynthetic processes. Regarding metal accumulation
in the roots, it is worth to note that in water decontamination
technologies, based on plants, also the rooting system can
easily be removed by harvesting the whole plant. The ability
to translocate the absorbed metal from roots to shoots was
shown by calculating the Cd translocation index (Fig. 7.3),
which was far higher in clones SS5 and SP3 compared to
clones 6-03 and 2-03. These data confirmed the different
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undetectable and data were not showed. In column, different letters cor-
respond to statistical different values (Duncan’s test, for the P value see
Table 7.1)

capability of willow clones to translocate heavy metals in the
aerial part, in accordance with findings of several authors
(Greger and Landberg 1999; Vyslouzilova et al. 2003; Dos
Santos Utmazian et al. 2007; Zacchini et al. 2009).
Cadmium tolerance at leaf level is another important trait
to screen plants for phytoremediation (Zacchini et al. 2009;
Pietrini et al. 2010a). In leaves, Cd has been reported to inter-
fere with photosynthesis at different levels, i.e. chlorophyll
biosynthesis and degradation, stomatal conductance, activi-
ties of Calvin cycle enzymes, assembly of pigment protein
complexes and thylakoids, electron transport chain and sugar
transport and consumption (Seregin and Ivanov 2001;
Pietrini et al. 2005). Consequently, photosynthetic perfor-
mance can be considered as one of the most sensitive indica-
tors of Cd toxicity (Vassilev et al. 2005). In this study, the
effect of Cd on the photosynthetic apparatus was evaluated by
the analysis of pigment contents, gas exchange measurements
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Fig.7.3 Cadmium uptake ratio
(mg mg™") and cadmium
translocation index in willow
clones grown for 3 weeks in the
presence of 50 pM CdSO, in

hydroponics (mean+S.E., n=5).

In control plants Cd content was
undetectable and data were not
showed. In column, different
letters correspond to statistical
different values (Duncan’s test,
for the P value see Table 7.1)
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and chlorophyll fluorescence detection. The effects of Cd
treatment on Chl a, Chl b, total Chl, Chl a/b ratio and total
carotenoid content in the willow clones are shown in Fig. 7.4.
Chl a content was slightly reduced in Cd-treated plants of
clone SS5 in comparison to the control, whereas a more
pronounced decrease was observed in the other clones,

SS56 SP3 6-03 2-03

Willow clones

particularly in 6-03. A similar reduction was observed for
Chl b content, although the highest reduction caused by Cd
treatment was found in clone SP3.

The analysis of total Chl content of the willow clones
following Cd treatment showed the lowest and the highest
decrease, compared to control, in clones SS5 and 6-03,
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respectively, whereas in clones SP3 and 2-03 an intermediate
response was observed. As previously suggested by Vassilev
et al. (2005) in a similar experiment, the decrease in chloro-
phyll content in leaves of Cd-treated willow plants might be
a consequence of metal-induced enzymatic degradation as
well as mineral deficiency. The Chl a/b ratio was notably
altered by Cd treatment. Although no effect of Cd treatment
was revealed in clone SS5, either a slight or a marked
decrease in this parameter was observed in clones 2-03 and
6-03, respectively. This was probably due to a faster
degradation of Chl a compared with Chl b under Cd stress
(Oliveira et al. 1994; Kummerova et al. 2010). Since the Chl
a/b ratio is an indicator of both the functional pigment
equipment and the light adaptation/acclimation of the pho-
tosynthetic apparatus, monitoring its decrease can be used
as an early warning system for the toxic effect of metal
accumulation in plants (Li et al. 2009). Conversely, an
increase in the Chl a/b ratio was detected in plants of clone
SP3. An increase in the Chl a/b ratio has been linked with a
change in pigment composition of a photosynthetic appara-
tus that possesses a lower level of light-harvesting chloro-
phyll proteins (LHCPs) (Loggini et al. 1999). The reduction
in LHCP content is an adaptive defence mechanism of chlo-
roplasts, which allows plants to endure the adverse condi-
tions (Asada et al. 1998). Total carotenoid content (Fig. 7.4)
was remarkably and differentially affected by Cd treatment
among willow clones. The content of these pigments was
dramatically reduced in clone 6-03 but was also markedly
decreased in clone SS5. A smaller decrease in pigment
content was observed in clones SP3 and 2-03, even though
Cd effect in these clones was statistically significant.
Carotenoids, other than functioning as light-absorbing pig-
ments, play an important role in the photoprotection of chlo-
rophylls against photo-oxidative damage by quenching
reactive oxygen species (ROS) such as singlet oxygen
(Behera et al. 2002). In this study, Cd treatment significantly
decreased the total chlorophyll and carotenoid content of
the tested clones. Similarly, other authors observed a
decrease in carotenoid content of Cd-treated plants (Pietrini
et al. 2010a; Wang et al. 2013). Previous studies reported
that a relationship exists between the maintenance of photo-
synthesis as close as possible to control rates and the effec-
tiveness of tolerance mechanisms towards Cd toxicity in
leaves (Schiitzendiibel and Polle 2002; Pietrini et al. 2003).
In this regard, the effects of Cd treatment on leaf gas
exchange parameters were measured at the end of the
3-week experiment on the four willow clones, and results
are shown in Fig. 7.5. Cadmium treatment reduced net pho-
tosynthesis both in growth (A) and in saturating light condi-
tions (An.) in comparison to the control, in all clones.
Photosynthesis is a key process for plant growth and bio-
mass production, and it has been used as a bioindicator of
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stress (Sheoran et al. 1990). Reduced photosynthetic activ-
ity is commonly observed in willow plants exposed to Cd
treatment (Vassilev et al. 2005; Pietrini et al. 2010b).

This deleterious effect on photosynthetic rates might be a
result of both the imbalance in mineral nutrition and direct
metal interference in hindering photosynthetic reactions
(Chugh and Sawhney 1999). Heavy metals are capable of
affecting chlorophyll content, the activity of Calvin cycle
enzymes, and even PSII is reported to be extremely sensitive
to Cd ions (Di Cagno et al. 1999, 2001).

A high transpiration rate in woody plants represents a
useful trait to evaluate their potential for metal phytoextrac-
tion (Stomp et al. 1993). Regarding Cd, it has been sug-
gested that its translocation to the shoots can be driven by
transpiration (Salt et al. 1995). In this study, a higher leaf Cd
concentration in clones SS5 and SP3 fitted well with their
higher transpiration rate (E) as compared with that of clones
6-03 and 2-03 (Fig. 7.5). As reported by Hagemeyer and
Waisel (1989), a decreased transpiration rate in treated
plants implies that Cd also affects water relations. In our
study, in Cd-treated plants the values of instantaneous water
use efficiency ({WUE) were markedly reduced in SP3,
slightly decreased in SS5 and 6-03 with respect to the con-
trol and not affected in clone 2-03. These results are consis-
tent with Pajevi¢ et al. (2009) who pointed out that a stable
value or a slight decrease of iWUE (with respect to the con-
trol), in plants grown under unfavourable environmental
conditions, can be considered a symptom of high organic
production and an indication of a valuable metal remedia-
tion potential.

The measurement of chlorophyll fluorescence parameters
has been highlighted as very effective in assessing the metal
tolerance strategies at leaf level (Di Cagno et al. 1999; Linger
et al. 2005; Pietrini et al. 2010a, b). In the present work, the
effects of Cd treatment on leaf chlorophyll fluorescence
parameters, measured at the end of the experiment on the
four willow clones, are shown in Fig. 7.6. The efficiency of
PSII (F,/F,) was affected by both willow clones and Cd
treatment (Table 7.1; Fig. 7.6). Cadmium treatment did not
affect the basal fluorescence emission (F,) in comparison to
the control in all willow clones. These results indicate that
there is no clear relationship between F./F,, and Cd toler-
ance, confirming that this parameter, singly evaluated, is
unsuitable for assessing Cd tolerance, as already evidenced
by Pietrini et al. (2003, 2010a).

Although Cd did not cause a significant decrease in F,/F,,
in all clones, it differentially lowered photosynthetic electron
transport, as shown by AF/F,,, qP and NPQ parameters. In
fact, the fluorescence quantum yield of electron transport
through PSII (AF/F,,) analysis revealed a differential damage
due to Cd exposure of willow clones, with clone SS5 show-
ing the lowest decrease. About photochemical quenching
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Fig. 7.5 Measurements of net photosynthesis in growth (A) and in
saturating light conditions (A,,,), transpiration rate (£) and instanta-
neous water use efficiency ({WUE) in leaves of willow clones grown
for 3 weeks in the presence of 0 pM (control, black bars) and 50 pM

(qP), in the presence of Cd, a marked decrease was observed
only in clone 2-03. Non-photochemical quenching (NPQ)
showed a marked increase in Cd-treated plants of clones
SS5, 6-03 and particularly in clone 2-03 with respect to the
control, whereas no difference in this parameter was observed
in clone SP3. The chlorophyll fluorescence parameters
AF/F,, and gP are related to F,/F,, (Maxwell and Johnson
2000). The changes in these parameters might be associated
with the alterations in chlorophyll content described above
(Fig. 7.4) and suggest that Cd inhibits PSII activity. In con-
trast, non-photochemical quenching of maximum Chl fluo-
rescence was increased by Cd treatment, allowing the
dissipation of excessive energy within the photosystems
(Maxwell and Johnson 2000; Sofo et al. 2009). These results
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(grey bars) CdSO, in hydroponics (mean+S.E., n=5). In column,
different letters correspond to statistical different values (Duncan’s test,
for the P value see Table 7.1)

are consistent with data reported by several authors
(Di Cagno et al. 1999; Linger et al. 2005; Pietrini et al.
2010a) and highlight that these parameters reflect Cd toxic-
ity effects in leaves better than F,/F,, does.

7.4  Conclusion

For the successful application of phytoremediation technol-
ogy, analysis of traits such as metal uptake and the transloca-
tion and accumulation in different plant organs is crucial to
select plants with higher heavy metal removal efficiencies. In
this study, we highlighted that four willow clones exposed to
Cd in hydroponic conditions can differentially tolerate,
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transport and accumulate the metal. Among the tested clones,
SS5 revealed a valuable potential for Cd phytoremediation
and deserves further attention to better characterise its metal
removal capability in waters. In fact, this clone showed the
highest ability to extract and accumulate Cd in roots and
above-ground organs, maintaining a more efficient photo-
synthetic activity compared to the other clones. In this regard,
based on the data about Cd content, plants of clone SS5
showed the ability to remove approximately 65 mg of Cd
from the solution present in each pot, representing about the
40 % of the total metal amount added in the nutrient medium
during the treatment. Moreover, the capability of this clone
to tolerate Cd presence in the solution, showed through phys-
iological and growth parameters, allows supposing that Cd
removal efficiency can be maintained over time. Further
investigations will be focused on testing the Cd phytoremoval
ability observed in this study by the S. alba clone SS5 in a
scaled-up system supplied with actual metal-contaminated
wastewater.
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8.1 Introduction
Phytoremediation is a green, eco-friendly, and emerging
technology that uses plants and enzymes derived from them
for the treatment of soil, water, and groundwater contami-
nated by toxic pollutants (Ali et al. 2013). The concept of
using plants for these purposes emerged few decades ago
with the understanding that plants were capable of accumu-
lating high quantities of toxic metals and/or metabolizing
organic compounds in their tissues or organs. However, the
term “phytoremediation” has been used since the beginning
of the 1990s, when scientists focused their research interests
on plant-based technologies, as suitable alternatives to tradi-
tional cleanup procedures because of their low capital costs,
low maintenance requirements, end-use value, and aesthetic
nature. Since then, a number of related technologies were
developed, and the definition later evolved in “phytotechnolo-
gies” (ITRC 2001) that includes a wide range of processes
such as phytoextraction, phytostabilization, phytotransforma-
tion, phytovolatilization, rhizofiltration, and phytostimula-
tion, which have been extensively described (Pilon-Smits
2005; Abhilash et al. 2009). In addition to the well-known
advantages of phytoremediation over other remediation
strategies, it offers potential benefic side effects, such as ero-
sion control, site restoration, carbon sequestration, and feed-
stock for biofuel production (Van Aken et al. 2010).

Even though these technologies have shown to efficiently
reduce the chemical hazard associated with various classes
of inorganic and organic pollutants, they also have several
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limitations related to the metabolism of recalcitrant xenobiotic
compounds. Thus, to improve the phytoremediation abilities of
selected plants, research was oriented to the obtainment of
genetically modified plants (Macek et al. 2008; Novakova
et al. 2010). Genes involved in multistep degradation path-
ways of pollutants, transport, and sequestration can be isolated
from bacteria, fungi, animals, or plants and introduced into
candidate plants. Therefore, three main strategies have been
employed: (a) transformation with genes from other organ-
isms, (b) transformation with genes from other plant species,
and (c) overexpression of genes from the same plant species.
The target is to obtain a plant with high ability to tolerate,
accumulate, detoxify, or degrade pollutants and with suitable
agronomical characteristics. In fact, the possibility of using
transgenics in phytoremediation depends on the availability of
gene sequences, which can improve, modulate, or radically
change plant metabolism, conferring to the plant a phenotype
which does not naturally possess. The main objective of inor-
ganic remediation is to enhance metal accumulation and toler-
ance by overexpressing in transgenic plant genes involved in
homeostasis, metabolism, uptake, and/or translocation of the
toxic elements (Kotrba 2013). On the contrary, for organic
compounds, this approach could lead, in an optimal case, to
the complete mineralization of the pollutants or the formation
of less toxic metabolites than those produced by the existing
pathway. Another potential advantage of the transgenic
approach is the possibility of producing enzymes in root exu-
dates through the expression (or overexpression) of secretory
enzymes involved in pollutant removal or through the expres-
sion of heterologous enzymes with signal sequences to drive
them to the secretary pathway.

In the case of a heterologous gene introduced with genetic
engineering, a critical issue is its expression level in the new
genetic and cellular context. For this reason, the introduced
genes are frequently embedded in an “expression cassette”
which can ensure an efficient transcription and translation
(Maestri and Marmiroli 2011).

Since the first work describing transgenic plants modified
for pollutant metabolism (Feng et al. 1997), a lot of research
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has been performed in this way. However, works dealing
with inorganic contaminants have always been more abun-
dant, as compared to works on organic contaminants, and
there is only a small amount of papers addressing simultane-
ously with both compounds.

Regarding plant species used for transformation experi-
ments, Arabidopsis thaliana and Nicotiana tabacum are
among the most common model organisms due to well-
developed and efficient protocols for DNA delivery and
recovery of transformants (Meyers et al. 2010). However, it
is important to note that for the past few years, the use of
transgenic plants has evolved from transformation of model
plants and laboratory tests to clarify the roles and functions
of genes to transformation of plants effectively useful for
phytoremediation in the field (Maestri and Marmiroli
2011). Such plants would posses some suitable properties
like high biomass and deep roots, and they would also be
amenable to easy growth in different climatic and soil
conditions.

Despite its promising potential, plant genetic engineering
still faces considerable technical challenges. Thus, further
research into mechanisms underlying nuclear and/or plastid
transformation, more efficient DNA delivery systems as well
as plant tissue culture and regeneration protocols are essen-
tial for progressing in the field of plant genetic engineering.
In addition, certain drawbacks related to the applicability of
transgenic plants for phytoremediation in the field should be
saved in order to successfully apply this technology, as it will
be described in the present chapter.

8.2  Phytoremediation of Inorganic

Contaminants

Inorganic pollutant phytoremediation involves mechanisms,
enzymes, and processes different from those concerning
organic pollutants. This is mainly due to the fact that
metal(loid)s are not degradable. Thus, phytoextraction, phy-
tostabilization, phytovolatilization, and rhizofiltration are
suitable phytotechnologies for inorganic pollutant removal.
There are several factors that affect metal phytotoxicity
such as metal type, concentration, redox state, and solubility.
Metal type is the first aspect that needs to be considered.
Some metals are essential for plants as micronutrients like
Fe, Mn, Zn, Cu, Mg, Mo, B, CI, and Ni, while others have no
biological role such as As, Pb, Cd, Hg, Ag, and U and are
toxic even at very low concentrations, being classified as
nonessential metals. However, when some essential metals
occurred at high concentrations, they can become toxic to
plant cellular processes. Plants evolved several transport
mechanisms to take up micronutrients from soil matrix.
Contrarily, toxic metal(loid)s are not taken up by specific
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transpoter mechanisms and they are taken up by plants along
with other micronutrients (Kabata-Pendias 2011).

Plants have developed defense mechanisms to minimize
metal toxicity. For instance, plants can make metals insolu-
ble mostly by the aid of chelating agents and after being
accumulated. Besides, there are plant enzymes that can
change the redox state to a less toxic form, whereas others
can transform metal(loid)s to make them more volatile.

In this work, we are going to focus on plant genetic engi-
neering directed to increase accumulation of nonessential
metals since hyper-accumulation of essential metals is linked
with food bio-fortification and it needs a different consider-
ation and discussion. In this sense, food bio-fortification and
phytoremediation are two sides of the same coin, although,
as we already mentioned, essential metals in excess also
become an environmental problem (Guerinot and Salt 2001).
It is important to note that many transgenic plants have also
been developed with the aim of studying both the function of
metal(loid) transporter proteins and its relation with accumu-
lation in edible parts to asses food security issues.

Transgenic approaches for improving inorganic phytore-
mediation include:

e Increasing mobilization and uptake of metal(loid)s from
the surrounding environment

e Increasing sequestration of metals within cells

e Increasing metal translocation to the aboveground
tissues

» Increasing or adding ligands to allow phytovolatilization

In this section and considering that each plant-metal sys-
tem is so particular, i.e., it has specific molecular mechanism
for uptaking, transporting, and sequestrating, we will review
recent advances separately by metal(loid). However, most
current findings provide evidence that the relationship
between genetic engineering and the effect of the genetic
modification is quite complex. In some cases, an increase in
phytochelatins (PCs)/thiol peptide concentration has not
always been correlated with an increase in metal(loid) accu-
mulation and thus with plant resistance or tolerance. In other
studies, it has been true for one metal and not for others.

8.2.1 Genetically Engineered Plants
for Improving Phytoremediation
of the Nonessential Metal(loid)s:

As, Cd, Pb,and Hg

8.2.1.1 Arsenic

Arsenic (As) is a very toxic and ubiquitous metalloid.
Although it has a geological origin, its concentration can be
increased by anthropogenic activities such as pesticide appli-
cation and wood preservatives, mining and smelting opera-
tions, and coal combustion (Wang and Mulligan 2006).



8 Overview and New Insights of Genetically Engineered Plants for Improving Phytoremediation 101

Consequently, elevated levels of As have been reported in
soils and groundwater worldwide. In soils and groundwater,
inorganic arsenic is present mainly as As*> and As*>. Arsenic
is a nonessential element for plants. Thus, they do not have
specific transporter systems for arsenic species. The lines
below describe the targets for genetic engineering directed
toward the improvement of arsenic phytoextraction and phy-
tostabilization from soils and sediments.

Increasing Sequestration of As Within Cells
Phytochelatins play a central role in metal(loid) detoxifica-
tion by chelating those toxic ions. Most research has focused
in some of the three enzymes that constitute the PCs biosyn-
thetic pathway: gamma-glutamylcysteine synthase (ECS),
glutathione synthase (GS), and phytochelatin synthase
(PCS). The expression of these genes from different organ-
isms has contributed to the knowledge about tolerance and
removal of As and other metals (Dhankher et al. 2002; Li
et al. 2004, 2005, 2006). Moreover, the simultaneous overex-
pression of yeasts PCS and GS (AsPCSI and GSHI) in
A. thaliana successfully led to elevated total PCs production
and increased tolerance and accumulation of As and also Cd
(Guo et al. 2008). Furthermore, independent overexpression
of different PCS enzymes (AtPCSI gene from Arabidopsis
or CePCS from Caenorhabditis elegans) in the same plant
species (N. tabacum) resulted in distinctive metabolic
changes accompanied by differences in Cd and As tolerance
between the transgenic plants (Wojas et al. 2010). Recently,
enhanced As tolerance of transgenic poplar plants was
achieved by expressing the bacterial ECS (from E. coli)
(LeBlanc et al. 2011). In addition, transgenic tobacco
plants expressing PCS gene from Ceratophyllum demersum
(CdPCSI), an aquatic macrophyte, showed severalfold
increased PCs content and precursors of thiol peptides, with
enhanced accumulation of Cd and As (Shukla et al. 2012).

Metallothioneins (MTs), another type of metal-binding
ligands, are also targets of genetic engineering. MTs are low
molecular mass proteins (from 2 to 16 kDa) with unique
abundance of cysteine residues (more than 30 % from all
amino acids). Even though the role of MTs in plant protective
mechanisms against metals is not fully understood, they are
known as effective free radical regulators by binding metals.
Although As is not in the list of metals reacting with MTs, the
expression of the MT 2b (AtMT2b) from A. thaliana in
tobacco led to enhanced As*™ sensitivity and translocation
(Grispen et al. 2009).

All current publications seem to indicate that multigene
approach directed to increase sequestration of As within
cells led to better results than simple gene transformation.
This is a very important consideration since most contami-
nated sites, such as mining or industrial areas, contain a mix-
ture of metals, and thus transgenic plant with phytoremediation
capabilities must be able to cope with this situation.

Increasing As Translocation to the Aboveground
Tissues

The mechanisms involved in As translocation are not fully
understood; consequently the development of transgenic
plants with genes involved in this process has been delayed.
Recently, transgenic A. thaliana plants expressing an As*
antiporter gene from P. vittata (PvACR3) accumulated
approximately 7.5-fold more As in the aboveground tissues
than WT plants (Chen et al. 2013). These results suggest the
involvement of PvACR3 in As translocation.

Adding Ligands to Allow As Volatilization

Regarding As volatilization, no genes for methyltransferase
activity have been identified in plants. However, an arsM
gene from the soil bacterium Rhodopseudomonas palustris
was expressed in rice (Oryza sativa), and the transgenic rice
produced volatile methylated arsenic species (MMA™*> and
DMA®) after exposure to As*, theoretically providing a
potential strategy for phytoremediation (Meng et al. 2011).

8.2.1.2 Lead

Lead (Pb) contamination of soils is widespread at many
industrial and mining sites throughout the world. In addition,
Pb contamination also derives from the past use of lead pes-
ticides, leaded paints, leaded gasoline, and some types of
pressure-treated wood. Because of the immobility of Pb in
soils, historical Pb contamination in urban, industrial, and
high-traffic areas persists today despite the phase out of
leaded gasoline and paints beginning in the 1970s (McBride
etal. 2012). In a similar way as other nonessential and highly
toxic elements, plant cells are not likely to possess specific
Pb transporters (Arazi et al. 1999), but some cation trans-
porters in the plasma membrane offer potential entry path-
ways into plant cells. There has been a lack of specific genes
identified as conferring capacity for Pb resistance and accu-
mulation (Song et al. 2003), which has delayed genetic engi-
neering for the obtainment of Pb-extracting plants. However,
many advances have taken place in the last years.

Increasing Pb Uptake from Soil

NtCBP4 gene isolated from N. tabacum codifies a membrane
protein channel which can carry Pb ions through the plasma
membrane into the plant cell. Transgenic plants overexpress-
ing NtCBP4 exhibited increased accumulation of Pb (Arazi
et al. 1999). Gupta et al. (2013) mentioned this strategy as
the first example of a plant gene that can modulate Pb toler-
ance and accumulation, after which there have not been other
advances in this aspect.

Increasing Sequestration of Pb Within Cells

This approach has been the most applied concerning lead phy-
toextraction. Several studies have evaluated Pb accumulation
and translocation in plants transformed with genes involved in
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general processes of metal sequestration. For instance, three
different plant species (A. thaliana, Brassica juncea, and
Populus albax P. tremula var glandulosa) overexpressing a
yeast Cd factor 1 (ScYCF 1, from Saccharomyces cerevisiae), a
transporter that pumps GSH-conjugated Cd into the vacuole,
tolerated and accumulated increased amounts of Pb conjugated
with glutathione (GSH) from cytoplasm to vacuoles (Song
et al. 2003; Bhuiyan et al. 201 1b; Shim et al. 2013). In a similar
approach, directed to enhance the expression of PCs, aspen
transgenic lines expressing a PCS gene (TaPCS1) from wheat
reached total biomass and Pb accumulation significantly
greater than in the control plants (Couselo et al. 2010). These
studies evidence the utility of overexpressing ligands able to
bind Pb ions and transport them conjugated into vacuoles.

A different and successful approach was overexpression
of AtTATM3, a member of the ATP-binding cassette (ABC)
transporter family localized at the mitochondrial membrane,
under the control of the CaMV35S in B. juncea. This genetic
modification conferred enhanced tolerance not only to Pb*?
but also to Cd** (Bhuiyan et al. 2011a).

8.2.1.3 Cadmium
Cadmium (Cd) is widespread in soils, water, and atmosphere.
The main sources of Cd contamination into the environment
are metallurgic industries, waste incinerators, urban traffic,
cement factories, and phosphate fertilizers (Gratao et al. 2005).
The effect of Cd toxicity on plants has been largely explored
(Gallego et al. 2012). The metal often produces plant growth
inhibition and decrease of photosynthetic activities; thus, strat-
egies of obtaining transgenic plants with different candidate
genes have been used in order to improve plant tolerance and/
or Cd phytoextraction and/or phytostabilization.

Increasing Sequestration of Cd in Vacuoles

As it was pointed out to other metal(loid)s, an efficient Cd
detoxification is related to binding free ions in the cytoplasm,
and their sequestration into vacuoles (Clemens 2006), one
possible approach to generate plants suitable for Cd phytore-
mediation, might consist of introducing gene coding proteins
able to transport heavy metals or their complexes to appropri-
ate storage compartments. Vacuolar sequestration of Cd can
be achieved through either PC-dependent or PC-independent
pathways (Hirschi et al. 2000; Song et al. 2003; Korenkov
et al. 2007; Martinoia et al. 2007).

Multidrug resistance-associated proteins (MRPs), a sub-
family of ABC transporters, catalyze the export of substrates
out of the cytosol in an ATP-dependent manner (Verrier et al.
2008), and they have been related with Cd sequestration
(Klein et al. 2006). Wojas et al. (2009) showed that AfMRP7
overexpression in tobacco increased Cd tolerance by an effi-
cient storage of the metal in vacuoles and higher Cd retention
in roots, suggesting a contribution to the control of Cd root-
to-shoot translocation.
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Another strategy for Cd accumulation into vacuoles
includes cations/H* exchangers, such as CAXs (from calcium
exchangers). Recently, Wu et al. (2011) demonstrated that
the expression of a CAX1 protein in petunia enhances Cd
accumulation and tolerance. The transport of Cd into vacu-
oles by cation/H* antiporters is energized by the pH gradient
established by proton pumps. Thus, Khoudi et al. (2012)
studied the potential for enhancing proton pump expression
as a strategy to improve Cd accumulation in plants. They
found that transgenic tobacco plants which expressed TaVPI
cDNA, encoding wheat vacuolar H*-pyrophosphatase (V-H-
PPase), were both more tolerant to Cd compared to wild-type
(WT) plants and accumulated higher Cd concentration.

Recently, ScYCF1 has been overexpressed in poplar trees.
Transgenic plants exhibited enhanced growth, reduced toxic-
ity symptoms, and increased Cd content in the aerial tissue
compared to WT plants (Shim et al. 2013). Furthermore,
these plants established an extensive root system in mine
tailing soil and accumulated high amounts of Cd, Zn, and Pb.
Thus, YCF1-expressing poplar may be useful for phytostabi-
lization, especially in highly contaminated regions, where
WT plants cannot survive.

In addition, other authors have used transgenic plants
with simultaneous expression of two genes to increase Cd
tolerance and accumulation. Guo et al. (2012) assembled in
transgenic A. thaliana plants AsPCSIand ScYCFI genes for
an effective metal chelation by thiols and the following
inclusion in vacuoles.

Even though the overexpression of genes involved in
Cd-tolerance mechanisms gives positive results, there are
some cases which are not successful. For example, overex-
pression of AtPCS in the same plant species paradoxically
produced hypersensitivity to Cd stress (Lee et al. 2003).

Regarding strategies that involve Cd and MTs, Krystofova
et al. (2012) found that the expression of a yeast MT was
responsible for higher Cd accumulation in roots of trans-
genic N. tfabacum plants and its limited transport to aerial
parts.

8.2.1.4 Mercury
Mercury (Hg) exists in different forms (HgS, Hg**, Hg, and
methyl-Hg); however, in agricultural soil ionic form (Hg?*)
is predominant (Han et al. 2006). Inorganic Hg forms are
usually less harmful than organic forms, because the last
ones are hydrophobic and move across cell membranes. In
plants, ionic Hg tends to affect the plasmatic membrane pro-
ducing damage to transporters such as aquaporins, leading to
nutrient and water disruption (Zhang and Tyerman 1999),
while organomercurials rapidly localize into plastids where
they accumulate and disrupt important metabolic functions
(Bernier and Carpentier 1995).

Since plants cannot successfully detoxify or interconvert
Hg to less harmful forms, genetic engineering is directed to
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integrate foreign genes from other organisms to enhance
their phytoremediation capabilities (Ruiz and Daniell 2009).

Increasing Hg Volatilization

A well-characterized Hg-phytoremediation system is the use
of the bacterial merA (mercuric ion reductase) and merB
(organomercurial lyase) genes to genetically engineer plants
for the remediation of this metal (Bizily et al. 2003; Che et al.
2003; Lyyra et al. 2007). This mechanism is based in proto-
nolysis of organic Hg to Hg?* by the lyase enzyme and the
following reduction of Hg?* to Hg® by the mercuric ion reduc-
tase, which is volatilized from plants. Despite the fact that the
first attempts failed to express bacterial genes in eukaryotic
organisms, the use of preferred codons for plants allowed
obtaining transgenic plants highly Hg resistant (Rugh et al.
1996; Yang et al. 2003). For merA the best results were
obtained with its root-specific expression, indicating that root
is the main organ affected and that its protection is important
for phytoremediation. These gene expressions have been
directed to nuclei but also to chloroplast. Ruiz et al. (2003)
hypothesized that expressing merA and merB genes within
plant chloroplasts would confer protection for essential meta-
bolic reactions occurring within plastids, since chloroplast
has shown to be the main target for Hg poisoning. More
recently, considering these explored aspects, Hussein et al.
(2007) obtained transgenic tobacco plants with the combined
expression of merAB via the chloroplast genome and showed
enhanced conversion of Hg*? into Hg®, rapid volatilization,
and increased shoot accumulation of different forms of Hg,
even surpassing the concentrations found in soil.

Increasing Hg Scavenging by Chelation

One limitation regarding the use of the merAB system is the
release of Hg? into the atmosphere. Therefore, an alternative
approach would be the chelation of ionic Hg inside the
cell by molecules negatively charged, as polyphosphates.
Tobacco plants expressing the bacterial ppk gene, which
codifies for the enzyme involved in polyphosphate synthesis
(polyphosphate kinase), showed enhanced tolerance and
accumulation of Hg** (Nagata et al. 2006a, b). With the same
purpose of Hg chelation, Hsieh et al. (2009) expressed the
bacterial merP gene in plants that codified for a cell mem-
brane protein, providing enhanced resistance to HgCl,. Then,
Nagata et al. (2009) reported that the expression of bacterial
merT (Hg transporter gene) for a in ppk-transgenic tobacco
resulted in accelerated and enhanced Hg uptake and accumu-
lation. More recently, Nagata et al. (2010) combined several
of the genes mentioned below and obtained tobacco plants
that coexpressed three bacterial genes: ppk from Klebsiella
aerogenes and merT and merB, both from Pseudomonas
K-62. The ppk/merT/merB-transgenic tobacco callus showed
more resistance to methylmercury (CH;Hg") and accumu-
lated more Hg from CH;Hg*-containing medium than the

103

ppk/merT-transgenic and WT progenitors. These results
indicate that the MerB enzyme degraded the incorporated
CH;Hg* to Hg?*, which then was accumulated as a less toxic
Hg-polyP complex in tobacco cells. Hence, it is believed that
these engineered ppk/merT/merB-transgenic plants would
have more public acceptance since they prevent the release
of volatile Hg into the atmosphere.

Another possible Hg-chelation strategy could be mediated
by disulfide compounds (copper-zinc superoxide dismutase,
Cu/Zn SOD) and sulfthydryl compounds (GSH, PCs, and
MTs), since Hg cations have a high affinity for sulfthydryl
groups. Thus, Chen et al. (2012) studied the relationship
between Hg detoxification and a disulfide isomerase-like pro-
tein (PDIL) with a chaperone function and disulfide isomer-
ase activity. For that reason, the authors expressed MTH1745,
a gene that codifies a PDIL from thermophilic archaea
Methanothermobacter thermoautotrophicum in Oryza sativa
L. cv. Nipponbare. The transgenic rice seedlings showed
more effective photosynthesis, lower levels of ROS and malo-
ndialdehyde, as well as higher levels of antioxidant enzymes
than WT plants indicating an enhanced Hg tolerance.

In order to avoid releasing volatile Hg into the envi-
ronment, Hg accumulation inside plants would be a useful
strategy. Ruiz et al. (2011) reported the development of a
transplastomic approach, which consists in the insertion of
foreign DNA in chloroplasts, to express the mouse MT gene
(mtl). The transplastomic lines accumulated high Hg con-
centrations and maintained high chlorophyll content. This
study reported the usefulness of chloroplast genetic engi-
neering approach to express Hg-scavenging proteins.

As it could be noted, transgenic plants with increased
metal tolerance and accumulation rely on overexpressing
genes involved in the biosynthesis pathways of metal-binding
proteins and peptides, genes that can convert a toxic ion into
a less toxic or easy to handle form, as well as genes coding
transport proteins involved in vacuolar accumulation or a
combination of some of them. There are no reports about
improving a more efficient translocation of metal(loid)s from
root to shoot, constituting a challenge since this is the more
interesting character of hyperaccumulator plants. In this
sense, studies based on genomic and functionality of target
elements related to metal tolerance of hyperaccumulator
plants would allow interesting advances in this aspect.

8.3  Phytoremediation of Organic

Compounds

The efficiency of transgenic plants in the phytoremediation
of organic contaminants has been investigated. For that, two
main strategies have been pursued: (1) the manipulation of
metabolic activities to enhance in planta degradation rates or
to impart a novel metabolic activity and (2) the enhanced
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secretion of enzymes from roots leading to accelerated ex
planta degradation of organic contaminants. One of the main
processes involved in organic pollutant phytoremediation is
phytotransformation, also known as phytodegradation. In
this process, plants uptake pollutants and subsequently
metabolize or transform them into less toxic metabolites.
Once taken up, the organic chemicals generally undergo
three transformation phases: (I) chemical modification
(oxidations, reductions, hydrolysis), (II) conjugation, and
(IIT) sequestration or compartmentalization (Ohkawa et al.
1999; Cherian and Oliveira 2005). Plant enzymes that
typically catalyze the reactions of phase I are cytochrome
P450 monooxygenases, carboxylesterases, peroxidases, and
laccases (Coleman et al. 1997; Burken 2003). The second
phase involves conjugation with GSH, sugars, or amino
acids, catalyzed by glutathione, glucosyl, and malonyl trans-
ferases, resulting in more soluble, polar compounds (Marrs
1996). The third phase of plant metabolism is compartmental-
ization and storage of soluble conjugates either in vacuoles or
in the cell wall. The conjugates are actively transported to the
vacuole or apoplast by ATP-dependent membrane pumps
(Martinoia et al. 1993).

A great diversity of organic pollutants has been intro-
duced into the environment by human activities. However,
phytoremediation using transgenic plants of only some of
these compounds has been extensively studied. The first
attempts for these purposes were targeted to herbicides,
explosives, and halogenated organic compounds (Feng and
Kennedy 1997; French et al. 1999; Doty et al. 2000). In the
following sections, the more recent examples related to the
use of transgenic plants for phytoremediation of these con-
taminants and others will be presented.

8.3.1 Pesticides

Pesticides include a wide range of chemicals used to kill,
repel, or control pests and weeds. Among them, DDT
[2,2-bis(chlorophenyl)-1,1,1-trichloroethane] is one of the
21 POPs that require immediate elimination, according to
the 2010 Stockholm Convention (Sudharshan et al. 2012).
Since World War II DDT has accumulated in the environ-
ment because of its use against forest and agricultural pests
and against insect vectors of typhus and malaria (Lunney
et al. 2004). Cytochrome P450 enzymes from pig, human,
and other living organisms have been expressed in different
genetically engineered plant species for pesticide removal
(Hussain et al. 2009). In this sense, Mouhamad et al. (2012)
evaluated the phytoremediation of TCE and DDT polluted
water using transgenic Sesbania grandiflora and A. thaliana
plants harboring rabbit cytochrome P450 2E1. Arabidopsis
transgenic plants exposed to both contaminants accumulated
more DDT and TCE compared with WT plants.
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Lindane (g-1,2,3,4,5,6-hexachlorocyclohexane), also known
as gammaxene or benzene hexachloride (BHC), is another
organochlorine insecticide used worldwide in agriculture, as
well as to control insect-borne diseases relevant to human
and animal health (Singh et al. 2011). Although lindane has
been banned from the European Community and United
States markets due to its toxicity and recalcitrance, there are
still several areas polluted with this insecticide (Rigas et al.
2009). Therefore many research studies focused on its reme-
diation. In this context, Singh et al. (2011) showed that stable
integration and expression of human cytochrome P450 2E1
(CYP2E]) in tobacco plants produced great tolerance as well
as enhanced removal of this compound from liquid solution
and soil.

Herbicides play an important role in agriculture world-
wide but have negative effects on the environment (Dowling
and Doty 2009). Even though phytoremediation of herbi-
cides has been well studied using conventional plants, field
trials suggested that the rate of contaminant removal was
inadequate. Transgenic technology has been used with some
success considering that two enzymes play main roles in the
increased degradation of pesticides: cytochrome P450 mono-
oxygenases (P450s) and glutathione S-transferases (GSTs)
(Inui and Ohkawa 2005; Kawahigashi et al. 2005, 2006;
Karavangeli et al. 2005). For example, Kawahigashi et al.
(2008a) engineered rice plants expressing human cyto-
chrome P450 genes (CYPIAI, CYP2B6, and CYP2C19) that
were more tolerant to several herbicides than WT plants.
Besides, transgenic plants were able to remove atrazine and
metolachlor from soil. In addition, the accumulation of the
OsGSTL1 protein (with GST activity) in the vegetative
tissues of transgenic rice plants enhanced their tolerance to
chlorsulfuron and glyphosate (Hu et al. 2009).

8.3.2 Explosives

The most widespread explosives are 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine, hexogen
(RDX), and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetraazocine
(HMX) (Octogen). These toxic and mutagenic explosives are
stable in the environment and recalcitrant to remediation
(Panz and Miksch 2012).

As it was mentioned before, the use of genetic engineer-
ing is also a powerful tool for enhancing the efficiency of
explosive phytoremediation (French et al. 1999; Hannink
et al. 2001, 2007). In particular for TNT remediation, the
overexpression of two glycosyltransferases in Arabidopsis
resulted in an increase of conjugate production and detoxifi-
cation (Gandia-Herrero et al. 2008). Bacterial nitroreduc-
tases efficiently reduce the nitro side groups of TNT to
different isomers of aminonitrotoluene. Accordingly, Van
Dillewijn et al. (2008) showed that the expression of the
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bacterial nitroreductase gene (pnrA) improved the natural
capacity of transgenic hybrid aspen (Populus tremulax
tremuloides var. Etropole) to tolerate, grow, and more impor-
tantly eliminate TNT not only from contaminated hydro-
ponic medium but also from contaminated soil where its
bioavailability is reduced.

RDX is a nitramine, often found along with TNT (Rylott
and Bruce 2009). The first study demonstrating the use of
transgenic plants to remove simultaneously TNT and RDX
was carried out by Rylott et al. (2011) using A. thaliana.
These plants were transformed with the bacterial genes xp/A
and the associated reductase xplB, an unusual explosive-
degrading P450 system, (RDX degrading) from Rhodococcus
rhodochrous strain 11Y, in combination with the gene nfsl
(TNT-detoxifying nitroreductase) from Enterobacter cloacae.
The transgenic plants obtained, removed RDX from soil leach-
ate, and grew on soil contaminated with both explosives at
inhibitory concentrations for plants that only expressed XplA.

On the other hand, HMX is less susceptible to phytoreme-
diation than RDX and TNT. Since this octogen has a chemi-
cal structure that is similar to the hexogen, there have been
attempts to remove this compound using genetically modi-
fied plants expressing the xp/A gene. However, transgenic
lines did not assimilate more HMX than WT plants (Rylott
and Bruce 2009; Panz and Miksch 2012). Thus, it constitutes
a challenge that should continue under investigation.

8.3.3 Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) are persistent organic pol-
lutants (POPs), a group of chemical with long half-life in the
environment and potential bioaccumulation through the food
chain. PCBs are characterized by two linked aromatic rings
substituted by 1-10 chlorine atoms. There are about 209 of
their congeners and are identified by chlorine numbers and
position (Anyasi and Atagana 2011). PCBs have been used
for a variety of industrial applications, including lubricants,
dielectric fluids, and plasticizers. Due to their hydrophobicity
and chemical stability, PCBs are slowly taken up and degraded
by plants, resulting in an incomplete metabolism and poten-
tial release of toxic metabolites into the environment. In order
to overcome these limitations, bacterial genes involved in
PCB metabolism, such as biphenyl dioxygenases, enzymes
that catalyze the first steps in their degradation, have been
introduced into plants (Mohammadi et al. 2007; Sylvestre
et al. 2009; Van Aken et al. 2010). Among these enzymes, the
2,3-dihydroxybiphenyl-1,2-dioxygenase (BPHC) is the third
enzyme in the biphenyl degradation pathway, and its function
is the cleavage of biphenyl ring. Chrastilova et al. (2008) and
Novakova et al. (2009) obtained 12 lines of transgenic
N. tabacum plants expressing bphC gene from Comamonas
testosteroni B356. The presence and expression of the bphC
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gene as well as the enzyme were detected in transgenic plants.
One transgenic line, namely, H2, showed high biomass, high
viability on toxic substrates, and increased phytoremediation
of high 2,3-dihydroxybiphenyl (2,3-DHB) concentrations
(Novakova et al. 2010).

8.3.4 Volatile Organic Compounds

Another group of organic contaminants called volatile
organic compounds (VOCs) includes trichloroethylene
(TCE), carbon tetrachloride (CT), vinyl chloride (VC),
benzene, chloroform, toluene, and bromodichloromethane
(BDCM). Many VOCs are used and produced in the manu-
facture of paints, adhesives, petroleum products, pharma-
ceuticals, and refrigerants. James et al. (2008) developed
transgenic tobacco plants capable to remove VOCs express-
ing CYP2E1, a key enzyme in the mammalian metabolism of
several low molecular weight VOCs. These transgenic plants
showed increased removal of TCE, VC, CT, benzene, tolu-
ene, chloroform, and BDCM, compared to WT plants but not
of perchloroethylene or 1,1,1-trichloroethane. In a similar
way, transgenic petunia plants expressing the same enzyme
showed a significant increase in absorption capacity of ben-
zene and toluene and improved resistance to formaldehyde
(Zhang et al. 2011). This study revealed that the CYP2E]
gene enhances plant resistance to formaldehyde and also
provides a method for reducing VOCs, by using transgenic
flowering horticultural plants.

In view of the large size and extensive root systems of
trees, transgenic poplars would constitute a useful tool to
effectively remediate sites contaminated with a variety of
pollutants at faster rates and lower costs. In this sense, Doty
et al. (2007) obtained transgenic poplars expressing CYP2E1
that showed enhanced metabolism and removal of TCE,
chloroform, and benzene. More recently, these transgenic
poplars were evaluated in field conditions. They showed
enhanced degradation of TCE in the field but in a lesser
extent than that observed in laboratory studies (Legault
2013). All the studies carried out until now have shown that
CYP2EI would be the most common gene used for engineer-
ing plants with enhanced VOC phytoremediation ability.

8.3.5 Phenol Compounds

Phenol and its derivatives are widely distributed in the environ-
ment due to their multiple applications in petrochemical and
pharmaceutical industries, in the synthesis of resins, perfumes,
solvents, and lubricating oils, as well as in the preparation of
other chemicals (e.g., plastics, drugs, explosives, pesticides,
and detergents) (Iurascu et al. 2009). Different strategies
were used to enhance phenol remediation capabilities, such as
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the overexpression of enzymes involved in phase I or in phase
II of plant xenobiotic metabolism.

For many years our research group has developed exper-
tise in phenol phytoremediation using mainly hairy roots
(HRs) as model system from different plant species. Removal
efficiencies and optimization of the process were deter-
mined, as well as the involvement of different peroxidase
isoenzymes (Agostini et al. 2003; Gonzélez et al. 2006;
Coniglio et al. 2008; Talano et al. 2010). In order to increase
the efficiency and to evaluate physiological and biochemical
mechanisms involved in phytoremediation of phenols, trans-
genic tomato and tobacco plants and HRs were developed
(Wevar Oller et al. 2005; Sosa Alderete et al. 2009, 2012;
Talano et al. 2012). For instance, the involvement of basic
peroxidase isoenzymes, TPX1 and/or TPX2, in phenol
removal was evaluated by overexpression in tomato and
tobacco (Wevar Oller et al. 2005; Sosa Alderete et al. 2009).
The increased removal efficiency obtained with transgenic
HRs contributed to give more evidence that reinforces the
hypothesis that basic peroxidases would be the main isoen-
zymes involved in phenol removal process. In addition, an
increase in removal efficiency of 2,4-DCP and a decrease in
toxicity of treated solutions were obtained using double
transgenic (tpx/ and tpx2) tobacco plants (Talano et al.
2012). Recently, the effects on the phospholipid turnover and
phospholipase D activity after phenol treatment were also
studied, using WT and double transgenic tobacco HRs. The
results obtained suggest that the pollutant may induce
changes of lipid kinase activities, involved in the synthesis of
signaling phospholipids (Sosa Alderete et al. 2012).

Sonoki et al. (2012) carried out studies to enhance the reme-
diation of bis-phenol A (BPA; 2,2-bis(4-hydroxyphenyl)pro-
pane), a widely distributed alkyl phenol. This compound is one
of the major chemicals used in plastics and resins, and it is well
known that it disrupts endocrine systems in humans and ani-
mals. Tobacco plants were genetically modified with fungal
enzymes such as lignin peroxidase (LiP), laccase (Lac), and
manganese peroxidase (MnP) that can degrade and polymerize
BPA (phase I). An increase of BPA removal efficiency by fun-
gal peroxidase expression in these plants was observed.

Another strategy has been to obtain plants with an
enhanced ability to secrete detoxifying enzymes. In this con-
text, Wang et al. (2004) overexpressed a secretory laccase to
enhance ex planta phytoremediation of phenolics leading to
more competitive plants. Recently, Chiaiesea et al. (2011)
cloned the fungal laccase gene poxAlb that codifies for an
enzyme involved in phenol metabolism and transformed
tobacco plants and microalgae cells of Chlamydomonas,
Ankistrodesmus, and Chlorella genera. Transgenic plants
and microalgae were able to secrete the laccase and to
remove high phenol concentrations from an olive oil mill
wastewater. These authors suggest further studies to evaluate
the application of a consortium of algae or a combination of
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plants and microalgae expressing fungal laccase for phenol
removal.

On the other hand, the xenobiotic glycosylation ability of
uridine diphosphate-glucose-dependent glucosyltransferase
(UGTs) is known to function in phase II of plant detoxifica-
tion pathway. In this sense, previous works have reported
that PtUGT72B1 enzyme from Populus trichocarpa has high
activity in detoxifying trichlorophenol by conjugation with
glucose. Xu et al. (2013) analyzed the substrate specificity of
PtUGT72B1 toward phenols and determined that this
enzyme was able to catalyze the o-glucosylation of phenol,
hydroquinone, and catechol when it was expressed in
A. thaliana. Transgenic plants removed these compounds
more efficiently than WT plants.

8.3.6 Hydrocarbons

Other important targets for plant-based decontamination
are hydrocarbons that are mainly produced during fuel
combustion. Many plants have been transformed with for-
eign genes aimed to remove different kinds of hydrocarbons.
For instance, tobacco plants overexpressing fungal GSTs
from Trichoderma virens showed enhanced tolerance to
anthracene (Dixit et al. 2008, 2011). Two bacterial enzymes,
haloalkane dehalogenase (DhlA) and haloacid dehalogenase
(DhIB) from the bacterium Xanthobacter autotrophicus
GJ10, with ability to dehalogenate a range of halogenated
aliphatic hydrocarbons, including 1,2-dichloroethane (1,2-
DCA), were also studied. Focused on these enzymes, Mena-
Benitez et al. (2008) expressed dhlA and dhiB genes into
N. tabacum plants and used 1,2-DCA as a model substrate to
demonstrate the ability of transgenic tobacco to remediate a
range of halogenated aliphatic hydrocarbons.

8.3.7 Textile Dyes

Dyes are recalcitrant, and thus they remain in the environ-
ment for a long period without being degraded. Although dye
wastewaters are usually treated by physicochemical pro-
cesses, these technologies are generally ineffective in color
removal, expensive, and less adaptable to a wide range of dye
wastewater (Vinayak et al. 2012). Few studies are reported of
textile dye phytoremediation with conventional plants
(Ghodake et al. 2009; Kagalkar et al. 2009; Khandare et al.
2011; Telke et al. 2011; Vinayak et al. 2012; Kabra et al.
2012) and even fewer using transgenic plants. Several micro-
organisms have been reported to be capable of decolorizing
triphenylmethane dyes. Recent studies using A. thaliana
transgenic plants showed that overexpression of a triphenyl-
methane reductase from Citrobacter sp. enhanced plant
tolerance to crystal violet (CV) and malachite green by
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Fig. 8.1 Scheme with different strategies of transgenic plants with
improved abilities for inorganic (As, Pb, Cd, Hg) and organic phytore-
mediation. Increased uptake of metal(loid)s in transgenic plants has
been possible for Pb and Hg incorporation through overexpression of
different cell membrane proteins. Regarding increased sequestration, it
has been realized by increasing the expression of enzymes from PC
synthesis pathway like ECS (gamma-glutamylcysteine synthase), GS
(glutathione synthase), and PCS (phytochelatin synthase) or through the
expression of genes coding for metallothioneins. Also, metal(loid) trans-
port into vacuoles has been improved by overexpressing ABC trans-

converting CV to nontoxic leucocrystal violet (Fu et al. 2013).
This finding is an important contribution to this area of
research and will surely lead to further studies in this topic.
As it was already described, the development of trans-
genic plants for organic compound remediation is mainly
based on overexpression of genes codifying enzymes
involved in xenobiotic transformation (phase I) or conjuga-
tion (phase II). To our knowledge, there are no genetic

porter genes, cation/H+ exchanger, and proton pumps. In addition, an
efficient chelation of metal(loid)s has been achieved by the expression of
genes involved in polyphosphate synthesis or disulfide compounds.
Increased volatilization in transgenic plants has been attained for As and
Hg. Increasing translocation from roots to shoots has been less explored.
For organic compound phytoremediation, the more deepened strategies
have been those related with phase I (chemical modification), and there
have been some examples involving phase II, such as the overexpression
of glucosyltransferases. Phase III has not been explored for developing
transgenic plants with improved organic phytoremediation

engineering studies that involve sequestration or compart-
mentalization (phase III). Moreover, genetic engineering of
plants is important and necessary since they rarely mineral-
ize hazardous organic compounds; thus, transgenic plants
will be necessary to achieve this goal.

Figure 8.1 summarizes different strategies used to develop
transgenic plants with enhanced abilities for inorganic
(As, Cr, Cd, Hg) and organic phytoremediation.
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8.4 Limitations of Using Genetically
Modified Plants to Clean

Up the Environment

It is clear that biotechnology has opened new gateways in
phytoremediation allowing plants to be genetically modified
to enhance their pollutant remediation capabilities. Thus,
plants with high biomass, rapid growth rate, and climatic
adaptability can be genetically engineered to produce elite
plants with enhanced remediation abilities (Czaké et al.
2006). It is noteworthy that although transgenic plants used
in phytoremediation will not be intended as human and ani-
mal food, so food safety, allergenicity, and labeling are not
relevant issues, they still have a number of drawbacks to be
widely used (Davison 2005).

One of these limitations is related with the increased inva-
siveness of transgenic plants and decreased genetic variabil-
ity of native plants due to interbreeding or cross-pollination
(Davison 2005). To minimize the risk of interbreeding to WT
relatives, it is better to choose transgenic plant species that
have no compatible WT relatives. Other gene flow contain-
ment measures are using male sterility, planting away from
WT relatives, and/or harvesting the plants before flowering
(Pilon-Smits and Pilon 2002; Ruiz and Daniell 2009; Kotrba
2013). In addition, an alternative to contain transgenes is
integrating them into the chloroplast genome instead of the
nucleus, since plastid inheritance is almost entirely maternal
and its transmission via pollen rarely occurs (Hails 2000;
Davison 2005; Kotrba 2013). Another suitable technique is
the use of several constructions that confer conditional
lethality on transgenic plants. One of the constructions that
have been proposed is based on poison/antidote idea and
employs lethal ribonuclease barnase of Bacillus amylolique-
faciens as poison and protein barstar as antidote. The barnase
gene is expressed from a sulthydryl endopeptidase promoter,
active at the time of seed pod development and preventing,
consequently, seed germination. The “antidote” is the expres-
sion of barstar gene, which is placed under the control of a
heat shock promoter. Seed development and germination is
only possible when the barstar is produced due to the con-
trolled heating of developing seeds to 40 °C. Such conditions
are unlikely in the field, making the germination of progeny
likely to fail there (Davison 2005; Kotrba 2013).

Another drawback regarding the use of transgenic plants is
that most data on the performance of phytoremediating trans-
genic plants are based on observations made in controlled
conditions, rather than in the field (Abhilash et al. 2009; Ruiz
and Daniell 2009; Bhargava et al. 2012). One of the reasons
for the discrepancy between the number of scientific papers
based on laboratory test over those dealing with field condi-
tions is the high cost for maintenance, monitoring of installa-
tions, and waste disposal (Maestri and Marmiroli 2011). In
this sense, several methods of contaminated plant disposal
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after phytoremediation process have been researched,
including ashing, incineration, and liquid extraction (Sas-
Nowosielska et al. 2004). Currently, incineration is proposed
as the most feasible, economically acceptable, and environ-
mentally thorough disposal method (Rayu et al. 2012).

Public acceptance is another barrier to the use of geneti-
cally engineered plants for phytoremediation. In this sense,
although the creation of the first transgenic organisms took
place during the early 1970s, the debate about their risks con-
tinues today. The public receive scientific information through
the massive media and depending on their financial and polit-
ical influence; the media can manipulate the public, causing
scientific controversies that are rarely about science (Farre
et al. 2011). Media involvement can also affect government
decisions and policy. The impact of phytoremediation with
transgenics should be carefully evaluated and weighed against
the risks of doing nothing and with the known disadvantages
of traditional remediation techniques (Pilon-Smits and Pilon
2002; Bhargava et al. 2012; Kotrba 2013; Pathak et al. 2013).

It is important to note that after more than twenty years of
research and after different transgenic plants with enhanced
phytoremediation capabilities have been developed, none of
them reached commercial existence (Maestri and Marmiroli
2011). This fact is related with time and money and with the
strict regulations necessary to bring a genetically modified
organism to market compared to a nongenetically modified
one. The regulatory process is bureaucratic and unwarranted
by science: despite rigorous investigation over more than a
decade of the commercial use of genetically engineered
plants, environmental or health risks have not been noticed
(Potrykus 2010a). Meanwhile, a new plant created by tradi-
tional breeding methods, which also modify the genome,
requires less or no safety data, only the demonstration that
it performs at least as well as others (Potrykus 2010b). In
some countries, like the United States, Canada, the United
Kingdom, Germany, and Italy, among others, there are com-
panies specialized in conducting air, soil, sediment, and
groundwater phytoremediation protocols. Some of them
are supported by more than 10 years of experience offer-
ing effective solutions to environmental pollution. Thus,
although nowadays the use of transgenic plants is still asso-
ciated to perceived risks for ecosystems, their application
could be perceived more favorably in the future, allowing
their large-scale application and leading to cleaning up the
environment more efficiently.

8.5  Future Trends Using Genetically

Engineered Plants

Most of the research till now has been focused with single or
double traits/genes to introduce or enhance a phytoremedia-
tion capacity of a vegetal species. However, the expression of
complete pathways for metabolism, including the uptake,
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translocation, and sequestration, needs to be developed
(Dowling and Doty 2009; Seth 2012). Although the major
problem encountered with plants transformed with multiple
traits is gene silencing, plants for agricultural applications
have been successfully developed (James and Strand 2009).

Since the majority of polluted sites contain complex mix-
tures of chemicals, including both inorganic and organic com-
pounds, thus it is important to develop plants that can cope
simultaneously with multiple contaminants. Even though only
a small proportion of papers have dealt with both types of pol-
lutants, they have obtained promising results (Maestri and
Marmiroli 2011; Zhang and Liu 2011; Zhang et al. 2013).

Although phytotechnologies have greatly contributed to
reduce and control environmental pollution, there are still
many challenges to overcome. Thus, scientific community
should make an effort to address the most important ques-
tions that limit the application of transgenic plants for
phytoremediation.
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9.1 Introduction: From Remediation
to Management of Trace Element-

Contaminated Land

The term phytoremediation refers to the use of plants
and associated microorganisms to eliminate environmental
damage or threats posed by environmental pollution. While
this includes the use of plants in soil conservation such as
protection against erosion or regeneration of compacted
soils, the term phytoremediation is primarily used in con-
junction with the decontamination/redevelopment of soils,
which are contaminated by pollutants. Raskin et al. (1997)
defined phytoremediation as the use of green plants to remove
pollutants from the environment or to render them harmless.
Phytoremediation may be applied to soils that are contami-
nated with toxic trace elements (TE) or organic pollutants.
Depending on the targeted pollutants and the mechanisms,
phytoremediation can be divided into: (a) phytoextraction,
(b) phytotransformation, and (c) phytostabilization. This
chapter will focus on TE as they are the most widespread and
intractable soil contaminants.
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Phytoextraction describes the use of plants to remove/
extract pollutants from soil. In 1583 the botanist Cesalpino,
the author of the renowned book De plantis Libri, which
contains descriptions of about 1,500 plant species, described
an “alyson” that appeared to be confined to serpentine soils,
which are rich in nickel (Ni), in the vicinity of Florence,
Italy. In 1885, Baumann, a German botanist working near the
border of Germany and Belgium, discovered that certain
plant species growing on soils naturally enriched in Zn were
capable of accumulating uncommonly high Zn levels.
Brooks et al. (1977) coined the term hyperaccumulator for
plants that accumulate >1,000 mg kg™' Ni on a dry matter
basis. Currently, a plant is defined as a hyperaccumulator if it
reaches concentrations of at least 100 mg kg™ (0.01 % dry
wt.) Cd and As; 1,000 mg kg™! (0.1 % dry wt.) Co, Cu, Cr,
Ni, and Pb; and 10,000 mg kg™ (1 % dry wt.) Mn and Zn in
their aboveground tissues (Reeves and Baker 2000; Watanabe
1997). To date more than 500 plant species have been iden-
tified as natural metal hyperaccumulators, representing
<0.2 % of all angiosperms most of which are Ni hyperaccu-
mulators (450 species) (Ent et al. 2013).

In 1993, McGrath et al. proposed that hyperaccumulators
could be used for the removal of TE pollutants from soil.
Unfortunately, most hyperaccumulator species are slow
growing and have limited biomass production. As total metal
extraction is the product of biomass and tissue concentration,
the speed of metal removal is accordingly limited. Field
experiments by Robinson et al. (1998), Lombi et al. (2000),
and McGrath et al. (2000) highlight this problem, showing
that metal removal efficiency is in general not high enough
to remediate contaminated soils. Subsequently, research
focused more on high biomass plants, such as tobacco
(Nicotiana tabacum) (Evangelou et al. 2004; Fissler et al.
2010; Kayser et al. 2000), maize (Zea mays) (Fissler et al.
2010; Keller et al. 2003), Indian mustard (Brassica juncea)
(Keller et al. 2003; Quartacci et al. 2006), poplar (Populus
spp.) (Mertens et al. 2004; Robinson et al. 2003b, 2006),
willow (Salix spp.) (Cosio et al. 2006; Dickinson and Pulford
2005; Jensen et al. 2009; Klang-Westin and Eriksson 2003;
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Mileczek et al. 2009), and sunflower (Helianthus annuus)
(Fassler et al. 2010; Madejon et al. 2003), which are fast
growing, deep rooted, and easily propagated and cultivated
and have a high biomass production and a relatively high
metal uptake capacity. It was soon realized though that
regardless of the plants used, the rate of contaminant accu-
mulation was insufficient and thus would have to be consid-
erably increased without diminishing their yield.

One approach to achieve this was increasing the avail-
ability of contaminating TE in soil for plant uptake, e.g., by
artificial soil acidification or solubilization by means of
chelating agents. Various synthetic aminopolycarboxylic
acid (APCA) such as ethylene diamine tetraacetic acid
(EDTA), diethylene triamino pentaacetic acid (DTPA),
trans-1,2-cyclohexylene dinitrilo tetraacetic acid (CDTA),
ethylenediamine-N, N’-bis (2-hydroxyphenyl) acetic acid
(EDDHA), and others displayed potential to significantly
increase TE uptake by plants (Evangelou et al. 2007; Lai and
Chen 2004; Wu et al. 2004). However, as more and more
research was put into chelant-assisted phytoextraction,
various drawbacks arose such as their toxicity to soil micro-
organisms (Grcman et al. 2001) and to plants (Chen and
Cutright 2001; Epstein et al. 1999), and in particular the risk
that mobilized TE could leach into groundwater or surface
water (Evangelou et al. 2007; Lai and Chen 2005; Luo et al.
2005; Meers et al. 2005). To reduce this risk the use of bio-
degradable chelating agents such as ethylene diamine disuc-
cinate (EDDS) or nitrilotriacetic acid (NTA) was suggested.
However, the degradation rates of biodegradable chelating
agents such as EDDS and NTA were still too low to signifi-
cantly reduce the risk of leaching (Evangelou et al. 2007,
Meers et al. 2005). The risk of TE leaching was caused by
the fact that in order to achieve plant shoot concentration of
>1,000 mg kg™!, chelants have to be applied (a) in a single
large dose, to break down the endodermis in order to
increase the uptake via the limited apoplastic pathway, and
(b) to large excess, as most chelants are nonspecific; hence,
soil components such as Ca and Fe compete with targeted
TE, thus reducing the efficiency of the applied chelants
(Nowack et al. 2006).

The numerous setbacks in the development of phytoreme-
diation led to a change in focus from phytoextraction, i.e.,
the removal of pollutants to phytostabilization. The aim of
phytostabilization (a) is to prevent the dispersal of particle-
bound pollutants by wind and water erosion and to reduce
the export of dissolved contaminants by reducing surface
runoff and water flow into the subsurface and (b) to minimize
the transfer of contaminants into the food chain by using
plants with minimal uptake of contaminants (Collins et al.
2006). This change of concept means that quite different
plant characteristics are desired compared to phytoextrac-
tion. In phytoextraction, high accumulation of contaminants
was desirable, whereas in phytostabilization plants should
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preferably exclude contaminants from their aerial parts.
In recent years, the perception of contaminated soils has
changed. For decades, such soils were regarded only as a
source of hazard, which required remediation. Nowadays,
contaminated soils are increasingly considered as a valuable
resource that can sustain plant growth, biodiversity, and
other ecosystem functions. Contaminated land is an exten-
sive underutilized resource, which could and should be used
in a sustainable way to grow plants for a large variety of
profitable purposes. From this new perspective, the idea of
phytomanagement emerged. Phytomanagement describes
the engineering or manipulation of soil-plant systems to
control the fluxes of TEs in the environment, maximizing
economic and/or ecological benefits while minimizing risks.
Thus, the goal of phytomanagement may be to alleviate
deficiencies of crops in essential TEs or to reduce the envi-
ronmental risk posed by contaminating TEs. A key compo-
nent of phytomanagement is that it should either cost less
than other remediation or fortification technologies or be a
profitable operation, by producing valuable plant biomass
products (Robinson et al. 2009).Thus, the aim of phytoman-
agement is to produce economic revenue on a contaminated
land without causing detrimental effects on human health
and nature.

9.2 Contaminated Land: An Extensive
but Underutilized Resource
Growth in global population, high—and growing—

consumption levels in industrialized countries, rapidly
increasing middle classes, related increased consumption
levels, expanding urban areas, and changing diets in emerg-
ing countries combined with the increasing energy consump-
tion are some of the key drivers behind the increasing demand
for land. Demographers project that the world population
will rise to 9 bn by 2050 and level off somewhere between 9
and 12 bn people by the end of the century. Accompanying
the population growth is an increase in personal income.
Globally, the size of the middle class could increase from
1.8 bn people to 3.2 bn by 2020 and to 4.9 bn by 2030. This
results in changes in lifestyle, diets, and demographics, with
meat consumption playing an important role (OECD 2010).
As a consequence, the global crop demand will increase by
100-110 % from 2005 to 2050 (Tilman et al. 2011); thus,
according to the OECD and UN-FAO, agricultural produc-
tion has to increase by about 60 % globally and nearly 77 %
in developing countries by 2050 (OECD-FAO 2012). The
potential to expand the arable land areas is not great.
According to the FAO, out of the world’s 13.5 bn ha of total
land surface, the area of land that is potentially available for
expanded rain-fed crop production is ca. 2 bn ha. Of this,
1.4 bn ha are currently used for agriculture and at least
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Fig.9.1 Arable land per capita in selected countries for the year 2011 (TWB 2012)

500 M ha should remain protected from agriculture for
environmental reasons (Haralambous etal. 2009). Additionally,
built-up areas (currently 150 M ha) will further expand at the
expense of arable or potentially arable land (FOE 2013).
Land demand for the production of food, fodder, and its
use for housing will increasingly compete with the energy
supply demands, in the form of bioenergy/biofuels. Biofuel
growth is driven by policies and targets from over 50 coun-
tries, among them China, the EU, the United States, Brazil,
the Philippines, India, and Uruguay who strive to become
less reliant on foreign oil. In order to reach their biofuel
demand of approximately 65 bn US gallons vast swathes of
land would have to be converted from food to energy crop
production (Evangelou and Schulin 2013). The OECD/FAO
(2011) estimated that by 2020, 12 % of the global coarse
grain production as well as 33 % of the sugar production will
be used to produce ethanol. Additionally, 16 % of the global
production of vegetable oil will be used to produce biodiesel.
According to the International Energy Agency (IEA), in
2006 about 14 M ha of land—ca. 1 % of the world’s cur-
rently available arable land—were used for the production of
biofuels (IEA 2006). The FAO projects that these figures will
increase up to 3.5 % by 2030 (Haralambous et al. 2009).

These estimations have brought up concerns about food
security and affordable food prices. Increasing population
and soil loss is resulting in reduced arable land per person
(Figs. 9.1 and 9.2).

Pointing to threatened food security, it has been argued
that biomass production for biofuels is unsustainable
(Friedemann 2007). As a result it has been suggested to
use lands that are marginal, “underutilized,” or “unused.”
However, such land, especially in developing countries, is
often important for the livelihoods of poor rural communi-
ties, as it is used for grazing; as livestock transit routes; for
collection of fuel wood, wild fruits and nuts, medicinal
plants, and other plant products; and for access to water
sources (Haralambous et al. 2009).

Contaminated land, which is not suitable for food pro-
duction, is in contrast to “marginal” land often not used eco-
nomically at all; thus, it could also be considered as a
suitable alternative, not only for biofuels but timber and fod-
der as well, which would otherwise be grown on fertile
non-contaminated soil that could be used to produce food.
The global area of TE-contaminated soils is approximately
33 M ha (Evangelou et al. 2012). This estimation is conser-
vative, as the extent of contaminated land in poor countries
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is difficult to assess due to a lack of published data.
Nevertheless, it is well documented the area of contami-
nated land is increasing due to industrialization and lax
environmental regulations in poor countries. The use of
these lands would open to the affected countries new eco-
nomic possibilities as most countries lack the wherewithal
to remediate or secure contaminated land.

9.3  Potential Plant Species

for Phytomanagement

Plants used for phytomanagement should be fast growing,
deep rooted, and easily propagated and have a high biomass
production as well. Their TE accumulation characteristics
depend on the goal of phytomanagement. Plants that accu-
mulate high concentrations of Se or Zn may be usefully
employed on soil contaminated with these elements to pro-
vide supplementary fodder for stock in deficient areas
(Banuelos and Dhillon 2011; Fissler et al. 2010). In some
other cases, where accumulation of TEs may present a risk to
the food chain, excluder species are desirable. In all cases the
biomass should have economic or ecological value. The
plants should additionally mitigate the risk originating from
that soil, by, e.g., stabilizing the soil, reducing leaching, etc.
Furthermore, their cultivation must be practically feasible
and economically attractive under the given site and land
use conditions (Robinson et al. 2009).

9.3.1 Trees

Various tree species can be used to produce biomass on
contaminated land. Willow (Salix spp.) and poplar (Populus
spp.) are used worldwide for bioenergy production, due to

their fast growth and their capability to be coppiced (e.g.,
short-rotation coppice). Hardwood species such as eucalyp-
tus (Eucalyptus spp.), beech (Fagus spp.), maple (Acer spp.),
and birch (Betula spp.) as well as softwood species such as
spruce, pine, fir, larch, and hemlock are used for the produc-
tion of pulp, timber, and firewood. The trees should not accu-
mulate high TE concentrations (a) in the wood, as risks could
arise from the release of these TE during processing (e.g.,
bioenergy, pulp, burning) as well as during its use (e.g.,
wooden furniture, use of paper), and (b) in the leaves as TE
could be spread through the dispersion of foliage into
the surrounding ecosystems. Leaves usually accumulate the
highest TE concentrations followed by bark and wood, as
shown by Unterbrunner et al. (2007) for Salix caprea, Salix
purpurea, Salix fragilis, Salix sp., Populus tremula, Populus
nigra, and Betula pendula. Lead is an exception, as it often
accumulates more in stems than in leaves (Migeon et al.
2009; Evangelou et al. 2013).

Willow (Salix spp.) and poplar (Populus spp.) are known
to accumulate high concentrations of Cd and Zn (Dickinson
and Pulford 2005; Migeon et al. 2009; Vamerali et al. 2009;
Evangelou et al. 2012, 2013) (Table 9.1). Birch is a pioneer
tree characterized by fast growth and low demand for soil
nutrients. Thus, it can be a suitable candidate for the phyto-
management of contaminated soils with low nutrient contents.
It does, however, take up more Pb than other tree genera such
as willow (Salix spp.), poplar (Populus spp.), oak (Quercus
spp.), beech (Fagus spp.), and maple (Acer spp.) (Migeon
et al. 2009; Evangelou et al. 2012, 2013). Compared to wil-
low (Salix spp.) and poplar (Populus spp.), birch (Betula spp.)
usually accumulates less Cd (French et al. 2006; Hermle et al.
2006; Unterbrunner et al. 2007). Van Nevel et al. (2011)
found that leaf Cd and Zn accumulation decreased in the
order aspen (Populus tremula) > silver birch (Betula pendula)
>> Scots pine (Pinus sylvestris) ~ oak (Quercus robur and
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Table 9.1 Bioaccumulation factors of potential trees for phytomanagement

Species
Poplar (Populus spp.)

Willow (Salix spp.)

Birch (Betula pendula)

Eucalyptus

Oak (Quercus spp.)

Plant part
Wood

Leaves

Wood

Leaves

Wood

Leaves

Wood

Leaves

Wood

Leaves

TE
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn

Bioaccumulation factor

0.25-2.35
0.22-0.26
0.004-0.02
0.02-0.74
0.005
0.56-4.63
0.21
0.006-0.01
0.2-1.47

0.72-6.5
0.16-0.22
0.002-4.5
0.28-1.62
0.01
2.5-12.2
0.18-0.24
0.01-0.29
0.28-4.00

0.11-0.3
0.16
0.001-0.05
0.32-0.86

0.9

0.18
0.01-0.03
0.01-3
0.01
0.1-0.90
0.1

0.03
0.05-7.61

0.32-0.94
0.1-1.2
0.3
0.37-6.14

0.05-1.62
0.16

0.002-0.1
0.01-0.07

0.05-0.2
0.21
0.01-0.04
0.05-0.28
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Quercus petraea), while for the stem the order was aspen
(Populus tremula) ~ silver birch (Betula pendula) > Scots
pine (Pinus sylvestris) > oak (Quercus robur and Quercus
petraea). Scots pine (Pinus sylvestris) is a good bioindicator
because it is sensitive to industrial pollution (Kosinska and
Baaga 2007). Meeinkuirt et al. (2012) found a low ability of
eucalypt (Eucalyptus camaldulensis) to accumulate Pb, while
Mok et al. (2013) showed that the eucalyptus species
Eucalyptus polybractea and Eucalyptus cladocalyx accumu-
lated various TE such as Cd or Zn to high levels. Oaks
(Quercus spp.) are defined by a high tolerance to TE but low
uptake of TE (Migeon et al. 2009; Evangelou et al. 2012,
2013) (Table 9.4). But due to this slow growth, they are not
very attractive for phytomanagement purposes, although their
wood is valuable. Maple (Acer spp.) shows a low propensity
to take up Zn and Cd, while it does not differ from willow
(Salix spp.), poplar (Populus spp.), or birch (Betula spp.) in
the accumulation of Pb and Cr (Migeon et al. 2009).

9.3.2 Agricultural Crop Plants

Crops used for the production of bioethanol are wheat
(Triticum spp.), corn (Zea mays L.), sweet and grain sor-
ghum (Sorghum bicolor (L.) Moench), and sugar beet (Beta
vulgaris L.), as these plants accumulate large amounts of
starch or sugars in plant storage organs, which can be
fermented. For biodiesel, annual plants with high seed oil
content are used, such as sunflower (Helianthus annuus L.),
rapeseed (Brassica napus L. var. oleifera D.C.), soybean
(Glicine max L.), and tobacco (Nicotiana tabacum). Besides
plant parts rich in starch and sugar and oils, also stover and
straw can be used to produce bioenergy. In contrast to the use
of tree species or perennial herbaceous crops, annual plants
require efforts for the management of harvest transport and
processing. Using crops for the phytomanagement of con-
taminated soils that are also utilized for food or feed produc-
tion, if grown on uncontaminated soil, requires particular
attention, as there is an increased risk that the products of
such crops could by mistake (or deliberate action) contami-
nate human food (Table 9.2 and 9.3).

A low TE concentration in the seeds of plants grown for
the production of biodiesel is desirable as it would reduce the
costs of removing TEs from the oil, which could be haz-
ardous for human health. Soybean (Glycine max), wheat
(Triticum aestivum L.), and corn (Zea mays) seeds accumu-
late significantly more Zn (up to six times more in soybean)
than stems, while there are no significant differences for Cd
and Pb (Lavado et al. 2001; Salazar et al. 2012). The produc-
tion of methane or ethanol through anaerobic digestion
(fermentation) requires low TE concentration, as they can
negatively affect the enzymes responsible for the breakdown
of biomass, as well as face issues concerning the fate of the
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digestate, such as its application on soils. Baig et al. (2011)
reported the As accumulation in crop plants decreased in the
order wheat (Triticum aestivum L.) > corn (Zea mays L.) =
sorghum (Sorghum bicolor L.). Sugarcane (Saccharum spp.)
accumulates approximately 50 % less TE in the stalks than in
the leaves, with the exception of Cd where the opposite
occurs (Noguiera et al. 2013). Also Xia et al. (2009) found
that sugarcane (Saccharum officinarum) has a high ability to
tolerate and accumulate Cd.

The uptake of metals into the shoots may also entail
potential ecological risks. Tobacco (Nicotiana tabacum)
accumulates Cd to relatively high levels compared to other
species (Kayser et al. 2000; Keller et al. 2003; Wenger et al.
2002). Concentrations of Cd in field-grown tobacco leaves
were found to range from <0.5 to 5 mg Cd kg™' (Lugon-
Moulin et al. 2004). Corn (Zea mays) can accumulate Zn in
the shoots (Keller et al. 2003; Luo et al. 2005), with Zn con-
centrations reaching >1,000 mg kg without significant
decrease in biomass (Wenger et al. 2002). In comparison
soybean (Glycine max) reaches even higher Zn shoot con-
centrations (Murakami and Ae 2009). Rapeseed (Brassica
napus) was found to accumulate more Pb than wheat
(Triticum spp.), corn (Zea mays L.), and sorghum {Sorghum
bicolor (L.)} (Tangahu et al. 2011).

Concerning potential risks deriving from biomass pro-
duced on contaminated soils, we can conclude from the avail-
able literature that tobacco (Nicotiana tabacum) and sugarcane
(Saccharum spp.) would be unsuitable for Cd-contaminated
soils, soybean (Glycine max) for Zn-contaminated soils,
and wheat (Triticum spp.) for As-contaminated soil. Rapeseed
(Brassica napus) is in general unsuitable for TE-contaminated
sites, as it belongs to the family of the Brassicaceae (e.g.,
Brassica species: B. nigra (L.) Koch; B. carinata A. Braun;
B. oleracea L.; B. campestris L.; B. juncea (L.) Czern.;
B. napus L.), which includes many hyperaccumulators
(Vamerali et al. 2010) (Table 9.4).

9.3.3 Herbaceous Perennial Crops

Perennial grasses have been widely used for centuries as fod-
der crops, often contributing significantly to energy supply on
farms being used to feed draft animals. For example, as late as
1920 in the United States, 27 M animals fuelled by some
35-40 M hectares of grasslands provided traction power on
farms and in cities, (Lewandowski et al. 2003). In the twenty-
first century, perennial grasses may be set for a comeback, as
they have a great potential to contribute to the production of
bioenergy. Candidates are in particular switchgrass (Panicum
virgatum), miscanthus (Miscanthus spp.), reed canary grass
(Phalaris arundinacea), vetiver grass (Vetiveria zizanioides
L.), elephant grass (Pennisetum purpureum Schumach), and
giant reed (Arundo donax).
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Table 9.2 Bioaccumulation factors of potential agricultural crops for phytomanagement

Species
Soybean (Glycine max)

Tobacco (Nicotiana tabacum)

Rapeseed (Brassica napus)

Wheat (Triticum aestivum L.)

Sunflower (Helianthus annuus)

Plant part
Shoot

Grain

Shoot

Grain

Shoot

Grain

Shoot

Grain

Shoot

Grain

TE
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn

As
Cd
Cr
Pb
Zn

As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn

Bioaccumulation factor

0.5-1.44-3.7
0.02
0.01-0.03
0.15-0.66

0.57
0.02
0.01-0.13
0.54-4.95

0.66-2.6

0.03
0.1-0.22

0.03
0.16

0.06-0.08

0.01-0.03
0.1-1.1
0.04-0.11

0.5-1.3
0.02
0.2

0.241-0.42
0.01
0.01-0.68
0.19-0.60

0.2-2.7

0.2

0.01-0.07

0.1-0.7

8* 10°¢, & 5* 107-0.009
0.01-0.05

5%10-5-0.009
0.01-0.7
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Table 9.2 (continued)

Species Plant part TE
Corn (Zea mays) Shoot As 0.03
Cd 0.1-1.88
Cr
Pb 0.05-1.13
Zn 0.2-3.7
Fruit As 0.045
Cd
Cr
Pb
Zn 0.3
Sorghum (Sorghum bicolor (L.) Shoot As 0.02-0.03
Moench), Cd 0.05-0.1
Cr
Pb 0.01-0.02
Zn 0.09-0.15
Fruit As
Cd
Cr
Pb
Zn

Bioaccumulation factor

M.W.H. Evangelou et al.
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Table 9.3 Bioaccumulation factors of potential perennial grasses for phytomanagement

TE
As
Cd
Cr
Pb
Zn

As
Cd
Cr
Pb
Zn

As
Cd
Cr
Pb
Zn
As
Cd
Cr
Pb
Zn

Plant part
Shoot

Species
Vetiver grass (Vetiveria zizanioides L.)

Elephant grass (Pennisetum purpureum Shoot

Schumach)

Smilo grass (Piptatherum miliaceum) Shoot

Giant reed (Arundo donax) Shoot

Unlike trees or agricultural crops, research on the potential
of perennial grasses to accumulate TE has not been so exten-
sive (Table 9.3). Thus, a conclusion, about which perennial
grasses are to be preferred for phytomanagement of
TE-contaminated sites, cannot be drawn. Nevertheless, Hou
et al. (2012) preferred hybrid Pennisetum followed by giant

Bioaccumulation factor References

0.04 Lai and Chen (2004);

1.25 Chiu et al. (2005);
Rotkittikhun et al. (2007)

0.004-0.07

0.03-0.8

0.5 Amonoo-Neizer et al. (1996)

0.09 Marchiol et al. (2013)

0.07

0.003

0.02

0.012 Boularbah et al. (2006);

0.04 Guo and Miao (2010)

0.007-0.0005

0.04-0.008

reed (Arundo donax), silver reed (Thamnochortus cinereus),
and switchgrass (Panicum virgatum) for the phytoextraction
of an As-, Hg-, Cu-, Cr-, Pb-, and Cd-contaminated soil. The
ability of Pennisetum to accumulate Cd is supported by a
study of Xia (2004), where Pennisetum reached higher Cd
concentrations than vetiver grass (Vetiveria zizanioides L.).
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Table 9.4 Suitability, positive (+) or negative (=), of various potential
phytomanagement plants depending on their TE accumulation and soil
degradation

Trace elements

Cd Zn Pb
Trees
Birch (Betula pendula) + + —-—
Eucalyptus (Eucalyptus spp.) - -
Oak (Quercus spp.) ++ ++
Poplar (Populus spp.) -— -—
Maple (Acer spp.) + +
Scots pine (Pinus sylvestris) ++ ++

+ 4+ + + 4+ o+

Willow (Salix spp.) - -
Agricultural crops

Corn (Zea mays) + - +
Rapeseed (Brassica napus) - - -
Sorghum (Sorghum bicolor (L.) Moench) +
Soybean (Glycine max) —
Sugarcane (Saccharum spp.) -

Sunflower (Helianthus annuus) - —
Tobacco (Nicotiana tabaum) —

Wheat (Triticum aestivum L.) +
Perennial grasses

Elephant grass (Pennisetum purpureun) - - -
Giant reed (Arundo donax)
Switchgrass (Panicum virgatum) + + +
Vetiver grass (Vetiveria zizanioides L.) + + +

Giant reed (Arundo donax) is a tolerant plant species for Cd
and Ni, which can accumulate high levels of these TE
(Papazoglou 2007, 2009) (Table 9.4).

Owing to years of experience in the production of agricul-
tural crops and timber, the optimal climatic and soil condi-
tions for numerous species and varieties are well known.
Perennial grasses are fairly new energy crops, and some, like
miscanthus (Miscanthus spp.) and giant reed (Arundo
donax), still retain wild-type characteristics such as high
seed dormancy levels and insufficient winter rest ability.
Breeding work for the development of varieties adapted to
the different ecological/climatic zones, such as in the case of
willow (Salix spp.) and poplar (Populus spp.), is still just
beginning and has great potential to develop promising bio-
energy varieties (Lewandowski et al. 2003).

924 Potential Products: Economic
Revenue
9.4.1 Bioenergy

Bioenergy refers to renewable energy from biological
sources, such as biomass that can be used for heat, electric-
ity, and fuel, and their coproducts. The biomass may be used
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directly as heat (plants, wood, straw, and other plants) or
processed into gases (from organic waste, landfill waste) or
liquids, such as ethanol and biodiesel (derived from crops
such as maize (Zea mays), sugarcane (Saccharum officina-
rum), wheat (Triticum spp.), rapeseed (Brassica napus), and
soy (Glycine max) or from lignocellulosic material). Biomass
has the great advantage over other renewable energy forms;
it is currently the only renewable source of fixed carbon and
thus is the only source in the long term for the production of
transport fuels. Approximately 57.7 % of the worldwide oil
consumption is used for transportation activities (IEA 2006),
and the global primary demand for oil (excluding biofuels)
will rise by 1 % per year on average, from 85 million barrels
per day in 2007 to 106 mb day~! in 2030 (IEA 2008). Thus,
the market for biofuels will become very big, particularly
owing to China’s rapid expansion.

Biofuels have a potential but their economic viability is
highly dependent on both the oil price and on governmental
subsidies, the price of oil in the world market being of crucial
importance. The starting point, from which the production of
biofuels becomes profitable, is known as break-even point
(balance point). In the European Union the break-even point
for different biofuels can be reached from US$75-80 barrel™!
of oil in relation to colza oil, US$90 barrel™! in relation to
bioethanol, US$100 barrel™' to biodiesel, and US$155-160
barrel™! to fuels attained by second-generation technologies.
In the United States the break-even point for bioethanol is
currently reached when the oil price exceeds US$40-50
barrel™!. This means that bioethanol production is not
economic at oil prices below US$40 barrel™!. In the case of
producing ethanol in Brazil, the break-even point oscillates
between US$30 and 35 barrel™!. For biofuels derived from
vegetal oils, a technology in its incipient stage, the indicator
is estimated to be about US$60 barrel™ (Evangelou et al.
2012, 2013). The break-even point for bioenergy produced,
through combustion or fermentation from TE-enriched bio-
mass, would probably be higher. Because filters would have
to be installed to retain the volatile TE and the risk originat-
ing from the TE contained in the digestate after biogas or
ethanol production would have to be mitigated.

9.4.2 Wood

Production and consumption of key wood products (round-
wood, sawn-softwood, sawn-hardwood, panels, pulp, paper,
and secondary products) are expected to continue past trends
of 1-2 % annual increase until 2030. The global demand
for wood products is driven by population increase and
economic growth in particular in Asia (FAO 2009).
Contemporaneously, more forests will be excluded from
wood production due to new environmental policies and
regulations. Additionally, there is less and less old-growth
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forest left for logging due to our exploitation and forest
destruction. Worldwide there are >89 M ha of plantation
forests (FAO 2001) with their area increasing rapidly. But
also the land available for forest plantation is limited and
under pressure by the demand for agricultural land. Again,
areas with elevated TE concentrations (>33 M ha) could
offer a viable alternative. They could be used for wood pro-
duction, thus reducing the necessity to use natural forests.

Unlike biofuels, growing trees for timber does not pro-
duce rapid economic revenue. Plantation forests, depending
on the tree species used and the intended product, will need
10-50 years before they become harvestable. Eucalyptus
plantations, for example, intended for pulp production can be
harvested after approximately 6 years (Clay 2004), while
pine saw timber may need 30-50 years before it reaches
economic maturity (Roth 1989). The long-term harvesting
cycles are an advantage for phytomanagement, because the
less the costs are for management (e.g., for harvesting, fertil-
izers etc.), the larger the revenue is for a given return.
Furthermore, with longer duration between harvests (>25
years), the proportion of the TE rich bark can be reduced,
thus reducing the overall TE concentration of the tree trunk
(Evangelou et al. 2012, 2013).

The TE concentrations of wood produced on contaminated
land should not exceed regulatory values. Swiss legislation
and EPF industry standards require that wood panels intended
for the market must not exceed concentrations of 50 mg kg~!
Cd, 90 mg kg™' Pb, 25 mg kg™' As, and 40 mg kg™' Cu
(ChemRRV 2005; EPF 2000). Packaging materials must not
exceed the cumulative concentration limit of 100 mg kg™' for
Pb, Cd, Hg, and Cr as described in the EU Packaging and
Packaging Waste Directive (94/62/EG) (European Parliament
1994). Thus, every product derived from phytomanagement
should be monitored to ensure that it complies with the afore-
mentioned as well as with other product related thresholds.

9.4.3 Biochar

Biochar is produced by pyrolysis (heat-induced carboniza-
tion in oxygen-poor atmosphere) of organic material. It is
distinguished from charcoal by its main purposes, which are
(1) to amend agricultural soils and thereby (2) to sequester
carbon from organic matter and avoid its mineralization and
release as carbon dioxide into the atmosphere (Lehmann and
Joseph 2009). As the pyrolysis process can be used in the
same time (3) to produce energy, biochar production has
more than in one way the potential to make valuable use of
organic residues and thus (4) offers an attractive alternative
to other ways of organic wastes disposal.

Compared to biomass production for bioenergy, biochar
production is still small. However, if biochar production
were subsidized to a greater extent, it may result in similar
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challenges and problems as bioenergy production. As with
bioenergy production, competition with food production
should be avoided, thus feedstock sources should not reduce
the availability and quality of cropland. Biomass originating
from contaminated land could be such a source. A concern in
the application of biochar originating from TE-contaminated
soil could be the elevated concentrations of potentially toxic
TE in the biochar. An important factor in this respect is the
production temperature. Van Zwieten et al. (2010) found that
the concentrations of Cu, Pb, Zn, Mg, Mn, Ni, and Ca were
higher in biochar produced at 350 °C than in the feedstock
but lower than biochar produced at 550 °C. Mercury and Cd
are volatile when heated, even at 400 °C; thus, a low risk
originates from these two particularly toxic TE when higher
production temperatures are used. While the volatilization of
toxic elements is positive for the subsequent use of biochar
as soil amendment, it must be made sure that after volatiliza-
tion, these contaminants are not released into the environ-
ment, but retained in the production facilities as in the case of
burning biomass for energy. Trace element-enriched biomass
should be converted into biochar only in production facili-
ties, equipped with appropriate filter technology, which
means that it will in general not be possible to produce
biochar in small-scale biochar production facilities unless
they are equally equipped, which will increase their pro-
duction costs.

Even when the concentrations of toxic TE in biochar pro-
duced from plant biomass can be kept low with a suitable
choice of the feedstock plants and biochar production tem-
perature, the application is still not without risk. It is not yet
sufficiently well known how the mobility and bioavailability
of biochar bound TE will change with time, due to microbial
activity, pH changes, organic matter interaction with biochar,
etc. Trace element plant uptake and toxicological and mobility
studies have to be performed to minimize the risk originating
from TE-enriched biochar.

9.4.4 Biofortified Products

Deficiencies of the mineral micronutrients Fe, Zn, Se, and
I affect more than half of humanity (Graham 2008). Other
mineral elements, such as Ca, Mg, and Cu, can also be defi-
cient in the diets of some populations (Zhao and McGrath
2009). One strategy for combating micronutrient malnutri-
tion is to “biofortify” plant-based food through increased
accumulation of critical elements in the edible parts of crop
plants (Bouis 1996; Frossard et al. 2000; Welch 2002; Welch
and Graham 1999). For this to be the case, the soil must be
sufficiently rich in the elements targeted for biofortification
such as Fe, Zn, Se, I, Ca, Mg, or Cu and sufficiently poor in
undesired TE such as Cd, Pb, Hg, Sb, or As, depending on
the capability of the plants used for selective uptake and
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exclusion of these elements. Hyperaccumulating plants are
of particular interest in this respect, as most of them hyperac-
cumulate only one particular element (Assungao et al. 2003).
To date >500 plant species have been classified as hyperac-
cumulators, with the majority (approximately 90 %) being
Ni hyperaccumulators. There are also 32 Cu, 20 Se, 12 Zn,
and 12 Mn hyperaccumulators that could be potentially used
for the production of biofortified products (Ent et al. 2013).

It is rather rare that a soil is enriched in only one TE or
metalloid. Nevertheless, these soils may require remediation
or risk control, if that metal or metalloid is posing a threat to
human health such as in the case of Se enrichment in selenif-
erous soils. Despite many anthropogenic Se sources, such as
fossil fuel combustion, metal processing, applications of
fertilizers, lime and manure, and disposal of sewage sludge,
the Se content of most soils is primarily of geogenic origin.
While most soils contain only 0.01-2.0 mg Se kg~!, mean
0.4 mg Se kg™!, the Se concentration of seleniferous soils can
reach up to 1,200 mg Se kg~'. Seleniferous soils are wide-
spread in the Great Plains of the United States, Canada,
South America, China, and Russia (White et al. 2007).
Phytoremediation, i.e., cleansing of these soils using Se
hyperaccumulators or Brassica sp. and barley (Hordeum vul-
gare), was found to be not feasible (Banuelos et al. 1997,
Banuelos and Mayland 2000). However, if the aim is not
cleansing but only control, then combining phytomanage-
ment with the production of biofortified products can create
a win-win situation. In the western part of the Central Valley,
where soil are rich in Se concentrations, Banuelos and
Mayland (2000) produced Se-enriched canola (Brassica
napus) and utilized it as Se-biofortified forage to feed mar-
ginally Se-deficient lambs and cows. Similarly, plants such
as rapeseed (Brassica napus), raya (Brassica juncea), sun-
flower (Helianthus annuus), cowpea (Vigna sinensis), guar
(Cyamopsis tetragonoloba), wheat (Triticum aestivum),
spearmint (Mentha viridis), sugarcane (Saccharum officina-
rum), barley (Hordeum vulgare), and bajra (Pennisetum
typhoides) were used on various seleniferous soils to pro-
duce Se-enriched food, fodder, or fertilizer in India (Banuelos
and Dhillon 2011). In Enshi, China, the so-called World
Capital of Selenium, Yuan et al. (2012) used plants such as
clover (Trifolium repens) and alfalfa (Medicago sativa) to
produce Se-biofortified fodder.

The consumption of Se-enriched food or fodder is not
without risks as Se readily becomes toxic at elevated concen-
tration. Selenium concentrations of food and feed products
have to be determined and controlled and Se-enriched biomass
should be used only with great care. Some plants can easily
accumulate Se to concentrations that are above the safety
threshold for human or animal consumption. In search for
alternative uses, Dhillon et al. (2007) incorporated Se-rich
plant materials (up to 20 t ha™') into a non-seleniferous agri-
cultural soil and produced wheat (Triticum aestivum L.) grains
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and straw with increased but safe levels of Se supplement in
the diets of animals and humans living in Se-deficient areas.
Using Se-rich plant material as an organic Se fertilizer for
growing other crops could thus be a safe alternative for utiliz-
ing plant material that otherwise is too dangerous as direct Se
source in animals and humans nutrition.

9.5 The Effect of Plants on the Mobility
of Contaminants: Potential and Risks
9.5.1 Potential for Risk Mitigation

Plants can mitigate environmental and health risks arising
from TE-contaminated soils by (a) preventing erosion
through vegetation cover, (b) reducing leaching, and (c)
immobilizing the contaminants. Protection against wind and
water erosion is particularly important in cases where min-
eral and organic particles at the soil surface are loaded with
high amounts of pollutants. Dense vegetation protects soil
against wind and water erosion. The vegetation cover shields
the soil surface against the impact of rainfall and wind. The
root systems form a net that holds the soil together. Their
exudates help to clog soil particles into larger aggregates and
promote the activity of soil organisms which in turn promote
the development of an aggregated soil structure and thus its
mechanical stability. The extraction of soil water for transpi-
ration promotes the formation of pores that are easily drained
and facilitates soil aeration. As a result, the capacity of the
soil to store and drain infiltrating water increases reducing
the occurrence of surface runoff and thus water erosion.
During dry periods vegetation also protects the soil surface
against desiccation, so that the soil surface is stabilized by
capillary cohesion of the soil particles against wind erosion.

Soil water consumption for transpiration also reduces
contaminant leaching (Pilon-Smits 2005; Robinson et al.
2003b; Vose et al. 2003). How effective vegetation is in con-
trolling leaching also depends on climate. The capacity of
the atmosphere to take up water vapor sets upper limit on
evapotranspiration. Actual evapotranspiration is due to limi-
tations in water transfer from soil into plants often much
lower than this limit. In dryer climates, evapotranspiration is
usually greater from deep-rooted species because shallow-
rooted species have less access to water during periods of
drought and are, therefore, more likely to suffer from die-
back or reduced transpiration and growth (Robinson et al.
2009). Robinson et al. (2003b, 2007) found that hybrid
poplars (Populus deltoides x nigra (“Argyle” and “Selwin”),
Populus deltoides x yunnanensis (“Kawa”), Populus eura-
mericana x yunnanensis (“Toa”), Populus albax glandulosa
(“Yeogi”), Populus nigrax manimowic (“Shinsei”)) reduced
B leaching from a wood-waste landfill due to enhanced
evapotranspiration but did not completely prevent substantial
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leaching driven by heavy rainfall events. Thus, collection
and treatment of the discharge from the landfill would still be
necessary.

Another way in which plants can immobilize pollutants in
soil is binding them through their roots. Unlike in phytoex-
traction, not cellular uptake is necessary for this. It is suffi-
cient that the contaminant is bound to the root cell walls. In
the apoplast, the intercellular space including the cell walls
separated by the intracellular space by the cell membranes,
significant amounts of various substances can be bound
owing to the high sorption capacity of the cell walls. Plant
roots can immobilize contaminants also by modifying the
chemical environment in the rhizosphere. For example, an
increase in pH can reduce the solubility of metal cations.
Root exudates promote the formation of soil organic matter
and thus increase the sorption capacity of the soil. Also the
transition from anaerobic to aerobic conditions in a soil can
increase the TE sorption capacity in soils by inducing the
oxidation of dissolved Fe(II) and Mn(II) to Fe(IIl) and
Mn(IV), which then precipitate as oxides and hydroxides.

9.5.2 Possible Emerging Risks

Although deep roots seem generally more favorable than
shallow roots, one must not forget that deep roots may create
macropores which facilitate the preferential transport of con-
taminants to groundwater (Roulier et al. 2008). In a study by
Knechtenhofer et al. (2003), it was shown that soil preferen-
tial flow paths below 20 cm, which are associated with roots
surrounded by relatively wide root channels (Kretzschmar
et al. 1999), played a significant role in the spatial distribu-
tion of Pb. In this large macropores, Pb may be transported as
aqueous ions or bound by colloidal particles (Kretzschmar
et al. 1999). A pH increase can decrease the mobility of met-
als, but it can also result in the solubilization of humic sub-
stances and facilitate the downward mobility of metals via
preferential flow pathways.

Trace element-contaminated litter or harvest residues
might be dispersed via wind or water erosion, thus poten-
tially contaminating adjacent environments (Perronnet
et al. 2000). Such litter and harvest residues decompose
slower than non-contaminated plant material (Boucher
et al. 2005; Cotrufo et al. 1995), as can be observed by the
accumulation of litter on the forest floor near smelters
(Berg et al. 1991; Freedman and Hutchinson 1980; Strojan
1978), resulting in the long-term availability of plant mate-
rial in a form that can be dispersed. Thus, prevention mea-
sures should be taken to control plant material (e.g., leaves)
dispersion, especially in situations where wind and water
can be expected (Van Nevel et al. 2007). With the decom-
position of contaminated litter, the contaminants may be
released into the soil. Scheid et al. (2009) observed that the
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sorbed TE (Cu, Cd, Pb, Zn) were strongly bound in the
litter even after 2 years of decomposition. However, if the
contaminants become associated with dissolved organic
matter, they will in fact be more mobile than contaminants
adsorbed on mineral particles (Van Nevel et al. 2007).

9.6 Sustainability Aspects

9.6.1 Ecological Sustainability

The management of contaminated soils has to consider not
only the established ecosystems on the site but also sur-
rounding ecosystems. Trace element-contaminated land may
be valuable as sites of specific floras and faunas such as
Galmei-Vegetation in Germany (Engelen and Holtz 2000).
The flora growing in metalliferous soils is a source of genetic
material for research (Brady et al. 2005; Whiting et al. 2004).
There is a trend to protect biodiversity that can accompany
the agricultural/industrial development in these kinds of soils
(Dickinson et al. 2009). Vidic et al. (2009) showed that the
genome size of the species was related to their survival in
TE-contaminated soils. Tolerant species had small genomes
in comparison with non-tolerant ones. Such surrounding
ecosystems can be affected by over extensive use or the use
of not suitable plant species on phytomanaged sites. Cormish
(1989) showed that when radiata pine (Pinus radiata) was
planted in Australia to reduce soil erosion and increase slope
stability, it reduced stream flow so effectively that naturally
perennial streams were turned into ephemeral streams. There
was thus a possibility that habitats of several fauna and flora
species of surrounding ecosystems requiring perennial
stream flow would be endangered.

An important debate relates to the use of non-endemic
species for the production of biomass on contaminated land.
Although most food, fiber, and landscape plants are nonna-
tive, relatively few have proven invasive. However, some of
those that are invasive have caused substantial socioeco-
nomic and environmental impacts. Economic losses caused
by invasive plants and costs for their control are estimated to
be $34 bn annually in the United States (Ditomaso et al.
2010) and $10 bn annually in Europe (Hulme et al. 2009).
The introduction and planting of invasive species/neophytes
in various regions of the world, such as eucalyptus in
Southern Europe or the giant reed in the Unites States, are
caused by government actions. Johnson grass (Sorghum
halepense) was originally grown as a forage grass but since
has become a weed that greatly depresses yields of corn (Zea
mays), soybeans (Glycine max), and other crops. It has invaded
now in 16 states of the United States and incurs annual losses
of more than $30 M in just three of them (Simberloff 2008).
Another fast-growing perennial grass that has become inva-
sive is miscanthus (Miscanthus spp.). It is primarily used for
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biofuel production and has been described as “Johnson grass
on steroids” (Raghu et al. 2006). Therefore, the plant species
used for phytomanagement should ideally be endemic.
Growing noninvasive species might initially be economi-
cally less attractive. However, in the long term they would be
more advantageous as no clearing costs would be involved,
and public opinion would be less hostile.

9.6.2 Soil Sustainability

The production of biomass for biofuels, food, timber, etc.,
has often caused soil degradation/soil loss due to inadequate
soil management practices. The main forms of soil degrada-
tion are water (56 %) and wind erosion (28 %). Other forms
including chemical degradation and physical degradation
sum up to 16 %. In total soil degradation affects about
2,000 M ha of land, which is equivalent to 15 % of the Earth’s
land surface (an area larger than the United States and
Mexico combined). The causes of soil degradation include
overgrazing (35 %), deforestation (30 %), agricultural activi-
ties (27 %), overexploitation of vegetation (7 %), and indus-
trial activities (1 %) (UNEP 2002). Increased biofuel
production has shown that soil degradation could become
more severe in the near future. In Indonesia, for instance,
two-thirds of oil palm expansion has occurred by converting
large rainforest areas. In the United States, 1.3 M ha of lands
in the Conservation Reserve Program designed to help check
surpluses, maintain price levels, and promote an ecological
balance were called back into production (UNEP 2012). Soil
degradation can be influenced greatly by the user with an
appropriate choice of plants, as well as management, which
have to be adjusted accordingly to the soil type, the climate,
and the geomorphology.

The choice of plant species is very important as they can
either increase or decrease soil erosion as well as soil organic
carbon (SOC) content. Sullivan (2004) found that traditional
annual crops such as corn (Zea mays) and soybean (Glycine
max) caused 50 times more soil erosion than sod crops. In
general, soil is more exposed to the impacts of weather in
row crops than in the latter. Also trees such as willow (Salix
spp.) or poplar (Populus spp.) usually provide better protec-
tion against erosion than row crops. Pimentel and Krummel
(1987) showed that under short-rotation woody crops
(SRWCQ), the average erosion rate was 2 Mg ha™! year™ on a
5 % slope, whereas corn (Zea mays) grown on a 4 % slope
resulted in a soil loss of 21.8 Mg ha™! year~!. Nevertheless,
erosion can still be high under SRWC, if there is no herba-
ceous cover beneath the trees, especially when there is a high
throughfall of rain (Kort et al. 1998). Perennial grasses are
also effective in reducing erosion (Kemper et al. 1992) due to
their dense network of fibrous roots close to the soil surface.
The choice of the plant species for phytomanagement

influences the SOC content. McLaughlin and Walsh (1998)
reported that carbon sequestration rates under switchgrass
(Panicum virgatum) may exceed those of annual crops by as
much as 20-30 times, owing to carbon storage in the soil.
Cultivation of temperate-zone perennial grasses such as mis-
canthus (Miscanthus x giganteus), switchgrass (Panicum virga-
tum), and others can increase SOC by 0.1-1 Mg ha™' year™!
(Anderson-Teixeira et al. 2009). Short-rotation wood coppice,
with willows (Salix spp.), may be even more effective in stor-
ing SOC than switchgrass (Panicum virgatum). Zan et al.
(2001) found that relatively fertile soils in Canada beneath
willows (Salix spp.) stored more SOC than under corn
(Zea mays) or switchgrass (Panicum virgatum) 4 years after
establishment.

Other agricultural management factors that have a major
influence on soil erosion and soil carbon sequestration are
whether crop residues are left on the field and incorporated
into the soil as well as tillage practices. While there can be
important differences between different tillage techniques,
tillage in general increases the risk of soil erosion and SOC
loss (Anderson-Teixeira et al. 2009; Williams et al. 2009),
whereas crop residues that are left on the land protect the soil
against erosion and SOC loss. If residues are completely
removed, no-tillage soils can be as even more vulnerable to
wind erosion than plowed soils during drought periods
(Blanco-Canqui 2010). Blanco-Canqui and Lal (2009) con-
sidered a partial removal of 25 % of stover as the maximum
rate that can be tolerated in no-tillage soils. This might be
enough to control wind erosion, but it might still be too much
to maintain optimal levels of SOC. Wilhelm et al. (2007)
found that the amounts of corn (Zea mays) stover needed to
maintain SOC at such a level by far exceed the amounts
needed to control water and wind erosion.

9.7 Decision Support Systems

The success of phytomanagement crucially depends on the
choice of the right plants and cultivation methods. The culti-
vation of candidate plants must be practical, economically
attractive, and safe under the conditions of the given site and
land use conditions. In practice, it is not possible to perform
experimental trials in each specific case. However, the results
of many pot and field studies in which plants have been grown
on polluted soils have been integrated into model-based
decision support systems (DSS), such as REC-Phyto-DSS
(Onwubuya et al. 2009), Phyto-DSS (Robinson et al. 2003a),
and Phyto-3 (Bardos et al. 2011).These can be of great help in
the evaluation, design, and operation of site-adapted phytore-
mediation schemes. All the mentioned DSS either use a
multi-criteria analysis or life cycle analysis or both. Phyto-3
is designed for US conditions. It provides guidance for
regulators and practitioners, evaluating options of remedial
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phytotechnology available for the treatment of contaminated
sites, with a strong focus on groundwater protection against
organic contaminants. REC-Phyto-DSS is a European DSS
specifically focusing on “gentle” site remediation techniques
and in particular on phytoextraction and phytostabilization.
It is implemented in the Dutch REC (Risk reduction,
Environmental merits, and Cost) framework. Phyto-DSS is a
generic tool designed to predict the efficiency of metal phy-
toextraction and evaluate its economic feasibility. It is based
on a mechanistic model taking account of plant water use,
soil metal solubility, and root distribution but used a lumped
parameter to determine the ratio between metal concentra-
tions in the xylem of the remediation plants and the soil
solution. While the existing DSSs provide a good basis for
the assessment of contaminated sites, as shown in Cano-
Reséndiz et al. (2011), none of them however have yet a suf-
ficient focus on the economic revenue. Thus, to encourage
efficiency and increase the monetary output and keep possi-
ble risks derived from phytomanagement sites at a minimum,
a DSS developed for phytomanagement is needed.

9.8 Conclusions

Starting with phytoextraction as a novel, low-tech, promis-
ing tool for soil cleaning around two decades ago, phytore-
mediation of contaminated soils will forever just remain a
promising tool if it is not linked to profitable production of
biomass, in the form of phytomanagement. Successful phy-
tomanagement requires a multidisciplinary approach com-
bining the design of appropriate crop management schemes,
control of contaminant fluxes, assessment of associated risk,
and optimization of economic revenues. Once accepted by
regulators and decision makers in charge, phytomanagement
could become a viable solution to use and even restore pol-
luted soils. The phytomanagement of contaminated sites
could offer an alternative income to people living nearby
such areas and who lost their livelihood because of the
contamination.

References

Amonoo-Neizer EH, Nyamah D, Bakiamoh SB (1996) Mercury and
arsenic pollution in soil and biological samples around the mining
town of Obuasi. Ghana Water Air Soil Pollut 91:363-373

Anderson-Teixeira KJ, Davis SC, Masters MD, Delucia EH (2009)
Changes in soil organic carbon under biofuel crops. GCB Bioenergy
1:75-96

Angelova V, Ivanova R, Ivanov K (2004) Heavy metal accumulation
and distribution in oil crops. Commun Soil Sci Plant Anal 35:2551-2566

Assuncdo AGL, Bookum WM, Nelissen HIM, Vooijs R, Schat H, Ernst
WHO (2003) Differential metal-specific tolerance and accumula-
tion patterns among Thlaspi caerulescens populations originating
from different soil types. New Phytol 159:411-419

M.W.H. Evangelou et al.

Banuelos GS, Dhillon KS (2011) Developing a sustainable phytoman-
agement strategy for excessive selenium in western United States
and India. Int J Phytoremediation 13:208-228

Banuelos GS, Mayland HF (2000) Absorption and distribution of sele-
nium in animals consuming canola grown for selenium phytoreme-
diation. Ecotoxicol Environ Saf 46:322-328

Banuelos GS, Ajwa HA, Terry N, Zayed A (1997) Phytoremediation of
selenium laden soils: a new technology. J Soil Water Conserv
52:426-430

Bardos RP, Bone B, Andersson-Skold Y, Suer P, Track T, Wagelmans M
(2011) Crop-based systems for sustainable risk-based land manage-
ment for economically marginal damaged land. Remediation 21:
11-33

Baumann A (1885) Das Verhalten von Zinksatzen gegen Pflanzen und
im Boden. Die Landwirtschaftliche Versuchstation 31:1-53

Berg B, Ekbohm G, Soderstrom B, Staaf H (1991) Reduction of decom-
position rates in scots pine needle litter due to heavy-metal pollu-
tion. Water Air Soil Pollut 59:165-177

Bermudez GMA, Jasan R, P14 R, Pignata ML (2011) Heavy metal and
trace element concentrations in wheat grains: assessment of poten-
tial non-carcinogenic health hazard through their consumption.
J Hazard Mater 193:264-271

Blanco-Canqui H (2010) Energy crops and their implications on soil
and environment. Agron J 102:403-419

Blanco-Canqui H, Lal R (2009) Crop residue removal impacts on soil
productivity and environmental quality. Crit Rev Plant Sci
28:139-163

Boucher U, Lamy I, Cambier P, Balabane M (2005) Decomposition of
leaves of the metallophyte Arabidopsis halleri in soil microcosms:
fate of Zn and Cd from plant residues. Environ Pollut 135:
323-332

Bouis H (1996) Enrichment of food staples through plant breeding:
a new strategy for fighting micronutrient malnutrition. Nutr Rev
54:131-137

Boularbah A, Schwartz C, Bitton G, Aboudrar W, Ouhammou A, Morel
JL (2006) Heavy metal contamination from mining sites in South
Morocco: 2. Assessment of metal accumulation and toxicity in
plants. Chemosphere 63:811-817

Brady KU, Kruckeberg AR, Bradshaw HD (2005) Evolutionary
ecology of plant adaptation to serpentine soils. Annu Rev Ecol Evol
Syst 36:243-266

Brooks RR, Lee J, Reeves RD, Jaffre T (1977) Detection of nickelifer-
ous rocks by analysis of herbarium specimens of indicator plants.
J Geochem Explor 7:49-57

Cano-Reséndiz O, de la Rosa G, Cruz-Jiménez G, Gardea-Torresdey
JL, Robinson BH (2011) Evaluating the role of vegetation on the
transport of contaminants associated with a mine tailing using the
Phyto-DSS. J Hazard Mater 189:472-478

ChemRRYV (2005) Verordnung vom 18. Mai 2005 zur Reduktion von
Risiken beim Umgang mit bestimmten besonders gefihrlichen
Stoffen, Zubereitungen und Gegenstinden (Chemikalien-
Risikoreduktions-Verordnung, ChemRRYV). In: Eidgenossenschaft
DBdS (ed)

Chen H, Cutright T (2001) EDTA and HEDTA effects on Cd, Cr, and Ni
uptake by Helianthus annuus. Chemosphere 45:21-28

Chen YH, Li XD, Shen ZG (2004) Leaching and uptake of heavy
metals by ten different species of plants during an EDTA-assisted
phytoextraction process. Chemosphere 57:187-196

Chiu KK, Ye ZH, Wong MH (2005) Enhanced uptake of As, Zn, and Cu
by Vetiveria zizanioides and Zea mays using chelating agents.
Chemosphere 60:1365-1375

Clay J (2004) World agriculture and the environment: a commodity-
by-commodity guide to impacts and practices. Island Press,
Washington, DC

Collins C, Fryer M, Grosso A (2006) Plant uptake of non-ionic organic
chemicals. Environ Sci Technol 40:45-52



9 Phytomanagement: Phytoremediation and the Production of Biomass...

Cormish PM (1989) The effects of radiata pine plantation establishment
and management on water yields and water quality - a review.
Forestry Commission of New South Wales, Beecroft

Cosio C, Vollenweider P, Keller C (2006) Localization and effects of
cadmium in leaves of a cadmium-tolerant willow (Salix viminalis
L.) I. Macrolocalization and phytotoxic effects of cadmium. Environ
Exp Bot 58:64-74

Cotrufo MF, Desanto AV, Alfani A, Bartoli G, Decristofaro A (1995)
Effects of urban heavy-metal pollution on organic-matter decompo-
sition in Quercus ilex L woods. Environ Pollut 89:81-87

Dhillon SK, Hundal BK, Dhillon KS (2007) Bioavailability of selenium
to forage crops in a sandy loam soil amended with Se-rich plant
materials. Chemosphere 66:1734-1743

Dickinson NM, Pulford ID (2005) Cadmium phytoextraction using
short-rotation coppice Salix: the evidence trail. Environ Int
31:609-613

Dickinson N, Baker A, Doronila A, Laidlaw S, Reeves R (2009)
Phytoremediation of inorganics: realism and synergies. Int J
Phytoremediation 11:97-114

Ditomaso JM, Reaser JK, Dionigi CP, Doering OC, Chilton E, Schardt
JD, Barney JN (2010) Biofuel vs bioinvasion: seeding policy
priorities. Environ Sci Technol 44:6906-6910

Engelen B, Holtz F (2000) Galmeiveilchen Ein Stiickchen Heimat. Zart
und angepasst. Meyer & Meyer Regionalia, Aachen

Ent A, Baker AM, Reeves R, Pollard AJ, Schat H (2013)
Hyperaccumulators of metal and metalloid trace elements: facts and
fiction. Plant Soil 362:319-334

EPF (2000) EPF Industry standard — the use of recycled wood for
wood-based panels. In: European Panel Federation (ed) European
Panel Federation, Brussels

Epstein AL, Gussman CD, Blaylock MJ, Yermiyahu U, Huang JW,
Kapulnik Y, Orser CS (1999) EDTA and Pb-EDTA accumulation in
Brassica juncea grown in Pb-amended soil. Plant Soil 208:87-94

European Parliament (1994) European Parliament and Council
Directive 94/62/EC of 20 December 1994 on packaging and pack-
aging waste. In: European Parliament (ed)

Evangelou MWH, Schulin R (2013) Soil loss: a forgotten aspect of bio-
fuel production. In: Allard MC (ed) Bioenergy systems, biological
sources and environmental impact. Nova, Hauppauge, NY

Evangelou MWH, Daghan H, Schaeffer A (2004) The influence of
humic acids on the phytoextraction of cadmium from soil.
Chemosphere 57:207-213

Evangelou MWH, Ebel M, Schaeffer A (2006) Evaluation of the effect
of small organic acids on phytoextraction of Cu and Pb from soil
with tobacco Nicotiana tabacum. Chemosphere 63:996—1004

Evangelou MWH, Bauer U, Ebel M, Schaeffer A (2007) The influence
of EDDS and EDTA on the uptake of heavy metals of Cd and Cu
from soil with tobacco Nicotiana tabacum. Chemosphere 68:345-353

Evangelou MWH, Conesa HM, Robinson BH, Schulin R (2012)
Biomass production on trace element-contaminated land: a review.
Environ Eng Sci 29:823-839

Evangelou MWH, Robinson BH, Gunthardt-Goerg MS, Schulin R
(2013) Metal uptake and allocation in trees grown on contaminated
land: implications for biomass production. Int J Phytoremediation
15:77-90

FAO (2001) Global forest resources assessment 2000

FAO (2009) State of the world’s forests 2009

Fissler E, Robinson BH, Stauffer W, Gupta SK, Papritz A, Schulin R
(2010) Phytomanagement of metal-contaminated agricultural land
using sunflower, maize and tobacco. Agric Ecosyst Environ
136:49-58

FOE (2013) Hidden impacts: how Europe’s resource overconsumption
promotes global land conflicts. Friends of the Earth Europe, Vienna,
Austria

French CJ, Dickinson NM, Putwain PD (2006) Woody biomass phy-
toremediation of contaminated brownfield land. Environ Pollut
141:387-395

129

Freedman B, Hutchinson TC (1980) Effects of a smelter pollutants on
forest leaf litter decomposition near a nickel-copper smelter at
Subduy, Ontario. Can J Bot Rev Can Bot 58:1722-1736

Friedemann A (2007) Peak soil: why cellulosic ethanol, biofuels are
unsustainable and a threat to America. Cultural Change

Frossard E, Bucher M, Machler F, Mozafar A, Hurrell R (2000)
Potential for increasing the content and bioavailability of Fe, Zn and
Ca in plants for human nutrition. J Sci Food Agric 80:861-879

Graham R (2008) Micronutrient deficiencies in crops and their global
significance. In: Alloway B (ed) Micronutrient Deficiencies in
Global Crop Production. Springer, Dordrecht, pp 41-61

Greman H, Velikonja-Bolta S, Vodnik D, Kos B, Lestan D (2001)
EDTA enhanced heavy metal phytoextraction: metal accumulation,
leaching and toxicity. Plant Soil 235:105-114

Guo ZH, Miao XF (2010) Growth changes and tissues anatomical
characteristics of giant reed (Arundo donax L.) in soil contaminated
with arsenic, cadmium and lead. J Cent South Univ Technol
17:770-777

Haralambous S, Liversage H, Romano M (2009) The growing demand
for land risks and opportunities for smallholder farmers

Hermle S, Gunthardt-Goerg MS, Schulin R (2006) Effects of metal-
contaminated soil on the performance of young trees growing in
model ecosystems under field conditions. Environ Pollut 144:703-714

Hou X, Fan X, Wu J, Zhu Y, Zhang Y (2012) Potentiality of herbaceous
bioenergy plants in remediation of soil contaminated by heavy
metals. Chin J Grassl 34(59-64):76

Hulme PE, Pysek P, Nentwig W, Vila M (2009) Will threat of biological
invasions unite the European Union? Science 324:40-41

IEA (2006) Key world energy statisitcs. International Energy Agency,
Paris

IEA (2008) World energy outlook 2008. International Energy Agency,
Paris

Jamali MK (2011) Evaluation of arsenic levels in grain crops samples,
irrigated by tube well and canal water. Food Chem Toxicol
49:265-270

Jamali MK, Kazi TG, Arain MB, Afridi HI, Jalbani N, Kandhro GA,
Shah AQ, Baig JA (2009) Heavy metal accumulation in different
varieties of wheat (Triticum aestivum L.) grown in soil amended
with domestic sewage sludge. J Hazard Mater 164:1386-1391

Jensen JK, Holm PE, Nejrup J, Larsen MB, Borggaard OK (2009) The
potential of willow for remediation of heavy metal polluted calcare-
ous urban soils. Environ Pollut 157:931-937

Kayser A, Wenger K, Keller A, Attinger W, Felix HR, Gupta SK,
Schulin R (2000) Enhancement of phytoextraction of Zn, Cd, and
Cu from calcareous soil: the use of NTA and sulfur amendments.
Environ Sci Technol 34:1778-1783

Keller C, Hammer D, Kayser A, Richner W, Brodbeck M, Sennhauser
M (2003) Root development and heavy metal phytoextraction effi-
ciency: comparison of different plant species in the field. Plant Soil
249:67-81

Kemper D, Dabney S, Kramer L, Dominick D, Keep T (1992) Hedging
against erosion. J Soil Water Conserv 47:284-288

Klang-Westin E, Eriksson J (2003) Potential of Salix as phytoextractor
for Cd on moderately contaminated soils. Plant Soil 249:127-137

Knechtenhofer LA, Xifra 10, Scheinost AC, Fluhler H, Kretzschmar R
(2003) Fate of heavy metals in a strongly acidic shooting-range soil:
small-scale metal distribution and its relation to preferential water
flow. J Plant Nutr Soil Sci Z Pflanzenernahr Bodenkd 166:84-92

Kort J, Collins M, Ditsch D (1998) A review of soil erosion potential
associated with biomass crops. Biomass Bioenerg 14:351-359

Kosinska T, Baaga M (2007) Evaluation of pine’s (Pinus sylvestris)
usability in bioindication of the industrial pollution and in phytore-
mediation. Ann WULS-SGGW For Wood Technol 61:328-332

Kozlov MV, Haukioja E, Bakhtiarov AV, Stroganov DN, Zimina SN
(2000) Root versus canopy uptake of heavy metals by birch in an
industrially polluted area: contrasting behaviour of nickel and
copper. Environ Pollut 107:413-420



130

Kretzschmar R, Borkovec M, Grolimund D, Elimelech M (1999)
Mobile subsurface colloids and their role in contaminant transport.
Adv Agron 66:121-193

Lai HY, Chen ZS (2004) Effects of EDTA on solubility of cadmium,
zinc, and lead and their uptake by rainbow pink and vetiver grass.
Chemosphere 55:421-430

Lai HY, Chen ZS (2005) The EDTA effect on phytoextraction of single
and combined metals-contaminated soils using rainbow pink
(Dianthus chinensis). Chemosphere 60:1062-1071

Laureysens I, Blust R, De Temmerman L, Lemmens C, Ceulemans R
(2004) Clonal variation in heavy metal accumulation and biomass
production in a poplar coppice culture: I. Seasonal variation in leaf,
wood and bark concentrations. Environ Pollut 131:485-494

Lavado RS, Porcelli CA, Alvarez R (2001) Nutrient and heavy metal
concentration and distribution in corn, soybean and wheat as
affected by different tillage systems in the Argentine Pampas. Soil
Till Res 62:55-60

Lehmann J, Joseph S (eds) (2009) Biochar for environmental
management: science and technology. Earthscan, London

Lewandowski I, Scurlock JMO, Lindvall E, Christou M (2003) The
development and current status of perennial rhizomatous grasses
as energy crops in the US and Europe. Biomass Bioenergy
25:335-361

Lombi E, Zhao FJ, Dunham SJ, McGrath SP (2000) Cadmium
accumulation in populations of Thlaspi caerulescens and Thlaspi
goesingense. New Phytol 145:11-20

Lugon-Moulin N, Zhang M, Gadani F, Rossi L, Koller D, Krauss M,
Wagner GJ (2004) Critical review of the science and options for
reducing cadmium in tobacco (Nicotiana tabacum L.) and other
plants. Adv Agron 83:111-180

Luo CL, Shen ZG, Li XD (2005) Enhanced phytoextraction of Cu, Pb,
Zn and Cd with EDTA and EDDS. Chemosphere 59:1-11

Madejon P, Murillo JM, Maranon T, Cabrera F, Soriano MA (2003)
Trace element and nutrient accumulation in sunflower plants two
years after the Aznalcollar mine spill. Sci Total Environ 307:
239-257

Marchiol L, Fellet G, Perosa D, Zerbi G (2007) Removal of trace metals
by Sorghum bicolor and Helianthus annuus in a site polluted
by industrial wastes: a field experience. Plant Physiol Biochem
45:379-387

Marchiol L, Fellet G, Boscutti F, Montella C, Mozzi R, Guarino C
(2013) Gentle remediation at the former “Pertusola Sud” zinc
smelter: evaluation of native species for phytoremediation purposes.
Ecol Eng 53:343-353

Margui E, Queralt I, Carvalho ML, Hidalgo M (2007) Assessment of
metal availability to vegetation (Betula pendula) in Pb-Zn ore
concentrate residues with different features. Environ Pollut
145:179-184

McGrath SP, Sidoli CMD, Baker AJM, Reeves RD (1993) The poten-
tial for the use of metal-accumulating plants for the in-situ decon-
tamination of metal-polluted soils. Kluwer, Dordrecht

McGrath SP, Dunham SJ, Correll RL (2000) Potential for phytoextrac-
tion of zinc and cadmium from soils using hyperaccumulator plants.
In: Terry N, Bafiuelos G (eds) Phytoremediation of contaminated
soil and water. Lewis, Boca Raton, FL, pp 109-128

McLaughlin SB, Walsh ME (1998) Evaluating environmental conse-
quences of producing herbaceous crops for bioenergy. Biomass
Bioenerg 14:317-324

Meers E, Ruttens A, Hopgood MJ, Samson D, Tack FMG (2005)
Comparison of EDTA and EDDS as potential soil amendments
for enhanced phytoextraction of heavy metals. Chemosphere
58:1011-1022

Meeinkuirt W, Pokethitiyook P, Kruatrachue M, Tanhan P, Chaiyarat R
(2012) Phytostabilization of a Pb-contaminated mine tailing by
various tree species in pot and field experiments. Int J
Phytoremediation 14:925-938

M.W.H. Evangelou et al.

Mench M, Tancogne J, Gomez A, Juste C (1989) Cadmium bioavail-
ability to Nicotiana tabacum L., Nicotiana rustica L., and Zea mays
L. grown in soil amended or not amended with cadmium nitrate.
Biol Fertil Soils 8:48-53

Mertens J, Vervaeke P, De Schrijver A, Luyssaert S (2004) Metal uptake
by young trees from dredged brackish sediment: limitations and
possibilities for phytoextraction and phytostabilisation. Sci Total
Environ 326:209-215

Mertens J, Van Nevel L, De Schrijver A, Piesschaert F, Oosterbaan A,
Tack FMG, Verheyen K (2007) Tree species effect on the redistribu-
tion of soil metals. Environ Pollut 149:173-181

Migeon A, Richaud P, Guinet F, Chalot M, Blaudez D (2009) Metal
accumulation by woody species on contaminated sites in the north
of France. Water Air Soil Pollut 204:89-101

Mleczek M, Rissmann I, Rutkowski P, Kaczmarek Z, Golinski P (2009)
Accumulation of selected heavy metals by different genotypes of
Salix. Environ Exp Bot 66:289-296

Mok HF, Majumder R, Laidlaw WS, Gregory D, Baker AJM, Arndt
SK (2013) Native Australian species are effective in extracting
multiple heavy metals from biosolids. Int J Phytoremediation
15:615-632

Murakami M, Ae N (2009) Potential for phytoextraction of copper,
lead, and zinc by rice (Oryza sativa L.), soybean (Glycine max [L.]
Merr.), and maize (Zea mays L.). ] Hazard Mater 162:1185-1192

Murakami M, Ae N, Ishikawa S (2007) Phytoextraction of cadmium by
rice (Oryza sativa L.), soybean (Glycine max (L.) Merr.), and maize
(Zea mays L.). Environ Pollut 145:96-103

Murillo JM, Maranon T, Cabrera F, Lopez R (1999) Accumulation of
heavy metals in sunflower and sorghum plants affected by the
Guadiamar spill. Sci Total Environ 242:281-292

Nehnevajova E, Herzig R, Bourigault C, Bangerter S, Schwitzguebel JP
(2009) Stability of enhanced yield and metal uptake by sunflower
mutants for improved phytoremediation. Int J Phytoremediation
11:329-346

Nogueira TAR, Franco A, He ZL, Braga VS, Firme LP, Abreu-Junior
CH (2013) Short-term usage of sewage sludge as organic fertilizer
to sugarcane in a tropical soil bears little threat of heavy metal con-
tamination. J Environ Manage 114:168-177

Nowack B, Schulin R, Robinson BH (2006) Critical assessment of
chelant-enhanced metal phytoextraction. Environ Sci Technol 40:
5225-5232

OECD (2010) The emerging middle class in developing countries

OECD/FAO (2011) OECD-FAO agricultural outlook 2011-2020

OECD-FAO (2012) OECD-FAO agricultural outlook 2012. OECD

Onwubuya K, Cundy A, Puschenreiter M, Kumpiene J, Bone B,
Greaves J, Teasdale P, Mench M, Tlustos P, Mikhalovsky S, Waite
S, Friesl-Hanl W, Marschner B, Muller I (2009) Developing deci-
sion support tools for the selection of “gentle” remediation
approaches. Sci Total Environ 407:6132-6142

Papazoglou EG (2007) Arundo donax L. stress tolerance under irriga-
tion with heavy metal aqueous solutions. Desalination 211:304-313

Papazoglou EG (2009) Heavy metal allocation in giant reed plants irri-
gated with metalliferous water. Fresenius Environ Bull
18:166-174

Perronnet K, Schwartz C, Gerard E, Morel JL (2000) Availability
of cadmium and zinc accumulated in the leaves of Thlaspi
caerulescens incorporated into soil. Plant Soil 227:257-263

Pilon-Smits E (2005) Phytoremediation. Annu Rev Plant Biol 56:15-39

Pimentel D, Krummel J (1987) Biomass energy and soil erosion:
assessment of resource costs. Biomass 14:15-38

Quartacci MF, Argilla A, Baker AJM, Navari-Izzo F (2006)
Phytoextraction of metals from a multiply contaminated soil by
Indian mustard. Chemosphere 63:918-925

Raghu S, Wiedenmann RN, Blouin ML (2006) Biofue