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ABSTRACT
PHYTOEXTRACTION OF ZINC FROM SOILS
MAY 2004
GRETCHEN M. BRYSON, B.S.A, UNIVERSITY OF GEORGIA
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Allen V. Barker

Phytoremediation is a tool that uses plants that can absorb and accumulate metals in
harvestable portions of the plant to cleanse contaminated soils. Most metals are more soluble in soils
with an acidic pH. Nitrogen fertilizers acidify pH by different reactions in the soil. Goals of this
research were: 1) develop a zinc-contaminated soil; 2) determine effects of nitrogen fertilizers on soilzinc availability; 3) determine Zn-phytoextraction potential of Brassica juncea Czem. and Festuca
arundinacea Schreb.; and 4) determine concentrations of nitrogen fertilizers needed to maximize Zn
solubility in soils.
After a 14-day incubation period, very little Zn in the soil was water-extractable, which
suggested that Zn was reacting with the soil; therefore, an incubation time of 14 days was utilized.
Morgan’s solution, extracted higher concentrations of Zn than water. If soils were sequentially
extracted with water, Morgan’s solution, and Mechlich-3 solution, water extracted the least amount of
Zn, Morgan’s solution extracted higher concentrations than water or Mehlich 3, but Mehlich 3
extracted higher concentrations than water.
Lowest pH values occurred with additions of urea (pH 5.18), sludge (pH 4.89), or calcium
nitrate (5.26) than with compost (pH 5.33), manure (pH 5.50), or no fertilizer (pH 5.40) or if N was
supplied at 400 mg/kg (pH 4.91).
Brassica did not germinate well or survive in soil-Zn concentrations greater than 125 mg/kg.
Soil-Zn concentrations utilized with brassica were 0 to 100 mg/kg. Highest accumulation of Zn was

vi

0.29 % of the dry mass, which occurred at 100 mg Zn/kg or in soils with urea added. Waterextractable Zn at this level averaged 1.1 mg/kg and Morgan’s extractable Zn averaged 18 mg/kg.
Fescue germinated well in soil-Zn concentrations ranging from 0 to 2000 mg/kg. The soil-Zn
concentrations utilized with fescue were 0 to 1000 mg/kg. Highest accumulation of Zn by fescue was
0.33 %, which occurred at 1000 mg Zn/kg or in soils with urea or sludge added. Water-extractable
concentrations of Zn at this level averaged 11 mg/kg and Morgan’s extractable Zn concentrations
averaged 290 mg/kg. This research showed that fescue has phytoremediation potential that is as good
or better than that of brassica.
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range test, P <0.05. Means of water-extractable Zn were significantly between soil-Zn levels 0 (0.3),
250 (6.8), and 500 mg Zn/kg (18.6) by LSD, P < 0.05.150
5.2 Soil pH as influenced by N level and fertilizer types. Within fertilizer levels, means
followed by different letters are significantly different by Duncan's multiple range test, P < 0.05.
Means of pH values for N level of 200 mg N/kg (5.04) was significantly different from that of
400 mg N/kg (4.91) by LSD,
P < 0.05.151
5.3 Soil pH as influenced by soil and fertilizer types. Within soils, means followed by different
letters are significantly different by Duncan's multiple range test, P <0.05. Mean pH of soil 1 (5.0)
was not significantly different from that of soil 2 (4.9) by F-test, P < 0.05.
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5.4 Fresh weights, g/pot, as influenced by N level and fertilizer types. Within N levels,
means followed by different letters are significantly different by Duncan’s multiple range test,
P < 0.05. Mean of fresh weights at 200 mg N/kg (8.0 g/pot) was significantly different from that
of 400 mg N/kg (7.2 g/pot) by LSD, P < 0.05.
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5.5 Zn concentrations in fescue leaves as influenced by soil and fertilizer types. Within soils,
means followed by separate letters are significantly different y Duncan's multiple range test
P < 0.05. Mean of Zn concentrations in soil 1 (80 ug/g) was significantly different from that of
soil 2 (295 ug/g) by F-test, P 0.05.
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5.6 Zn accumulation in fescue leaves as influenced by soil and fertilizer types. Within soils,
means followed by separate letters are significantly different by Duncan's multiple range test,
P < 0.05. Mean of Zn accumulation in soil 1 (132 ug/pot) was significantly different from that
of soil 2 (286 ug/pot) by F-test, P < 0.05.
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5.7 Mean Zn accumulations in fescue leaves as influenced by soil-Zn levels and fertilizer
types. Within soil-Zn levels, means followed by different letters are significantly different by
Duncan's Multiple Range Test, P < 0.05. Means of Zn accumulations were significantly different
between soil-Zn levels of 0 mg Zn/kg (124 ug/pot), 250 (282 ug/pot), and 400 (231 ug/pot) by
LSD, P< 0.05.
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E. 1 Mean Zn extracted with Mehlich 3 solution as determined by ICP and AAS as influenced
by soil-Zn levels. Regression analysis for Zn extracted at high soil-Zn by ICP: y=19.0 + 0.13x,
r2=0.99; AAS: y= 18.6 + 0.12x, ^=0.98. Regression analysis for Zn extracted at low soil-Zn by
ICP: y=9.5 + 0.17x, ^=0.98; AAS: y=10.7 + 0.18x ?= 0.98.

XVI

167

E.2 Relationship between Zn extracted with Mehlich 3 determined with ICP and AAS.
Regression analysis for Zn extracted at high soil-Zn levels: y= 1.39 + 0.89x, r = 0.99. Regression
analysis for Zn extracted at low soil-Zn treatment levels: y= 0.18 + 1.1 lx, r =0.99.
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CHAPTER 1
INTRODUCTION

Heavy metal contamination of soils is a serious issue facing the world today. In the United States
and Europe, remediation of contaminated soils is a multibillion-dollar per year industry (Boyajian and
Carreira, 1997; Cunningham et al., 1995). When in high concentrations in soils, heavy metals can have
detrimental environmental effects (Nedelkoska and Doran, 2000). The most problematic metals are Hg,
Cd, Pb, As, Ni, Cu, Zn, Cr, Mo, Mn, Se, F, and B due to their potential toxicity to plants, humans, and
livestock (Blaylock and Huang, 2000). Sources of heavy metal contamination are as varied as the metals
contaminating the land. Some of the sources of heavy metal contamination are atmospheric deposition,
artificial fertilizers, emissions and runoff from mining and smelting operations, electroplating, energy and
fuel products, military operations, and compost and sewage sludge applications (Kumar et al., 1995;
Navari-Izzo et al., 2001; Grcman et al., 2001; Del Rio et al., 2000; Cunningham et al., 1997; Nedelkoska
and Doran, 2000; Nriagu, 1979; Forstner, 1995; Salt et al., 1997). Many remediation techniques
employed are not environmentally friendly; however, a possible eco-friendly remediation technique is
phytoextraction.
The word phytoremediation is derived from the Greek prefix phyto, meaning plant, and the
Greek suffix remedium, meaning to cure or restore (Cunningham et al., 1997). Different sub-categories of
phytoremediation are rhizofiltration (use of plant roots to absorb contaminants from solution),
phytostabilization (use of plants to reduce the bioavailability of contaminants in the environment),
phytovolatization (use of plants to volatize contaminants), phytodegradation (use of plants and
microorganisms synergistically to degrade organic pollutants), and phytoextraction (use of contaminantaccumulating plants to remove heavy metals or organics from soil by concentrating them in the
harvestable fractions of the plants) (Salt et al., 1998; Navari-Izzo et al., 2001). Phytoremediation can be
used for inorganic or organic contaminants present in soil, water, and air (Salt et al., 1998). The concept
of phytoextraction is centered on hyperaccumulators, which are plants that can accumulate and tolerate >
1% of heavy metals in harvestable shoots (Salt and Kramer, 2000). The contaminated plant material can
then be removed and discarded or used as bio-ores.
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Heavy Metals in the Soil
The term heavy metal is usually used in reference to a large group of trace elements, which are
biologically and industrially important. Alloway (1995) defines heavy metals as any element with a
specific gravity greater than 5 g/cm3 (Parker, 1994). Raskin et al. (1994) defines heavy metals as
elements that demonstrate metallic properties and have an atomic number greater than 20. In this
dissertation, the term heavy metal will refer to elements with an atomic number greater than 20.
Heavy metal mobility and adsorption is dictated by many different soil parameters such as
texture, pH, and organic matter content (Alloway, 1995; Richards et al., 2000). Heavy metal adsorption in
the soil occurs by different mechanisms such as cation exchange (non-specific adsorption), specific
adsorption, and co-precipitation. Cation exchange is the sum of exchangeable cations that a soil, soil
constituent, or other material can adsorb at a specific pH (Glossary of soil science terms, 1997). Specific
adsorption is the strong adsorption of ions or molecules on a surface. These adsorbed materials are not
readily removed by ion exchange (Glossary of soil science terms, 1997). Co-precipitation is the
simultaneous precipitation of a chemical with other elements, and complexation by organic substances
(Glossary of soil science terms, 1997). The factors influencing heavy metal mobility and adsorption also
control the concentrations in the soil solution, thus regulating the metal concentration absorbed by plants
or leached from the soil profile.
Soil textural class depends on the percent sand, silt, and clay present in the soil (Glossary of soil
science terms, 1997). Coarse-textured soils tend to be more acidic than fine-textured soils due to the
leaching of basic cations. The clay fractions in soils are defined as the particles with a diameter less than 2
pm. Clays are important due to their reactivity with metals in the soil. The ability of the clays to react with
the metals is due to the large surface area and negative charge of clays. The net negative charge of clays is
created in part by isomorphous substitution within the mineral lattice, except kaolinite in which the small
negative charge is pH variable at the edge of the crystal lattice (Alloway, 1995). Heavy metals adsorb to
cation exchange sites generated by the net negative charge. This interaction can influence the mobility and
concentration of metals in the soil solution. Clays also can have pH dependent charges such as in
kaolinite. Negative charges on the surface of inorganic soil minerals can develop at the edges of the
crystal due to protonation and deprotonation of surface functional groups (Sparks, 1995).
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Soil pH is considered the “master variable of soils” and affects many soil chemical reactions and
processes (McBride, 1994; Sparks, 1995). Most metals are more mobile under acidic conditions
(Alloway, 1995; Richards et al., 2000; Sparks, 1995). The solubility of zinc and other heavy metals
decreases significantly above pH 7 mainly due to the strongly pH dependent retention of Zn(OH)+ onto
clay surfaces at higher pH levels (Alloway, 1995). The solubility of Zn increases below pH 7, a result that
can be attributed to the increased concentration of competing cations in solution and the protonation of
exchange sites (McBride, 1994; Smith, 1994; Luo et al., 2000).
Organic matter in the soil can be divided into non-humic and humic compounds. The non-humic
component is made up of carbohydrates, amino acids, proteins, lipids, nucleic acids, lignin, and organic
acids (Sparks, 1995). Organic acids are soluble and have the ability to form complexes with heavy
metals, thus allowing them to play important roles in the mobility of heavy metals (Liu and Gonzalez,
1999). High molecular weight acids range from 10,000 to 20,000 daltons. Low molecular weight acids
(simple acids) such as formic acid, acetic acid, and oxalic acid, contain numerous functional groups. The
functional groups in simple acids are important in the mobilization and transport of heavy metals in soil
(Liu and Gonzalez, 1999). The humic component of organic matter can be divided into humin substances,
fulvic acids, and humic acids. The different components of organic matter are categorized based upon
their solubility, or lack there of, at different pH levels. Humin is defined as the portion of organic matter
that is insoluble in soil water at any pH value (Hayes et al., 1989). In an alkaline solution both Humic and
fulvic acids are soluble. Humic acids precipitate out of solution when the pH falls below 2 (Howe et al.,
1997; Hayes et al., 1989). Humic acids are proposed to have high molecular weights and under acidic
conditions, the functional groups may become protonated, a process that would neutralize the charge and
precipitate the humic acid (Swift, 1989). Fulvic acids remain in solution regardless of the soil pH (Hayes
et al., 1989). Fulvic acids have low molecular weights and contain numerous functional groups (Chung et
al., 1996). The functional groups, such as carboxyl, carbonyl, and hydroxyl groups, in humic and fulvic
acids allow them to form complexes with the heavy metals. This complexation with heavy metals is
important when determining heavy metal solubility and mobility (Howe et al., 1997; Sohn and Raj ski,
1990; Li et al., 1998; Swift, 1989; Chung et al., 1996).
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Cations in the soil solution are attracted to the negative charges on the soil colloids. Cations are
adsorbed onto the surface of the colloid to balance the net negative charge, thus maintaining
electroneutrality. Cation exchange capacity is determined by the type and concentration of colloids with a
negative charge in the soil. Negative charges on the soil colloids can be either permanent charges or pH
dependent. Permanent charges are created by isomorphous substitution. Isomorphous substitution is the
substitution of one atom of similar atomic radius in the tetrahedral and octahedral sheets of the crystal
lattice of clays. The ionic radius of Zn2+ is similar to that of Fe2+ and Mg2+; therefore, Zn2+ may substitute
for these ions by isomorphous substitution in the crystal lattices of mineral structures (Kirkby and Mengel,
1979). Isomorphous substitution is not reversible, thus the net negative charge created by the substitution
is a permanent charge that is not pH dependent. Charges that are pH dependent occur when functional
groups of humic polymers or edges of clay minerals and oxides are either protonated in acidic conditions,
or a proton is dissociated in alkaline conditions (Evangelou et al., 1999). Cation exchange is reversible,
controlled by diffusion and concentration, stoichiometric, and selective (Alloway, 1995; Sparks, 1995).
The selectivity of the soil for the ion is determined by the valence and degree of hydration of the cation
(Brady, 1996; Alloway, 1995). The lyophillic series shows the order that cations are preferentially
adsorbed:
Al3+ > Pb2+ >Sr2+ > Ca2+ > Ni2+ > Cd2+ > Cu2+ > Co2+ > Zn2+ > Mg2+ > Ag+ > Cs+ > Rb+ > K+ > NH4+ > Na+
Specific adsorption is the adsorption of heavy metals to surface ligands by covalent bonds. The
bond energies of covalent bonds are much greater than the bond energies of ionic bonds created by cation
exchange. Specific adsorption can contribute to the adsorption of metal ions to a much greater extent than
cation exchange. Specific adsorption depends on pH and the degree of ion hydration. The order for
specific adsorption among heavy metals is as follows: Hg> Pb> Cu»Zn> Co> Ni> Cd (Alloway, 1995;
Sparks, 1995). Hydrous oxides of Al, Fe, and Mn are believed to be the main soil parameters involved in
specific adsorption. These oxides exist as particles in the soil and also as coatings on clay minerals
(Alloway, 1995; Nriagu, 1979). The point of zero charge (pzc) is the pH at which the surface of the soil
component has no charge. At any pH below the pzc, the surface of the soil component would have a net
positive charge, which would limit the amount of cation exchange. If the pH were above the pzc, the soil
component would have a net negative charge, which would increase cation adsorption (Alloway, 1995;

4

Nriagu, 1980). For example, when the pH of the soil solution fell below the pzc of hydrous Fe and A1
oxides, Zn was specifically adsorbed up to 7 to 26 times the cation exchange capacity (Alloway, 1995).
Co-precipitation is another mechanism for the adsorption of cations to soil colloids. Co¬
precipitation is defined as the simultaneous precipitation of a chemical with other elements (Alloway,
1995; Parker, 1994). Most co-precipitation that occurs is by isomorphous substitution or occlusion of a
metal into a secondary mineral. Zinc most commonly substitutes in the octahedral layer of Fe oxides, Mn
oxides, and silicate clay minerals (Alloway, 1995; Sparks, 1995).
Organic substances can, in addition to cation exchange, form chelate complexes with heavy
metals (Alloway, 1995). These chelated complexes can affect the availability of metals for plant uptake.
The chelated metals are either solubilized or held in solution, making the metals available for plant
uptake, or fixed in the complex, making the metals virtually unavailable for plant uptake. The stability
constants for some heavy metal chelated complexes follow the order of Cu> Fe=Al>Mn=Co>Zn
(Alloway, 1995). Some low-molecular weight acids (simple acids), not humic in origin, can form soluble
complexes with metals preventing them from being precipitated or adsorbed. Simple organic acids are
soluble, have the ability to complex heavy metals due to their polarity and presence of functional groups,
can be either aliphatic or aromatic, have pH dependant functional groups, and have low molecular weights
(MacCarthy, 2001). When the pH is alkaline, a basic hydrolysis of functional groups on the acid could
occur and form a negative charge. In acid soils, the functional groups could become protonated thus
creating a neutral charge. Neutralization of the functional groups in conjunction with increased
concentrations of cations other than metals may prevent the metals from reacting with the functional
groups, thus keeping the metal in solution (Sohn and Rajski, 1990; Li et al., 1998).
The adsorption of metals in soils varies greatly by the metals present and the adsorbent materials
in the soil. Quantitative adsorption of ions in soils can be determined by adsorption isotherms. Langmuir
and Freundlich isotherms are the most commonly used to determine adsorption (Sparks, 1995).

Soil Amendments
Some soil amendments can influence the pH of the soil. Applications of a soil amendment should
take the nutrient requirements of a crop into consideration (Fang and Wong, 1999; Kayser, 2000, Ziong
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and Feng, 2001). Fertilizers primarily composed of ammonium will cause the pH of the soil to become
more acidic, either due to nitrification or plant absorption of cations. When plant roots absorb a positively
charged ion from the soil solution, such as NH/, a H* ion is released to maintain the electroneutrality of
the soil solution. However, ammonium is quickly converted to nitrate in the soil by nitrification.
Nitrification is a two-step process. In the first step, the acidifying one, NH4+ is converted to N02' by
Nirrosomonas bacteria:
2 NH/ + 30,

2 NOf + 2 H:0 + 4 H+

Then N02* is converted to N03* by Nitrobacter bacteria:
2 NO/ + 02

2 N03*

The ammonium source for nitrification can be from mineralization of organic N or from
inorganic N fertilizers containing NH/. The nitrification reaction shows that for every mole of NH4*
converted, 2 moles of H* are produced; therefore, with the nitrification reaction occurring, soil acidity
could increase (Tisdale et al, 1993; Brady, 1996; Marschner, 1995; Mengel and Kirkby, 1987).
Alternatively, when fertilizers are composed primarily of N03\ the pH of the soil solution may become
more alkaline. When plant roots absorb a negatively charged ion from the soil solution a HC03* or OH*
ion is released to maintain the electroneutrality of the soil solution. The absorption of N03*and the
subsequent release of basic ions from the plant could partially neutralize the acidity formed by
nitrification.
Ammoniacal sources of fertilizers could decrease the soil solution pH to a point that would allow
greater concentrations of heavy metals to be in solution (Kubal et al., 2001). Common sources of
ammoniacal fertilizers are ammonium nitrate, urea, farm manures, and compost.
Ammonium nitrate fertilizer contains between 33 to 34% N. Ammonium nitrate is water soluble
and readily available to crops. Ammonium nitrate is a common fertilizer when topdressing N is favored
(Tisdale et al., 1993). Disadvantages of using ammonium nitrate include special care and handling
requirements. Ammonium nitrate demonstrates explosive properties when in contact with an oxidizing
agent and is more prone to leaching and denitrification than other NH4 products (Tisdale et al., 1993).
Urea contains 45% N and is the principal dry N fertilizer used in the United States (Tisdale et al.,
1993). When applied to the soil, urea is hydrolyzed to NH4+ by the enzyme urease (Tisdale et al., 1993).
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The ammonium ion can be transformed to many different forms depending on the pH of the soil. A slight
rise in pH in the immediate area surrounding urea particles occurs due to the following reaction:
CO(NH2)2 + H+ + 2 H20

2 NH/ + HC03*

The main concern with the application of urea is the loss due to NH3 volatilization on surfaces; however,
careful management of the fertilizer will cut back on volatilization losses (Tisdale et al., 1993).
The N concentrations from farm manures can vary depending on the animal source and water
content (Barker, 1997; Barker, 2000). For example, the N concentrations in farm manures range from 0.5
% (wet, large animal waste) to 3 % (dehydrated, poultry) (Barker, 2000). Organic sources such as
composts can have even greater variability depending on their composition and length of composting
time. Composts should not be used as a fertilizer if the compost contains less than 1% N (Barker, 1997;
Huntley et al., 1997). Organic fertilizers are mineralized in the soil, and NH4+ is released. The fate of the
NH4+ released by mineralization depends on different soil and fertilizer characteristics such as pH of the
soil, %N of the soil and compost, and C/N ratio of the compost. In general, the higher the % N of an
organic fertilizer the faster the material will mineralize (Tisdale et al., 1993; Barker, 2000).

Zinc
Zinc is a malleable, ductile, bluish white metal in group II B in the Periodic Table of Elements
(Alloway, 1995; Barak, 1993; Nriagu, 1980). The atomic weight of zinc is 65.37 g/mol with an atomic
number of 30. The chemical properties of Zn are: density of 7.13 g/ cm3 at 25 ° C, melting point of 419.6
°C, boiling point of 907 °C, ionic radius range of 0.68 (coordination number four) to 0.83 A (coordination
number 8), and an electronegativity of 1.65 (Alloway, 1995; Barak, 1993; Nriagu, 1980). Zinc is ranked
as the fourth most used metal in the world, surpassed only by steel, aluminum, and copper (Nriagu, 1980).
Zinc is considered a mobile and bio-available metal in soil that is an essential element for crops; however,
elevated levels of Zn in the soil can have detrimental effects on crop yields. Adverse health effects due to
the consumption of plants grown on Zn contaminated soils, are a concern (Nriagu, 1980b).
Zinc is ubiquitous in nature and is an essential element for animals and plants (Alloway, 1995;
Marschner, 1995; Mengel and Kirkby, 1987). The mean total Zn content of the lithosphere is
approximately 65 to 80 mg/kg, with a range of 17 to 125 mg/kg (Alloway, 1995, Nriagu, 1980a; KabataPendias, 2001). Mean Zn contents in rocks vary from 40 to 60 mg/kg in acidic rocks, which are igneous
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rocks containing >66 % Si02, to 100 to 130 mg/kg in basaltic rocks, a type of igneous rock with no
observable structure (Parker, 1994; Alloway, 1995; Nriagu, 1980a). Sedimentary rocks, which have an
average Zn content of 80 mg/kg, contain Zn predominantly in shales, clayey deposits, and sandstones.
Limestones and dolomites have much lower Zn contents than other rocks (Alloway, 1995, Nriagu, 1980a).
The principal ore for Zn is sphalerite, a zinc sulfide (Nriagu, 1980a). The compositions of common ore
minerals of Zn are listed in the appendix. The concentrations of Zn in the soil, at which a toxicity is
considered possible, range between 70 and 400 mg/kg (Alloway, 1995).
Contamination of soils with Zn is increasing due to increased anthropogenic activities. In the
year 2000, it was predicted the total U.S. demand for Zn would be between 1.5 and 3.2 million metric tons
per year. This forecast demonstrates an annual 2% increase in the consumption of Zn in the U.S. (Nriagu,
1980a). This increased demand is based on the potential of Zn being used in batteries and for the
production of steel sheets for automobiles. The rest of the world would have a mean increase in demand
for zinc of 2.1% per year, corresponding to a demand of 8.3 million metric tons in the year 2000 (Nriagu,
1980a). The increased demand and production of Zn products arising from elevated anthropogenic
activity raises questions concerning the potential hazards from Zn.
Sources of Zn contamination are atmospheric fallout, agricultural uses of sewage sludges,
agrochemicals, and mining (Alloway, 1995; Brady, 1994). Smelting of non-ferrous metals and the burning
of coal are the major contributors of Zn in air pollution (Alloway, 1995; Kabata-Pendias, 2001). Sewage
sludges can contain significant concentrations of Zn (Kabata-Pendias, 2001). Guidelines for sewage
sludges have been established to outline limits to the concentrations of heavy metals acceptable in sludge
and in soil treated with sludge (Alloway, 1995). In China, tuberous crops along with rice and wheat
contain elevated levels of heavy metals if irrigated with sewage water. Qingren et al. (2001) found that
heavy metal contents in these crops increased between 14 and 209% following irrigation with sewage
water. Even short periods of irrigation with the sewage water increased soil concentrations of individual
metals by 2 to 80% (Qingren et al., 2001). Fertilizers and pesticides applied to soil are agronomic sources
of Zn. Most fertilizers, inorganic and organic, contain Zn as an impurity (Alloway, 1995; Tisdale, 1993).
The ranges of zinc concentrations in different fertilizers are as follows mg Zn/kg: phosphate fertilizers 50
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to 1450, limestones 10 to 450. and manures 15 to 250. Pesticides can contain up to 25% zinc (Alloway,
1995).
Although. Zn is an essential element for humans, livestock, and plants it is considered one of the
most potentially hazardous trace elements to the biosphere. Zinc poses a threat to livestock and humans
that may ingest crops with elevated levels of Zn (Nriagu, 1980 b). A main concern of Zn is the phytotoxic
effects, which could be detrimental to a crop.
Zinc plays important roles in the metabolism of proteins and nucleic acids and is essential in the
svnthesis of DNA and ribosomal RNA. The World Health Organization has recommended an adult daily
allowance of Zn of 11 to 14 mg, depending on gender and age (Nriagu, 1980b). The human body contains
an average of 2.5 g of Zn. Most of the Zn is in the liver, kidneys, muscle, blood, eyes, hair, bone, and
male reproductive organs (Nriagu, 1980b).
Zinc in plants
The essentiality of Zn for higher plants was discovered in 1926 and attributed to Sommer and
Lipman (1926). Zinc is predominantly absorbed by plants as a divalent cation (Zn :_) but can be absorbed
as Zn(OH)\ Zn(Cl)', or as Zn chelates (Alloway, 1995; Marschner, 1995; Kirkby and Mengel, 1979).
Once in the plant, Zn is predominantly in low-molecular-weight Zn anionic complexes and as free Zn '+.
Most of the Zn in plants is soluble ranging from 58 to 91% of the total Zn in plants, depending on plant
species (Brown et al., 1993). This soluble fraction of Zn in plants is considered to be the active portion
and a better indicator of plant Zn status than total Zn determinations (Brown et ah, 1993). Zinc does not
take part in oxidoreduction reactions (Brown et ah, 1993; Marschner, 1995).
Zinc has variable mobility within the plant. Zinc concentrations are usually higher in young
tissue than in mature tissue (Marschner, 1995; Longnecker and Robson, 1993). Zinc is translocated to
different areas of the plant including seeds, stems, roots, shoots, and leaves. In an experiment where Zn
was supplied to Zn deficient cotton plants, the Zn accumulated in the roots before being translocated to
the shoots. This trend of root accumulation also occurs with Zn toxicity (Alloway, 1995; Longnecker and
Robson, 1993). In soils with elevated levels of Zn, Zn was accumulated in the root cortical cell walls or
vacuoles and was not translocated to the shoots. However, plants tolerant to elevated levels of Zn do not
exclude Zn from the shoots and actually accumulate Zn in the leaves (Longnecker and Robson, 1993).
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The concentration of Zn in healthy leaves ranges from 15 to 100 mg "kg (Longnecker and Robson. 199.?).
Lonenecker and Robson (1993) found that plants deficient in Zn accumulated Zn unevenly in the leaf
blade: however, as die amount of Zn supplied to the plant increased. Zn concentrations became more
evenly allocated over die entire leaf (Longnecker and Robson, 1993). Plants tolerant of elevated Zn soil
levels accumulate higher concentrations of Zn in leaves than less tolerant plants, which tend to store Zn m
the roots. Stems also play an important role in the storage of Zn (Longnecker and Robson, 1993). As the
level of Zn increased in the medium, the concentrations of Zn m the stem increased: how e\ er. stem
concentrations of Zn decrease with time. The decrease in stem Zn concentrations with time may
demonstrate that Zn is stored in the stem until it is translocated to other parts of the plant (Longnecker and
Robson. 1993).
7mc is a convenient of many enzymes including carbonic ariydrase, alcohol dehydrogenase. Cu
Zn superoxide dismutase, and RNA polymerase (Marschner. 1995; Allowuy, 1995; Brown et aL, 1993).
The functions of Zn are based on its high affinity to form strong complex tetrahedral molecules with N-,
_

0

23,3

s These tetrahedral molecules provide structural and catalytic roles (Marschner, 199:. Brown et

aL. 1993). The role That Zn will have within die plan: type dictates the type of ligand

Zn forms. A

lizand is a bond betw een a chelate or central atom m a coordination compound and 2n ion such as Zn
(Parker. 1994). In a catalytic role. Zn is bound whh three protein ligands and water. The rend with V---~T
leaves a coordination site open. The bond on the open site is crucial for the function of Zn as a catalysc
In a structural role. Zn is bound by four protem ligands (Brown et aL. 1993). Zinc also has a structural
role in ribosomes and when Zn is deficient, ribosomes disunegrate fSlarschner. 1995).
mr is involved in protein metabolism. Experiments by Brown 11993) have shown tea. Zr-
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deficiem plants have tngber amounts office ammo acids than plants supplied with higher levels of Zn
nutrition- As ths level of Zn nutrition increased, the concentrations of free ammo acids decreased- anr tee
concentrations ofprotems increased. The inverse relanonship between protem concentration and free
rninn acid concentration suggests a possible role that Zn may have in protem synthesis (Brown et aL.
1993) Zmc regulars thebmdmg properties ofprotems id particular genes (Brown etaL, 1993). In the
absence of Zn. changes m the amount and types of Instone and nondustone procems are observed fBrown
etaL 1993).
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The amount of zinc absorbed by plants is influenced by plant species and cultivars. As the soil
Zn concentrations in solution increase the concentration of Zn in plant tissues also increases (Alloway,
1995). Zinc concentrations in plants range between 10 and 400 mg/kg (Alloway, 1995; Longnecker and
Robson, 1993). Deficiencies are likely to occur below 20 mg/kg, and toxicities are likely to occur above
30 mg/kg, or above 65 mg/kg for grasses (Mils and Jones, 1996). Although, mechanisms such as the
affinity of cell walls for free Zn, in Zn-tolerant species, aid in alleviating Zn toxicities (Brown et al.,
1993). Low-molecular weight complexes may have a role in the detoxification of Zn. For example,
phytochelatins are low-molecular-weight, metal-binding peptides with high affinities for metals (Cobbett,
2000). These peptides are produced in the presence of many metals including Zn (Brown et al., 1993).

Zinc in soils
The bio-availability of Zn is affected by many different soil properties, such as pH, soil texture,
organic matter content, low temperatures, and antagonisms between Zn and P, Cu, Mn, Mg, Fe, N, or Ca
(Alloway, 1995; Nriagu, 1980a; Mortvedt and Gilkes, 1993). The common range for natural Zn content in
soils is 10 to 300 mg/kg with a range extending between 1 and 900 mg/kg (Alloway, 1995). The average
total soil Zn content is 50 mg/kg; however, the concentration of Zn in the soil solution is much lower
ranging from 3 x 10'8 to 3 x 10‘6 M (Kabata-Pendias, 2001; Alloway, 1995). Total zinc exists in various
fractions of the soil such as soil solution, exchangeable, chelated or complexed, clayey secondary
minerals, insoluble metallic oxides, and primary minerals. However, not all of the Zn in these fractions is
available for plant uptake (Alloway, 1995). The total concentration of Zn in soils either stays the same or
increases with depth whereas extractable Zn decreases with depth (Nriagu, 1980a). The partitioning of Zn
in soil is 30 to 60% in iron oxides, 20 to 45% in crystal lattices of clay minerals, and 1 to 7% on exchange
sites (Marschner, 1995; Nriagu, 1980a). Fine-textured soils have most of their total Zn in the clay fraction.
Whereas coarse textured soils have most of their total Zn in the organic fraction. Free Zn

ions form

precipitates with hydroxides, carbonates, phosphates, sulphides, molybdates, humates, fulvates, and other
organic chelates (Alloway, 1995). The solubilities of these precipitates depend on pH. The solubility of
Zn complexes increases as the pH of the soil decreases. Alloway (1995) demonstrated this relationship
with the following equations:
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Soil-Zn + 2 H+

V Zn2+ log K= 5.8

log Zn 2+= 5.8 -2 pH
These equations show that the log of the activity of Zn 2+ in the soil solution is inversely proportional to
twice the activity of H+ (Alloway, 1995). Using this relationship, as the pH of the soil solution decreases,
H+ ion activity increases, and the solubility of Zn 2+ in the soil solution also increases (Qingren et al.,
2001). Using the above equations, the activity of Zn2+ in solution at pH 5 is about 10'4 M and at pH 8 it
decreases to 10'10 M (Alloway, 1995). Nriagu (1980a) also found as the pH decreased, a greater percent
of soil Zn was partitioned in the exchangeable and organic matter fractions. In the pH range of 7.7 to 9.11
ZnOH+ is the prevalent ionic species, above pH 9.11 Zn(OH)2 is the most common form, and below a pH
of 7.7 Zn2+ is the prevalent species (Alloway, 1995; Huang and Alva, 1999).

Extraction of Zinc
The availability of Zn in soils can be determined by extraction with a reagent. However, different
reagents will determine the concentrations of Zn in various soil fractions. In addition to the properties of
the extracting reagents, the results are influenced by soil/solution ratio, extraction time, soil properties, or
chemical form of Zn present in the soil (Alloway, 1995; van Erp et al., 2001a; Debus and Hund, 1997).
The goal of an extraction is to measure the “labile” amount of the element. The labile fraction of an ion
might be available for plant uptake, meaning it is in solution or water soluble, exchangeable, adsorbed, or
chelated states (Marschner, 1995; Nriagu, 1980; van Erp et al., 1998). Alloway (1995) lists criteria
necessary for an extracting reagent to achieve a good correlation with plant-available concentrations of
Zn. The extracting agent should be acidic enough to solubilize precipitated Zn compounds such as ZnS
and ZnO, should contain a displacing cation to exchange with adsorbed Zn on soil colloids such as Na or
NH4+, and should have the ability to extract soluble organo-zinc compounds such as frilvic acid, humic
acid, and simple acid chelates (Alloway, 1995; Davis et al., 1995). Reagents can be placed into one of
four categories: complexing agent, dilute acid, chelating agent, and neutral salt (Nriagu, 1980; Dumestre
et al., 1999). For example, chelating agents not only remove active Zn (Zn in the soil solution) but also
the reserve or exchangeable Zn. Chelating reagents will extract more Zn than a neutral salt and are thought
to overestimate the amount of Zn available for plant uptake. Universal extractants are defined as reagents
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that have the capacity to evaluate the status of several soil nutrients with one procedure. Universal extracts
are increasingly important due to the capability of instruments to analyze multiple nutrients
simultaneously (Jones, 1998; De Abreu and De Abreu, 1998; van Raij, 1994). An example of a multi¬
nutrient analytical instrument is the inductively coupled plasma- atomic absorption spectroscopy (Jones,
1998). Therefore, a multi-element extraction is attractive for use in many laboratories due to reductions in
time needed to analyze a sample and cost. However, the development of multinutrient extractions must
focus on correlating plant and extract element concentrations (van Erp et al., 2001a)
In the Northeast U.S. Morgan’s universal extractant was developed for the extraction of major
and minor ions in soils (Jones, 1998; Morgan, 1941; Lunt et al., 1950; Alva, 1993). According to van Raij
(1998) Morgan’s extractant is considered the most versatile extractant for the exchangeable cations (van
Raij, 1998; Alva, 1993). Ammonium and sodium are the most common cations combined with acetate to
form Morgan’s extract (Davis et al., 1995). Scancar et al. (2000) determined that acetic acid, when
combined with ammonium or sodium, effectively removed the weakly bound fraction of heavy metals
from mineralized colloids, solubilized amorphous compounds of iron, manganese, and carbonates, and
removed weakly bound metals from organic matter. Davis et al. (1995) found that Zn extracted from soils
with Morgan’s correlated well with plant Zn concentrations. The correlation between soil and plant Zn
concentrations is important in predicting the phytotoxicity of Zn based upon the soil test.
Mehlich 2 and Mehlich 3 were developed to provide multi-element extractants of plant-available
nutrients from a wide range of soils (Mehlich, 1978). Mehlich 2 consists of 0.2 M NH4-C1, 0.2 M HOAc,
0.01 M NH4F, and 0.012 M HC1 at a pH of 2.5 and was developed due to problems encountered with the
double-acid extractant, which consisted of 0.05 M HC1 and 0.0125 M H2S04 (Mehlich, 1978). Mehlich
(1978) found that the extractability of Mn and Zn were relatively the same in acid soils; however, when
the pH of the soil was above 6.2, more Mn and Zn were extracted using the double acid extractant than
with Bray or Olsen extractions (Mehlich, 1978). Modifications to the Mehlich 2 extractant in 1984
increased the range of nutrients extracted (Mehlich, 1984). Another goal of the modification was to
increase the applicability of the extractant to a wider range of soils. The new extractant, designated
Mehlich 3, is composed of 0.2 M CH3COOH, 0.25 M NH4N03, 0.015 M NH4F, 0.013 M HNO3, and
0.001 M ethylenediaminetetraacetic acid (EDTA). The addition of ethylenediaminetetraacetic acid

13

(EDTA) and the substitution of N03' for Cl' anions increased the applicability of the extraction (Mehlich,
1984). Mehlich 3 is considered a universal soil extractant for P, K, Ca, Mg, Na, B, Cu, Fe, Mn, and Zn
(Mehlich, 1984; van Raij, 1998; Matejovic and Durackova, 1994). Mehlich 3 was determined to have
solubilization and complexation properties, which release P and metals from the soils (De Abreu and De
Abreu, 1998). The addition of the EDTA increased the extraction of Cu by 170%, Mn by 50%, and Zn by
25% compared to the concentration of nutrients extracted by Bray and Mehlich 1 and 2 solutions
(Mehlich, 1984; De Abreu et al., 1996). The addition of EDTA to Mehlich 3 increased the concentrations
of extractable Zn in soils with high organic matter contents. Mehlich (1984) concluded that EDTA was
keeping the Zn from re-complexing with the organic matter before the extract could be filtered (Garcia et
al., 1997). Garcia et al. (1997) attributed the larger extracted amounts, approximately 1.5 to 1.9 times
greater than EDTA alone, of Cu, Mn, and Zn from soils by Mehlich 3 to the combination of dilute acids
and EDTA (Shuman et al.; 1992). The pH of Mehlich 3 is 2.9. The low pH is used to maximize the F ion
component in Mehlich 3. The popularity of Mehlich 3 is attributed to the ability of the solution to extract
multiple nutrients simultaneously and to impart a good correlation between soil and plant concentrations
(Garcia et al., 1997; Junus and Cox, 1987; De Abreu et al., 1996; Vocasek and Friedericks, 1994).
However, Mehlich 3 extracts more than the exchangeable and readily soluble portions of the ions perhaps
overestimating plant availability.
The best extractants for micronutrients were determined to be chelating agents (Esnaola et al.,
2000; De Abreu and De Abreu 1998; van Raij, 1998). However, a limitation to using chelating agents as
an extractant is poor macronutrient determinations in soils. Chelating agents, such as
diethylenetriaminepentaacetic acid (DTPA) and ethylenediaminetetraacetic acid (EDTA), form complexes
with the metals in the soil solution, thus reducing their activity. These complexes that are formed increase
the dissolution of the labile forms of the metals (De Abreu et al., 1996). Chelating agents extract more
metals from the non-silicate materials and organic matter fractions in soils than dilute acid reagents (De
Abreu et al., 1996; Schrammel et al., 2000; Barona et al., 1999; Garcia et al., 1997) Schrammel et al.
(2000) found EDTA extracted 44 to 95% more plant-available copper from soil than acetic acid. Hence,
chelating agents are very well correlated with the plant-available fraction of metals in soils.
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Lo et al. (1999) determined retention time between the soil and the chelating agent had relatively
no effect on the concentration of Zn recovered from the soil fractions (Esnaola et al., 2000). Davis et al.
(1995) found when using DTPA, an extraction time of 30 minutes had better correlations than a two-hour
extraction time. When 0.05 M and 0.1 M EDTA were used to extract zinc from soil fractions,
approximately 90% of the metal could be removed from the soil (Lo et al., 1999). However, using a
combination of 0.1 M EDTA and a retention time of 30 minutes allowed for >90% recovery of Zn. The
concentration of EDTA used to extract zinc was highly significant in the recovery of Zn. Garcia et al.
(1997) found relatively no significance between chelating agents, EDTA and DTPA in the recovery of Zn.
Both were effective in removing significant amounts of Zn from the soil.
The use of un-buffered dilute salt solutions to extract soil cations has increased (Alva, 1993).
Loch et al. (1998) determined that only the exchangeable and easily soluble fractions of cations were
extracted when an unbuffered weak salt was used (van Erp et al., 2001a; van Erp et al., 2001b; Baier and
Baierova,1998). Loch et al. (1998) and Davis et al. (1995) concluded that soil exchangeable and easily
soluble fractions of metals in the soil best represented plant-available concentrations. Davis et al. (1995)
determined that as the valence of the extracting cation increased, correlation with applied soil Zn
increased; however, correlation with leaf Zn concentration decreased. Chloride was determined to be the
best anion in relation to the recovery of soil applied Zn. The chloride anions in the CaCl2 solution have a
complexing affinity for Cd, Cu, and Zn, an action that favors the dissolution and desorption of these
cations (Houba et al., 1993 & 1996; Esnaola et al., 2000). Houba et al. (1996) introduced an unbuffered
0.01 M CaCl2 extracting solution for the determination of P, K, Mg, S, B, Cu, Fe, Zn, Cd, Cr, Ni, and Pb
(Houba et al., 1990; De Abreu et al., 1998; Matejovic and Durackova, 1994; Loch et al., 1998;
Novozansky et al., 1990). The complexing ability of 0.01 M CaCl2 favors the desorption and dissolution
of metals in the soil and resembles an ionic strength comparable to most soil solutions (Fotyma et al.,
1998; De Abreu and De Abreu, 1998; Esnaola et al., 2000; Gibson, 1994). Esnaola et al. (2000)
determined that a 0.01 M CaCl2 solution supplied Ca cations in excess with respect to the extracted
metals; however, a ten-fold increase in the Ca concentration enhanced the ability of the Ca2+ to displace
other metal ions. Also, in soils with high concentrations of metals, a 0.01 M CaCl2 solution may not
supply enough Ca in excess to be effective (Esnaola et al., 2000). The high concentrations of Ca2+
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supplied by 0.1 M CaCl2 allows for mass action of Ca2+ on the exchange sites, thus displacing more
cations than dilute solutions (Esnaola et al., 2000). The combination of the complexing ability of the Cl\
the exchangeable properties of Ca2+, and the increased Ca2+ concentrations in the 0.1 M CaCl2 extractant
make it the favored concentration (Schrammel et al., 2000).
Water has been used as an extractant for many different elements such as B, Mo, N03, K, S04,
and P (Hanks et al., 1997; Novozamsky et al., 1990; Schramel et al., 2000; Shuman et al., 1992; Zbiral,
1992). Extracting soils with water was effective for determining concentrations of N03, K , S04 , and P
in soils. Using water as an extractant eliminates some of the costs associated with other extraction
procedures (Hanks et al., 1997). However, Lo et al. (1999) determined that water was not an effective soil
extractant for heavy metals (van Raij, 1998). Insignificant amounts of heavy metals were removed by
water, indicating that metals are not weakly surface bound to soils and would require more than water to
extract them. The limited H+ ions from water would not be in high enough concentrations to exchange
effectively for adsorbed cations.
Sequential extractions are used to determine the distribution of metals m the different fractions of
soil and to determine metal mobility through the soil profile (Scancar et al., 2000; Murphy et al., 2000;
Fernandes et al., 2000). Sequential extractions should not to be used when determining requirements for
crops. Sequential extractions represent total metal contents of soil, which could overestimate the
concentration of plant-available nutrients.

Remediation
Different remediation options are available, some are more destructive to a site than others, but
all have the same goal to reduce the toxicity of the heavy metals. Remediation techniques include
excavation and removal, containment, and chemical or biological treatments. The technique of excavation
and removal of the contaminated soil is destructive to the soil structure and the removed soil now poses a
new challenge of disposal. Containment technologies are used to prevent the contaminants from moving
through the soil profile. Examples of containment technologies include capping to reduce water
infiltration, placement of an impervious vertical or horizontal barrier to reduce movement of the
contaminants, solidification or stabilization technologies to change the physical charactenstics of the
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waste, vitrification technologies which apply high temperatures to the contaminated soil to incorporate the
metals into a vitreous material reducing mobility, and phytostabilization which uses plants to reduce the
bioavailablility of contaminants. Chemical or biological treatments are aimed to convert the contaminant
to a less toxic form or to remove it from the soil. Examples of chemical or biological treatments are field
bioremediation using bacteria and fungi, immobilization, chemical leaching of the soil, application of
electrical fields to drive diffusion of metal ions from areas of low concentration to areas of high
concentration, use of chelators to bind with the metals thus preventing the metals from binding with the
soil, and chelate-assisted phytoextraction (Cunningham et al., 1995,1997; Nedelkoska and Doran, 2000;
Khan et al., 2001).
Some of the disadvantages of current remediation technologies are the destruction of the soil
structure, non-specificity of chemical treatments, creation of undesirable metabolic products, long-term
destabilization of the soil, increased metal mobility, adverse effects on soil micro-organisms, and costs
(Cunningham et al., 1995; Nedelkoska and Doran, 2000; Navari-Izzo et al., 2001; Kumar et al., 1995).
For example, excavation and removal of the soil might not be a feasible option for agricultural land. Insitu remediation processes can cost between $10 to $ 100/m3 and ex-situ processes cost approximately 3
times more ranging from $30 to $300 (Cunningham et al., 1997). Soil removal and burial can cost as
much as $1 million an acre (Salt et al., 1998). Other processes, such as vitrification, can cost $ 1000/m3
(Cunningham et al., 1997). Any technique that can potentially reduce remediation costs warrants further
research. Boyajian and Carreira (1997) found that phytoremediation of Hg-contaminated soils would be
one-tenth to one-hundredth the cost of traditional remediation techniques. In most cases, the detriment to
soil physical properties, caused by most remediation techniques used today, does not outweigh the
positive effect of decontaminating the site.
Phytoremediation has many advantages over the current technologies used to remediate
contaminated sites. Phytoremediation allows for minimal site destruction and destabilization, leading to a
low environmental impact and favorable aesthetics as well as being low cost.
Common disposal options of harvested biomass are composting, low temperature ashing, and
leaching (Cunningham et al., 1995). Low temperature ashing and leaching are bio-ore recovery techniques
to extract the metals from the harvested plant material (Cunningham et al., 1995). Phytoextraction of
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contaminated sites and bio-ore recovery of the metals are becoming increasingly important as the demand
for metals increases and the natural supply decreases (Salt et at., 1998).
Phytoextraction
The use of plants to purify media has been practiced for over 300 years (Anderson, 1993;
Cunningham et al., 1995). Plants have been used in treating wastewater, dewatering sludge, and to
prevent downward water penetration through landfill caps (Anderson, 1993; Brady, 1996; Cunningham et
al., 1995; Bricker et al., 2001).
Phytoextraction is considered useful for sites that have light to moderate heavy metal
contamination and when slow remediation is a permissible option (Kumar et al., 1995; Nedelkoska and
Doran, 2000). Successful phytoextraction of a site requires that plants translocate heavy metals from the
soil to a harvestable portion of the plant (Navari-Izzo et al., 2001; Kumar et al., 1995; Salt et al., 1997;
Ebbs et al., 1997). Kumar et al. (1995) also found that planting several consecutive crops of metalaccumulating species reduced the concentrations of metals in the soil.
Metal availability might be lower in soils than in a nutrient solution. Speciation of the
contaminant, soil pH, presence of other ions, mineral fraction of the soil, presence of organic matter,
vegetation, microorganisms, and rainfall are factors influencing heavy metal availability in the soil, thus
affecting plant availability (Ebbs et al., 1997; Ebbs and Kochian, 1998; Cunningham et al., 1997; Shilev
et al., 2001). For successful phytoextraction, the heavy metals must be available for plant uptake. Two
basic subcategories of phytoextraction are long-term continuous phytoextraction and induced or chelateassisted phytoextraction (Cunningham et al., 1997, Navari-Izzo et al., 2001; Salt et al., 1998; Lombi et al.,

2001).
Induced phytoextraction, also referred to as chelate assisted, has been researched more
intensively than long-term phytoextraction, is further developed, and is currently used on a commercial
level (Salt et al., 1998). Chelate-assisted phytoextraction is a tandem process. First, the bound metals are
released into the soil solution in a complex with the chelate. Then, the metals are absorbed and
translocated to the harvestable portion of the plant (Salt et al., 1998). Induced phytoextraction uses highyielding crops such as Zea mays (com), Helianthus annus (sunflower), Brassica juncea (Indian mustard),
and Nicotiana tobacum (tobacco), along with a chelating agent (Chen and Cutright, 2001; Silev et al.,
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2001; Salt et al.. 199S; Navan-Izzo et al.. 2001; Bricker et al.. 2001). Experiments with com have shown
a 20 to 140 fold increase in the amount of Pb accumulated in shoot tissues for plants grown in soils
amended with EDTA (Bricker et aL, 2001; Huang et al., 1997; Blaylock et al., 1997). Chelating agents
lessen solubility limitations, allowing heavy metals to be available in the soil for plant uptake, thereby
increasing the concentrations of heavy metals in the shoots of plants (Cunningham et al., 1997; Wu and
Cunningham. 1999; Navari-Izzo et al.. 2001; Grcman et al., 2001). For example, the concentration of Pb
in soil solution is usually less than 0.15°o of the total soil Pb concentration; thus, the use of chelating
agents is important when remediating soils contaminated with Pb (Salt et al., 1998; Begonia et al., 1998;
Jones et al.. 1973). Some of the common chelating agents used are EDTA, DPTA, HEDTA (Nhydroxyethylethylenediaminetriacetic acid), CDTA (trans-1, 2-diaminocyclohexane-N, N, N\ N’tetraacetic acid), EGTA (ethyleneglycol-bis (P-aminoethyl ether)-N, N, N, N-tetraacetic acid, and NTA
i mtnlotnacetic acid)) (Navari-Izzo et al., 2001; Bricker et al., 2001).
Plants grown on heavily contaminated Pb soils accumulated only 0.01 to 0.06% lead in the
karvestable portion of the plant without the use of chelators; however, Huang et al. (1997) found that
when chelating agents w ere added to the soil, the concentration of Pb in plant shoots increased to greater
than 1% dry mass (Blaylock et aL, 1997; Salt et al., 1998; Grcman et al., 2001). Studies have shown that
the addition of chelating agents also increased accumulations of heavy metals other than Pb by plants.
Metals, such as Cd, Cu, Ni, and Zn, w ere accumulated at higher amounts by plants with the addition of
chelators than by plants grown on soils not amended with chelates (Salt et al., 1998; Grcman et al., 2001;
Sarret et al.. 2001). The increase in metal absorption by the plant wns directly related to the affinity of the
chelate for the metal (Grcman et al., 2001). Different chelates have selective affinities for particular
metals; for example. EDTA has a high affinity for Pb and EGTA is selective for Cd (Salt et al., 1998).
Experiments with B. juncea showed differences in chelate effectiveness with respect to metal
accumulation. Overall, effectiveness of the chelate in increasing metal accumulation by the plant followed
the trend of EDTA (0.2%)»EDTA (0.5%)>citrate (0.5%)> citrate (0.2%) (Bricker et al., 2001). Salt et
al. (1998) outlined criteria for chelate-assisted phytoextraction to be successful. Proper crop-chelate
combination should be chosen based upon the site to be remediated. Once the plants reach a desired
biomass that will enable the plant to maximize metal uptake, the chelate is added to the soil. The plants
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should be given time to absorb the metals, designated as the metal accumulation phase, and then harvested
(Salt et al., 1998).
A disadvantage to induced phytoextraction is the potential environmental risk from the synthetic
chelators. Chelators must be used in an area where the threat of groundwater contamination is not
imminent since the mobility and availability of metals are greatly increased (Cunningham et al., 1997).
The increased metal mobility can create an unfavorable environment, even for a hyperaccumulator. Most
hyperaccumulators can tolerate elevated levels of heavy metals in the soil. However, after using chelators,
the release rate of heavy metals into the soil solution could become too toxic even for tolerant plants. A
fast release rate of metals from the soil fraction would then curtail the growth of the hyperaccumulators
thereby reducing the effectiveness of the hyperaccumulator to remove the available metals from the soil.
Long-term or continuous phytoextraction focuses on using plants able to grow on metalcontaminated soils for many years. The goal of continuous phytoextraction is to remove metals from the
soil, without the use of additional chemicals (Cunningham et al., 1997; Salt et al., 1998; Olson et al.,
2001). Continuous phytoextraction was modeled after hyperaccumulators growing on soils with naturally
high metal contents. Continuous phytoextraction is considered effective for the removal of Zn, Cd, Ni, Se,
As, and Cr from contaminated soils (Salt et al., 1998). In continuous phytoextraction, plants are allowed
to grow on the contaminated soil for much of their life cycle (Salt et al., 1998). Plants are chosen for
continuous phytoextraction based on their ability to accumulate greater than 1% Zn, Ni, Mn, or Se on a
dry weight basis and on having rapid growth rates. Continuous phytoextraction relies upon the plants
specialized ability to absorb, translocate, and tolerate the high concentrations of metals in the soil (Salt et
al., 1998). Plants used for continuous phytoextraction must have efficient mechanisms to detoxify the
accumulated metal (Salt et al., 1998). Investigations of detoxification mechanisms within
hyperaccumulators might be a key area of research in the genetic engineering of future
hyperaccumulators.

Hyperaccumulators
Plants can be categorized as accumulators, indicators, or excluders of metals. Plants that
accumulate heavy metals survive while growing in contaminated soil and concentrate the metals in the
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harvestable portion of the plant (Chaudhry et al., 1998). Indicator plants have a mechanism that controls
the translocation of the contaminants from the roots to the shoots (Chaudhry et al., 1998). And plants that
exclude heavy metals restrict contaminant uptake into the biomass (Chaudhry et al., 1998).
Hyperaccumulators are considered to be plants capable of accumulating heavy metal concentrations far
exceeding those present in soils without toxic effects on the plants (Kumar et al., 1995; Baker, 1990;
Navari-Izzo et al., 2001; Quartacci et al., 2001). Hyperaccumulators should be able to concentrate a
particular heavy metal in concentrations approaching or greater than 1% of their shoot dry weight (Baker,
1994; Boyajian and Carreira, 1997; Cunningham et al., 1995,1997; Quartacci et al., 2001; Salt et al.,
1998). Experiments in the United States led to the discovery of selenium accumulating plants from the
genus Astragalus (Salt et al., 1998). These plants accumulate up to 0.6% selenium in dry shoot mass (Salt
et al., 1998). Other species, Viola calaminaria and Thlaspi caerulescens, were found to have leaf Zn
concentrations between 1 to 1.7% dry mass (Salt et al., 1998). Most hyperaccumulating species have been
identified growing on soils with naturally high levels of heavy metals (Cunningham et al., 1995,1997;
Navari-Izzo et al., 2001; Kumar et al., 1995). These soils, which are located all over the entire world, are
derived from mineral deposits high in heavy metals (Kumar et al., 1995). Italian researchers discovered a
Ni hyperaccumulator, Alyssum bertolonii, growing on serpentitic soils, which accumulated greater than
1% Ni dry mass. This concentration was 100 to 1000 times that in other plants at the same site (Salt et al.,
1998). The ecological significance of the ability of plants to hyperaccumulate heavy metals is still being
investigated (Salt et al., 1998). Hyperaccumulators share the common characteristics of producing low
amounts of biomass and shallow root systems (Cunningham et al., 1995, Salt et al., 1998). The rate at
which hyperaccumulators remove heavy metals from the soil depends on many factors such as the amount
of biomass produced, number of harvests per year, and the amount of the metal in the soil (Navari-Izzo et
al., 2001).
Hypertolerance of heavy metals by hyperaccumulators may involve extra and intracellular metal
chelation, precipitation, compartmentalization, biotransformation, cellular repair, and translocation in
vascular systems (Boyajian and Carreira, 1997; Cunningham et al., 1997; Kumar et al., 1995, Salt et al.,
1998). For example, metallothioneins and phytochelatins are two metal-chelating peptides in plants
(Cobbett, 2000; Salt et al., 1998). Metallothioneins have a high affinity for Cu, and phytochelatins bind
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Cd and Cu in plants. Zinc is precipitated as zinc-phytate, which may be a Zn detoxification mechanism
(Salt et al., 1998). Also, lead is precipitated as carbonates, sulfates, and phosphates intra- and
extracellularly, which may be Pb detoxification mechanisms (Salt et al., 1998). Vacuolar
compartmentalization is a mechanism many plants use to detoxify Cd and Zn (Salt et al., 1998).
Cadmium, Mn, and Pb can be compartmentalized in leaf trichomes (Salt et al., 1998). Plants also detoxify
metals by reduction reactions or incorporation into organic compounds (Salt et al., 1998). This
biotransformation has been shown with Cr, Se, and Ar within plants (Salt et al., 1998). For example, Se is
toxic to plants due to the incorporation of amino acids, selenocysteine and selenomethionine, into
proteins. Hyperaccumulators have the capability to metabolize Se into alternative amino acids,
methylselenocysteine and selenocystathionine, which do not enter into proteins thereby withstanding
elevated levels of Se in shoots (Salt et al., 1998). Chaney (1997) concluded that hyperaccumulators should
possess three characteristics to be effective in remediation of soils. First, hyperaccumulators should have
tolerance to metals. This tolerance is believed to be from vacuolar compartmentalization and chelation
within the plant. Second, hyperaccumulators should be able to translocate the metals from the roots to the
shoots. Most plants have ten times the concentrations of metals in their roots than in their shoots;
however, in hyperaccumulators the shoot concentrations of metals exceeds the root concentrations. Third,
hyperaccumulators should have a tolerance to the accumulated metals. For example, Thlaspi caerulescens
and Lycopersicon esculentum were grown in a nutrient solution with elevated metal concentrations; when
analyzed, T. caerulescens and L. esculentum accumulated the same concentrations of Zn and Cd from the
solution. The difference between the two species was L. esculentum was severely injured at 30 pM Zn,
whereas T. caerulescens did not show injury symptoms until the Zn concentration reached 10,000 pM Zn
(Chaney et al., 1997).
It was once thought the most important characteristic for hyperaccumulators to be successful in
accumulating heavy metals was to produce a high biomass. However, Chaney (1997) concluded the ability
of plants to hyperaccumulate and tolerate elevated concentrations of metals in soil is more important than
producing a high biomass (Kumar et al., 1995). For example, Chaney (1997) found T. caerulescens
removed Zn and Cd from a contaminated site. When compared to other plants T. caerulescens produces a
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low biomass; however, it can tolerate up to 25,000 mg Zn/kg without any yield reduction. At the highest
tolerable Zn concentration, T. caerulescens had a low biomass, producing only 5 tons/ha, but still
extracted 125 kg/ha of Zn.
At least forty-five plant families contain hyperaccumulating species (Salt et al., 1998). Four
hundred hyperaccumulator species exist in the world (Cunningham et al., 1995; Quartacci et al., 2001;
Nedelkoska and Doran, 2000; Salt et al., 1998). Most of the known species of metal hyperaccumulators
belong to the Brassica family (Cunningham et al., 1997). The possibility of discovering other tolerant
species could broaden the applicability of phytoremediation.

Indian Mustard
The actual origin of B. juncea and its movement to different areas of the world has not been
completely resolved. The origin of B. juncea has been narrowed down to two possible locations China or
the middle-east region of India (Gomez-Campo and Prakash, 1999). The oldest reference to B. juncea
was found in Sakskrit literature and was referred to as “Rajika” (Prakash, 1980). It can also be found in
Chinese literature as early as the Chou Dynasty, 1122-247 BC. Brassica juncea might be derived from the
cross between B. rapa x B. nigra (Gomez-Campo, 1999).
Brassicas are important sources of nutrition all around the world. They are adapted to a wide
range of climates, allowing them to be grown in many different latitudes (Rosa, 1999). Brassicas have low
fat contents and contain moderate carbohydrate contents. The levels of fiber and protein are relatively
high, approximately 4%, compared to other vegetables (Rosa, 1999). Brassicas are a good source of K
and Ca, especially kale and broccoli, along with high levels of vitamins, particularly vitamin C and
antioxidants (Rosa, 1999). The roots, stems, leaves, buds, inflorescences, seeds and oils are used
worldwide (Gomez-Campo, 1999b). Mustards are grown for their oil all over the world, principally in
India, western Egypt, Central Asia, and Europe (Nishi, 1980). Mustards, also grown for their leaves, are
consumed as vegetables in Asian countries, primarily China. The leaves of young B. juncea plants are
consumed in large quantities in China. Brassica juncea seeds and leaves have many culinary uses. The
seeds are ground and used in spices to make curry or mustard powder, used in pickles, and the oils from
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the seeds are extracted. The seeds contain 40 to 50% oil, which had original uses of lighting and
lubrication; however, with modem refining techniques, the oil is used mainly for cooking (Rosa, 1999).
Most plants that accumulate metals are small, weedy plants, which produce a low biomass
(Kumar et al., 1995). Few hyperaccumulators are exempt from the above characteristics, with the
exception of the Brassica family. Species from the Brassicaceae and Fabaceae families were the first to be
characterized as hyperaccumulators (Salt et al., 1998). After testing over 106 different cultivars of
Brassica, Kumar et al. (1995) concluded B. juncea and B. nigra accumulated the highest concentrations of
metals of any Brassica species. Even within a species, different accessions are capable of accumulating
more metals than others. For B. juncea, accessions 426314, 426308, 211000, 182921 accumulated the
highest concentrations of Zn (Blaylock, 1997; Dushenkov et al., 1995; Ebbs and Kochian, 1998; Salt et
al., 1995; Begonia et al.,1998; email Rick Luhman, 2002). Boyajian and Carreira (1997) determined that
Brassica species can accumulate many different heavy metals but are most efficient at accumulating Zn
and Cd (Grcman et al., 2001; Del Rio et al., 2000). The ability of Brassica to efficiently accumulate many
different metals is an important attribute due to the vast array of heavy metals found at most superfund
sites. Brassica juncea produces a high biomass, on average 18 tons dry mass/ha, and acclimates easily to
various climatic conditions (Kumar et al., 1995; Bricker et al., 2001). Ebbs and Kochian (1998) found
that B. juncea removed 4 times more mass of Zn than T. caerulescens. The ability to accumulate higher Zn
levels was attributed to B. juncea producing about 10 times more biomass than T. caerulescens. Again,
these characteristics make Brassica a leading candidate for phytoextraction.
Brassica juncea absorbs metals and translocates them to various portions of the plant. Zinc is
partitioned within the plant in the following order stems > leaves > pods > seeds > roots (Del Rio et al.,
2000). The partitioning in the plant can differ slightly depending on the element being accumulated. For
example, B. juncea accumulated higher concentrations of Pb and Cu in the leaves than in the stems (Del
Rio et al., 2000).
Chelating agents have been used to aid in phytoextraction of metals from contaminated sites (Salt
et al., 1993). When B. juncea was used in conjunction with EDTA, the concentrations of heavy metals
extracted by the plants also increased (Salt et al., 1998; Ebbs and Kochian, 1998). An experiment at a site
in Trenton, N.J., showed that B. juncea reduced soil Pb contamination by 25% after EDTA was applied to
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the soil (Salt et al.

Another experiment studying Cd uptake in brassieas found that R. juncea and

Raphanus satmis had germination rates of 90% vvhen grown in Cd-contaminated soil (Quartacci et al.
:001) Quartacci et al (2001) concluded that the ability to germinate in the presence of elevated
concentrations of metals was a sign of tolerance to those metals. Field studies by Banuelos et al. (199t)
demonstrated that Se levels in the soil were reduced by 50% to a depth of one meter if B. juncea was
cultivated over several years Salt et al. (1997) found that Five-day-old seedlings of B. juncea grown
hydropanicallv were able to accumulate 500 to 2000 times the concentration of Pb, Sr, Cd. and Ni present
in solution (Schulman et al, 1900), Salt et al. (190^) determined by using Michaelis-Menten kinetics that
meral accumulation in plants increased as the concentrations of metals increased in the medium until a
saturation point was reached. For example, the concentration of Pb increased in B. juncea as the level of
Pb increased in the solution up to a concentration of 10'4 M (Liu et al, 2000). At a solution concentration
of 10'' Nl Pb'*, the growth of B. juncea was inhibited.
Brassica juncea is considered a valuable resource for phytoremediation due to rapid biomass
production, adaptability to variable climates, and high tolerance of many different metals. Brassica juncea
is going to be an integral pan of future phytoremediation research.
Tall Fescue
Ebbs and Kochian (1998) found that varieties of certain grass species, such as com. barley, and
ryegrass, hav e heavy metal tolerance (Smith, 1994b). Varieties in the genera of Agrostis, Deschampsia,
Festuca. and Holcus have a tolerance of heavy metals comparable to the tolerance of Thlaspi species
(Smirnoff and Stewart 1987; Ebbs and Kochian. 1998). None of these genera originate from soils with
parent materials containing elevated levels of heavy metals. These species are capable of accumulating
moderate to high levels of heavy metals and produce a high biomass. These properties suggest that they
mav be as effective as B. juncea in phytoextracting heavy metals (Ebbs and Kochian, 1998).
The genus Festuca is found around the world particularly in temperate or mountainous regions
although it is very well adapted to the transitional zone in the U.S. between temperate and subtropical
zones (Turgeon, 1991; Piper, 1906). The transitional zone is the area between zones where cool and warm
season grasses are cultivated and includes the mid-west, middle Atlantic, central and south east U.S.
regions (Turgeon, 1991; Hannaway et al, 1999).
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Festuca arundinacea (tall fescue) is native to Europe and North Africa and was introduced to the
United States in the late 1800s (Hannaway et al., 1999). Tall fescue is a common grass in the United
States grown primarily for pasture, hay, and silage (Hannaway et al., 1999). Since 1970, tall fescue has
been the predominant cool season perennial grass in the U.S., occupying an average of 35 million acres in
the U.S. (Hannaway et al., 1999). In the east-central and southeastern United States tall fescue forms the
forage base for beef cow and calf production. In these regions alone, tall fescue is grown on an average of
25 million acres and supports more than 8.5 million beef cattle (Hannaway et al., 1999). The popularity of
tall fescue is attributed to several characteristics such as adaptation to a wide range of soil conditions,
good forage yield, long grazing season, persistence, low-input management, and excellent seed production
(Hannaway et al., 1999).
Tall fescue is a perennial bunch-grass with firm thick leaves that requires minimal fertilization
and low to moderate maintenance (Turgeon, 1991; Piper, 1906). Although, when maintenance was
maintained at a high level such as with N fertilization, yields of 6 to 7 tons of dry matter per acre per year
are possible (Hannaway et al., 1999). In general, for each pound of N added, up to 250 lb N/a/yr, dry
matter yields increased by 20 to 30 lb per acre (Hannaway et al., 1999; Rademacher and Nelson, 2001).
The root systems of tall fescue are extensive and coarse. Short rhizomes are produced; however, no
stolons are produced (Hannaway et al., 1999).
Tall Fescue grows best in moist soils of medium to fine texture. The pH range for tall fescue is
4.7 to 9.5; however, optimum growth occurs when the pH is in the range of 5.5 to 8.5 (Hannaway et al.,
1999).
Kentucky 31 was chosen for this project for many of the characteristics mentioned above.
Kentucky 31 is widely used and is easily obtainable in the United States. Kentucky 31 is adaptable to
many different climatic conditions thus possibly reducing regional limitations. Kentucky 31 is a fast
growing bunch type grass, which can produce high yields with low input management. Confirmation that
tall fescue can produce a good yield with low input management and have persistence to a range of
climatic conditions, such as drought or heat stress, will provide tall fescue with a promising future in
phytoremediation. Chaney et al. (1997) concluded that the most important characteristic of plants used for
phytoextraction is the ability to accumulate and tolerate elevated concentrations of metals in the soil. If
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tall fescue is capable of accumulating and tolerating elevated concentrations of metals in the soil while
producing a high biomass, then tall fescue could become a leading species in the phytoextraction of heavy
metals.
The most limiting factor in remediating a site is cost; therefore, finding a species that may
require less maintenance while being just as effective in removing metals from the soil would be an
advantage.

CONCLUSION
Increasing anthropogenic activity will inevitably increase metal contamination in our soils. The
ongoing pollution of our soil only exemplifies the need for further research so that the goal of eliminating
heavy metal contamination of our soils may be reached. Species that hyperaccumulate metals have been
identified and are currently used in remediating soils contaminated with heavy metals. These known
hyperaccumulators are important in alleviating soil contamination; however, further studies are needed to
assess the possibility of other plant metal-accumulating species. These potential species could have a
wider range of applicability than plants currently used.
Some species of grasses have shown tolerance to elevated concentrations of metals in the soil
and possess characteristics that could be beneficial for phytoextraction. Tall fescue is a fast-growing
bunch-type grass that requires low maintenance. The wide adaptability of tall fescue to different climatic
conditions would greatly enhance the global range that tall fescue could be used in. The reduced cost of
propagating tall fescue would be an advantage in comparison to the cost of propagating some of the
known hyperaccumulators, such as Brassica juncea. However, the limitation of grasses, such as tall fescue,
in phytoextraction is primarily the lack of information about metal tolerance in grass species. Research is
needed to determine grass species that may be tolerant to elevated metal concentrations in soils. After
tolerant species are identified, any limitations to using these species for phytoextraction can then be
further investigated. The goals of this research are multifaceted with a central goal of investigating the
ability of B. juncea, a known hyperaccumulator, and F. arundinacea, a possible accumulator, to absorb
and accumulate Zn from the soil. The focus of the experiments will be to determine if tall fescue, in
particular Kentucky 31, is tolerant to a wide range of soil Zn levels.
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Changes in the extractable soil Zn concentrations that may be influenced by nutritional regimes
created by adding ammoniacal N to the soil with different fertilizer sources will be assessed. Most of the
current technologies used to mobilize metals in the soil require the use of synthetic chelates, which pose
two critical problems. First, the use of chelating agents has the potential to release metals from the soil at
a rate faster than plants are capable of absorbing, thus resulting in leaching of the metals through the soil
profile or phytotoxicities. Second, the use of chelating agents is not always a feasible option due to further
environmental risks, such as possible contamination of groundwater. An objective of this prospectus will
be to assess the different ammoniacal fertilizers for their ability to release Zn from the soil at a rate that
soil Zn concentrations do not reach phytotoxic levels. Researching a remediation option that will not pose
an environmental hazard, achieve a similar releasing potential of metals from the soil as chelating agents,
and be more cost effective would be valuable.
The last objective will assess the most commonly used soil extracting reagents for their
capability in extracting known Zn concentrations within the soil. The Zn concentrations determined by the
extracting reagents will also be correlated with plant Zn concentrations. Different extracting reagents will
be used. Extracting reagents that remove water soluble, weakly bound or exchangeable, and strongly
bound fractions of Zn will be assessed. Also, evaluations will be made to determine if variability exists in
determining Zn concentrations in soils by different analytical instruments.
With these objectives I hope to further the progress of phytoextraction in the removal of heavy
metals from the soil. The goals of this prospectus will be to find additional species that may accumulate
metals, determine additional methods that may increase the solubilization of Zn in the soil thus assisting in
the effectiveness of phytoextraction, and to research the questions of analytical variability in extracting
methodologies used today.
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CHAPTER 2

DEVELOPMENT AND ANALYSIS OF A ZINC-CONTAMINATED SOIL

Abstract

For phytoremediation studies, a contaminated soil, with identifiable and consistent properties must
be accessible. Utilizing an in-situ Zn-contaminated soil presents many problems, such as a limited range of
Zn concentrations and problems with additional contaminants that may be present in the soil. Therefore, the
focus of this experiment was to develop a Zn-contaminated soil that would provide a wide range of Zn
concentrations along with invariable and identifiable properties within one soil type. Concerns in
developing a Zn-contaminated soil include determining the amount of Zn to add and an incubation period
for the Zn to react with the soil. Two soils of the Hadley series (Typic Udifluvents) were used, each being a
silt loam. Soil 1 had a higher sand (sand 39 %, silt 55 %, and clay 6 %) content than soil 2 (sand 23 %, silt
68

%, clay 10 % content), which had a higher organic matter content (11 %) than soil 1 (4 %).

Approximately 1-kg portions of soil were placed into 15-cm diameter plastic pots (11.5-cm deep), and zinc
sulfate was added and mixed with the soil to give 125, 250, 500, 1000, and 2000 mg Zn/kg. Soil samples
were taken after 7, 14, 21, and 28 days and were extracted with Morgan’s universal solution. Soil samples
taken after 7 and 21 days also were extracted sequentially with water, Morgan’s solution, and Mehlich 3
solution. All of the extracts were analyzed for Zn by atomic absorption spectrophotometry. Morgan’sextractable Zn increased as the treatment levels increased, ranging from 41 mg/kg (125 mg Zn/kg) to 648
mg kg (2000 mg Znkg). Morgan’s-extractable Zn from each soil decreased as the incubation period
progressed. The total amounts of extractable Zn, calculated from the sum of the sequential extractions,
increased as the treatment levels increased, ranging from 51 mg/kg (125 mg Zn/kg) to 719 mg/kg (2000 mg
Znkg). The removal of Zn by Morgan’s solution or by sequential extraction was not significantly different
between the two soils. The mean concentrations of Zn removed by water, Morgan’s, and Mehlich 3
solution were 4], 137, and 112 mgkg respectively. As the incubation period progressed, the percent
recoveries of the added Zn decreased from 44 % on day 7 to 32 % on day 21. Brassica juncea Czem.
(brasscia) seeds had a 59 % mean germination in soil-Zn additions up to 1000 mg Zn/kg, and Festuca
arundinaceu Schreb. (feveue) seeds had a 92 % mean germination in soil-Zn additions up to 2000 mg
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Zn Vg

Mean germination w as higher in soil 2 with 77 % than in soil l with 73 %. It was concluded that

at. appropriate incubation period was ~ da\-s, since any further incubation periods gave no significant

differences in extractable Zn concentrations. Since brassica seeds did not germinate in soil-Zn
concentrations greater than 1000 mg Znkg. it wus determined that soil-Zn concentrations up to 1000 mg
Zn Vg might be suitable tor phytoextraction studies with brasscia or fescue.

30

Introduction

Soil Zn contamination is increasing due to increased anthropogenic activities involving Zn
(Nriagu, 1980a). Although, Zn is an essential element for humans, livestock, and plants, it is considered
one of the most potentially hazardous trace elements to the biosphere. Zinc poses a threat to livestock and
humans that may ingest crops with elevated levels of Zn (Nriagu, 1980 b). The bio-availability of Zn in
soils is affected by many different soil properties, such as pH, soil texture, organic matter content, low
temperatures, and antagonisms between Zn and P, Cu, Mn, Mg, Fe, N, or Ca (Alloway, 1995; Nriagu,
1980a; Mortvedt and Gilkes, 1993). The common range for natural Zn content in soils is 10 to 300 mg/kg
with a range extending between 1 and 900 mg/kg (Alloway, 1995). Contaminated soils may contain
concentrations of Zn ranging from a couple of hundred mg/kg to multiple thousands mg/kg.
In 2000, it was predicted that the total U.S. demand for Zn would be between 1.5 and 3.2 million
metric tons per year (Nriagu, 1980a). In this forecast, an annual 2% increase in the consumption of Zn in
the U.S. and an increase of 2.1% per year for the rest of the world is expected (Nriagu, 1980a). The
increased demand and production of Zn products arising from elevated anthropogenic activity raises
concerns about the potential hazards from Zn. Sources of Zn contamination of soils are atmospheric fallout,
agricultural uses of sewage sludges, agrochemicals, and mining (Alloway, 1995; Brady, 1994). Smelting of
non-ferrous metals and the burning of coal are the major contributors of Zn in air pollution (Alloway, 1995;
Kabata-Pendias, 2001).
However, problems facing researchers attempting to study the ability of plants to phytoremediate
heavy metals from soils are that 70% of contaminated soils are contaminated with two or more metals, the
concentrations of the metals may vary from site to site, the contaminated sites are remote or hard to access,
and soil morphology could be different from site to site (Ebbs and Kochian, 1997). Therefore, the focus of
this experiment was to develop a Zn-contaminated soil to be used in phytoremediation research. By
developing a Zn-contaminated soil, soil parameters could be controlled and replicated. It was important for
a progressive array of Zn concentrations to be used representing concentrations in non-contaminated, low
to moderately contaminated, and severely contaminated soils.
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The focus of this experiment w as to develop a Zn-contaniinated soil, ln-sim soils contaminated
A tfc Zn are kvarions remote from the University and were not readily accessible; therefore, utilizing an in>:ru corttammured soil w as not a feasible option for these experiments. A concern in developing a Znro—:—jrfd soil was determining an incubation period that will allow the added zinc sulfate to react w ith
the soil tCa.ce e: aL. 2002: EVe Abreu et al.. 19%). After the appropriate amounts of dry-pow dered Zn
sulfate were aided and maxed into the soil to give a range of Zn concentrations, the soils were wetted and
maxed ever. 3 to 5 days. The Zn-contaminated soils were incubated for 2S days with weekly sampling.
7rr\r

concentration:s in soils were determined with water (Hanks et. al. 1997). Morgan's solution (Morgan,

1941: Lum et al. 1950). and Mehlich 3 solution (Mehlich. 19S4). The incubation period was established to
allow Zn to react with the soil so that it may exist as water-soluble, w eakly bound, and strongly bound
fractions m the soil and to determine the Zn-concentrations within these fractions by utilizing the soilexmarmig solutions discussed above.

Materials and Methods

Two soils, of differing physical properties, of the Hadley series (Tvpic Udifluvents) were used
(Appendix 2). Approximately 1 kg of soil was placed into 15-cm azalea pots (11.5-cm deep), and a
progressive array of zinc sulfate was added and mixed with the soil to give 125, 250, 500, 1000, and 2000
mg Znkg The concentrations of Zn were chosen because they were in the range of total concentrations
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commonly found in uncontaminated soils and in soils contaminated with Zn (Kabata-Pendias, 2001). Soil
samples of approximately 100 g were taken after 7, 14, 21, and 28 days. During this incubation period, the
soil was rewetted and mixed every 3 to 5 days to ensure maintenance and uniform distribution of the water
(Calce et al., 2002). The amount of water added per pot was 300 mL, decreasing to 200 mL after the first
sampling, 150 mL after the second sampling, and 100 mL after the third sampling. The soils were mixed by
hand every time that water was added to the pots to ensure even distribution of the water. The experiment
was a randomized complete block design with four replicates.
This experiment was repeated with lower Zn concentrations. The experiment design was the same
as the previous experiment, which utilized the same two soils. Approximately 1 kg of soil was placed into
15-cm azalea pots (11.5 cm deep), and a progressive array of zinc sulfate was mixed with the soil to give
25, 50, 500, 75, and 100 mg Zn^kg.
On each sampling day (day 7, 14, 21, and 28), the soil samples (100 g) were air dried for
extraction with Morgan's universal solution (Morgan, 1941; Lunt et al., 1950). The preparation of the
Morgan’s solution and the extraction procedures are discussed in the soil analytical procedures outlined in
Appendix 3. The extracts were analyzed for Zn by atomic absorption spectrophotometry following the
instrumental procedures outlined in Appendix 5. The data from this experiment were subjected to analysis
of variance procedures performed with SAS, a statistical analysis software package (Steele and Torrie,
1980; SAS Institute, Cary, N.C.) Orthogonal polynomial comparisons were used to study trends relative to
the soil-Zn treatment concentrations if significant differences, P < 0.05, occurred. This regression analysis
was then associated with linear or quadratic trends. Mean separations were determined by Duncan’s
Multiple Range Test if significant differences, P < 0.05, occurred for the variables soils, days, extracts, and
plant species. Based upon these statistical procedures, soil-Zn treatments were developed, and an
incubation period was established for future experiments.
Soil samples taken at the first sampling date (7 days) and the last sampling date (28 days) were
extracted by a sequential extraction procedure. The soils were sequentially extracted first with water, then
with Morgan’s solution, and ending with Mehlich 3 solution. The preparations of each reagent and the
procedure for the sequential extraction are outlined in the soil analytical procedures in Appendix 3. The
extracts were analyzed for Zn by atomic absorption spectrophotometry outlined in the instrumental
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procedures in Appendix 5 l'he purpose ot' (he sequential extractions w as to determine how Zn had reacted
in the soil by testing for the readily soluble, weakly bound and exchangeable, and strongly bound or
eomplexcd fractions in the soil.
A seed viability study w as conducted using the Zn-contaminated soils containing 125, 250, 500,
1000, and 2000 mg Zn kg Brassica {Rnissica juncca C/em.) and fescue {Fcstuca arurutinacca Schreb.)
were seeded into each soil-Zn combination with three replications of each treatment. Four seeds of brassica
and 20 seeds of fescue w ere placed into each replication.
The results of the different soil extraction procedures along with the results from the viability
study were used to determine the soil-Zn combinations and procedures for subsequent experiments.

Results and Discussion
High Soil-Zn Treatment Levels
High soil-Zn treatment levels were 125, 250, 500, 1000, and 2000 mg Zn/kg soil (Table 2.1).

Morgan’s Solution-Extractable Zinc
The Morgan's-extractable Zn concentrations were not influenced by soil type and averaged 227
and 25S mg kg for soils 1 and 2 respectively (Table 2.2).
Sampling day had a significant effect on the concentrations of Morgan's-extractable Zn. At day 7,
significantly higher concentrations of Zn wrere removed by Morgan s solution than at days 14, 21, or 28
(Table 2.2). Also, a significant interaction occurred between the variables of soil type and sampling day.
For soils 1 and 2, significantly higher concentrations of Morgan’s-extractable Zn were determined at day 7
(273 and 319 mg kg) compared to the concentrations of Morgan’s-extractable Zn for sampling days 14, 21,
and 28. which were about the same (Figure 2.1). Morgan s solution extracts the readily soluble,
exchangeable, and weakly bound Zn in the soils; therefore, these results show that for soils 1 and 2, within
the incubation period evaluated, a period of 14 days was sufficient time for the Zn to become weakly bound
to the soil.
The amount of Zn added to the soil had a significant effect on Morgan’s-extractable Zn
concentrations. Morgan’s-extractable Zn concentrations increased linearly as the soil-Zn treatments
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increased from 125 to 2000 mg Zn/kg (Figure 2.2 A). The interaction between the amount of Zn added to
the soil and sampling days also had a significant effect on Morgan’s-extractable Zn concentrations. The
effect of increasing the soil-Zn levels from 125 to 2000 mg Zn/kg followed a linear trend for all sampling
days; however, higher amounts of Zn were extracted with Morgan’s solution at day 7 than at days 14, 21,
or 28 (Figure 2.3 A). A significant interaction also occurred between the amount of Zn added to the soil,
soil type, and sampling day for Morgan’s-extractable Zn concentrations (Figure 2.4). For soil 1 (Figure 2.4
A) and 2 (Figure 2.4 B), as the soil-Zn treatment levels increased from 125 to 2000 mg Zn/kg, the
Morgan’s-extractable Zn concentrations increased linearly for each sampling day. The linear relationships
between the Morgan’s-extractable Zn and increasing soil-Zn treatment levels at each sampling day is an
indication that the maximum sorption capacity of the soils was not reached and that higher soil-Zn
concentrations could be used. However, since these soils will be used in future phytoremediation studies,
the concentrations of Zn added to the soil should be balanced so that the concentrations mimic in-situ Zncontaminated sites and also allow plants to germinate and grow.

Sequential Extraction
In the sequential extraction, higher concentrations of Zn were removed by Morgan's solution than
by water or Mehlich 3 solutions (Figure 2.5 A). Water extracted the least amount of Zn and can remove Zn
only in the soil solution or readily soluble salts. The ability of Morgan’s solution to remove readily
available and some strongly bound fractions of Zn from the soil may be attributed to a low solution pi I
(4.7) and presence of a displacing cation (Na ). Mehlich 3 solution extracted significantly higher
concentrations of Zn than water suggesting that the strongly bound fraction exceeded the water-soluble
fraction. Mehlich 3 extracts the strongly bound fractions of Zn in the soil due to its low pi I (2.9), presence
of a displacing cation (NH/), ability to solubilize (F component) and to complex (HDTA) compounds in
the soil. The high concentrations of Zn extracted by Morgan’s solution (137 mg Zn/kg) and Mehlich 3
solution (112 mg Zn/kg) combined with the low concentrations of Zn extracted by water (41 mg Zn/kg)
indicate that the added Zn-sulfatc has reacted with the soil, meaning that it has become weakly and strongly
bound to the soil within the time period tested.
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A significant interaction was determined between soil type and extracting solutions. The waterextractable Zn concentrations were not significantly different between soils 1 and 2; however, Morgan’s
solution extracted significantly higher concentrations of Zn from soil 1 than soil 2, and Mehlich 3 solution
extracted significantly higher concentrations of Zn from soil 2 than soil 1 (Table 2.3). For soil 1 most of the
Zn would have been weakly bound to soil colloids, which would have been extracted by Morgan’s solution
or Mehlich 3 thus resulting in the higher concentrations of Zn extracted by Morgan’s solution for soil 1.
However, for soil 2 the Zn in the soil may have become strongly bound or complexed within the soil due to
the higher organic matter. Mehlich 3 solution can extract the strongly bound or complexed portions of Zn
in the soil, whereas Morgan’s solution only extracts the readily available, exchangeable, and weakly
soluble fractions of Zn in the soil thus suggesting that soil 2 had more strongly bound Zn than soil 1.
The concentrations of Zn extracted sequentially with water, Morgan’s, or Mehlich 3 increased
linearly as the soil-Zn treatment levels increased from 125 to 2000 mg Zn/kg (Figure 2.6 A). Also,
extractable Zn concentrations were significantly influenced by the amount of Zn added to the soil and soil
type when extracted with water, Morgan’s, or Mehlich 3 solutions (Figure 2.7 A, B, C). For soils 1 and 2,
the concentrations of water-extractable Zn increased in a curvilinear trend as the soil-Zn treatment levels
increased from 125 to 2000 mg Zn/kg (Figure 2.7 A). Although, the same trend occurred for waterextractable Zn concentrations for both soils, slightly higher concentrations of Zn were extracted from soil 2
(Figure 2.7 A). In soil 1, Morgan’s-extractable Zn (sequentially extracted), increased linearly as the soil-Zn
treatment levels increased and followed a curvilinear trend in soil 2 with extractable Zn concentrations
leveling off at a soil-Zn treatment level of 1000 mg Zn/kg (Figure 2.7 B). Mehlich 3 extractable Zn
concentrations increased in a linear trend in soil 1 and in a curvilinear trend in soil 2 as the soil-Zn levels
increased (Figure 2.7 C). The increasing trends of extractable Zn as the soil-Zn levels increased suggest
that the maximum sorption of Zn was not reached with these soil-Zn levels.

Total Zinc Extracted
Total Zn extracted was calculated by adding the concentrations of Zn sequentially extracted with
water, Morgan's solution, and Mehlich 3 solution.
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Mean total extractable Zn concentrations increased linearly as the soil-Zn treatments increased
from 125 to 2000 mg Zn/kg (Figure 2.8 A). The trends of extractable Zn concentrations increasing as the
soil-Zn levels increased were also evident when the different extracting solutions were evaluated
independently.
Total Zn concentrations were significantly influenced by soil type and the amount of Zn added to
the soil. For soils 1 and 2, total Zn concentrations increased linearly as the soil-Zn treatment levels
increased (Figure 2.9 A). The total extractable Zn concentrations were slightly higher in soil 2 than in soil
1 over the soil-Zn levels, except at the highest soil-Zn level of 2000 mg Zn/kg, at which total extractable Zn
concentrations were higher in soil 1.

Percent Recovery
Percent recovery is a percentage based upon the ratio of the total Zn extracted divided by the
concentrations of Zn added to the soil.
The percent recovery of Zn was higher in soil 2 which averaged 42 %, compared to an average of
34 % for soil 1 (Table 2.2). The higher organic matter and clay contents in soil 2 (Appendix 2) may
contribute to a higher concentration of extractable Zn. Percent recoveries are based upon the concentrations
extracted by sequential extraction, which would extract greater amounts of Zn when compared to just one
extracting solution being utilized. Percent recoveries of Zn represent the readily soluble, weakly and
strongly bound, and the complexed concentrations of Zn in the soil. Soil 1, with the smaller percentages of
soil colloids would have a majority of the Zn immediately available and may be more prone to have Zn
leach from the soil; whereas, soil 2, with higher percentages of soil colloids, would bind the Zn to exchange
sites, oxides and phosphates, stronger than soil 1 thus possibly resulting in the higher extractable
concentrations when all three extracting solutions were utilized.
The interaction between the independent variables soil type and soil-Zn treatment levels had a
significant effect on the percent recoveries of Zn. In soil 1, the percent recoveries of Zn increased slightly
in a linear trend as the soil-Zn treatment levels increased (125 to 2000 mg Zn/kg); however, for soil 2, the
percent recoveries of Zn did not follow a significant trend although the percent recoveries decreased
slightly as the soil-Zn treatment levels increases (125 to 2000 mg Zn/kg) (Figure 2.10 A).
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The percent recoveries of Zn were significantly higher at day 7 averaging 44 %, than at day 21
averaging 32 % (Table 2.2).

Regardless of the particular extraction procedure, higher concentrations or

percent recoveries, were determined at day 7 than any of the other sampling days (Tables 2.2, 2.3).

Viability Study
Percent germination was calculated the number of seedlings that germinated divided by the total
number of seeds placed per cell.
The mean percent germination including both species was higher in soil 2, averaging 77 %
compared to an average of 73 % in soil 1 (Table 2.4).
Fescue germinated in all of the soil-Zn treatments ranging from 125 to 2000 mg Zn/kg with an
average germination of 92 % (Table 2.4), whereas, brassica had an average germination of 59 % (Table
2.4).
The soil-Zn levels had a significant effect on the germination of brassica in both soil 1 and 2. As
the soil-Zn levels increased the germination of brassica decreased linearly with no germination occurring in
a soil-Zn level of 2000 mg Zn/kg (Table 2.5). However, increasing the soil-Zn levels did not have a
significant effect on the germination of fescue. Fescue was able to tolerate the elevating soil-Zn levels,
which resulted in good germination rates in all of the soil-Zn levels (Table 2.5).
In this viability study, the tolerance of fescue to elevated soil-Zn concentrations was demonstrated.
This research suggested that fescue would be a candidate for research involving Zn concentrations in soils.
Fescue was able to germinate and tolerate much higher soil-Zn levels than the brassica. Research by Ebbs
and Kochian (1998) and Smirnoff and Stewart (1987) also suggested that fescue be utilized in studies with
high heavy metal contents.

Low Soil-Zn Treatment Levels
Low soil-Zn treatment levels range from 25, 50, 75, and 100 mg Zn/kg soil (Table 2.1).
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Morgan’s Solution-Extractable Zinc
The Morgan’s-extractable Zn concentrations were significantly higher in soil 2, which averaged
32 mg Zn/kg, than in soil 1, which averaged 19 mg Zn/kg (Table 2.2).
Sampling day had a significant effect on the Morgan’s-extractable Zn concentrations. A higher
concentration of Morgan’s-extractable Zn was determined at day 7 (32 mg Zn/kg) than for sampling days
14, 21, and 28 not differing from one another and averaging 23 mg/kg (Table 2.2). These results suggest
that a period of 14 days was sufficient time for Zn to react with the soil, as was observed also with the high
soil-Zn levels.
Morgan’s-extractable Zn concentrations increased linearly as the soil-Zn treatments increased
from 25 to 100 mg Zn/kg (Figure 2.2 B). The amount of Zn added to the soil and sampling days had a
significant effect on the Morgan’s-extractable Zn concentrations (Figure 2.3 B). The effect of increasing
the soil-Zn treatment levels (25 to 100 mg Zn/kg) followed a linear trend for days 7, 14 and 21, but for
sampling day 28, the effect of increasing the soil-Zn treatment levels (25 to 100 mg Zn/kg) followed a
curvilinear trend.

Sequential Extraction
In the sequential extractions, Mehlich 3 solution removed higher concentrations of Zn than
Morgan’s solution or water (Figure 2.5 B) suggesting that the largest fraction of the soil-Zn was strongly
bound to the soil. Also, the higher Zn concentrations extracted by Mehlich 3 solution than by water or
Morgan’s solution, further confirm the results from the high soil-Zn treatments, that within the time period
evaluated, a substantial portion of the added Zn had sufficient time to become bound strongly to the soil.
The amount of Zn added to the soil significantly influenced the concentrations of Zn sequentially
extracted with water, Morgan’s, or Mehlich 3 solutions. The Zn concentrations sequentially extracted by
water, Morgan’s, or Mehlich 3 solutions increased linearly as the soil-Zn levels increased from 25 to 100
mg Zn/kg (Figure 2.6 B).
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Total Zinc
The concentrations of total Zn extracted (total removed from the soil by all extracting reagents)
were significantly higher in soil 2, averaging 55 mg/kg, than in soil 1, averaging 32 mg/kg (Table 2.2). The
higher clay and organic matter contents in soil 2 (Appendix 2) could contribute to a higher concentration of
Zn being bound to the soil, fractions which are extracted by Morgan’s and Mehlich 3 solutions, resulting in
the higher total Zn concentrations in soil 2.
The mean total Zn extracted increased linearly as the soil-Zn levels increased from 25 to 100 mg
Zn/kg (Figure 2.8 B). These results are consistent with the concentrations of total Zn determined in the high
soil-Zn treatments.
Percent Recovery
The type of soil had a significant influence on the percent recovery of Zn. The percent recovery of
Zn was significantly higher in soil 2, averaging 102 % of the Zn added, than in soil 1, averaging 51 %
(Table 2.2).
The amount of Zn added to the soils had a significant effect on the percent recoveries of Zn in the
soils. The percent recoveries of Zn decreased in a curvilinear trend as the soil-Zn levels increased from 25
to 100 mg Zn/kg (Figure 2.11). Also, the amount of Zn added to the soil along with the type of soil
significantly influenced the percent recoveries of Zn. With soil 1, the percent recoveries of Zn did not
follow a significant trend as the soil-Zn treatment levels increased; however, in soil 2, the percent
recoveries of Zn decreased in a quadratic trend as the soil-Zn treatment levels increased from 25 to 100 mg
Zn/kg (Figure 2.10 B).
Sampling day had a significant effect on the percent recoveries of Zn. The percent recoveries of
Zn were significantly higher at day 7, averaging 83 %, than at day 21, averaging 70 % (Table 2.2).

Conclusions
This research was focused on developing a soil that could be used in phytoextraction studies that
mimicked Zn in-situ concentrations and in which plants (fescue and brassica) would germinate. Two levels
of soil-Zn levels, high up to 200 mg/kg and low up to 100 mg/kg, were assessed. Based upon a viability
study utilizing the germination of fescue and brassica two different soil-Zn levels would be necessary for
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the species. The viability study assessed the germination of brassica and fescue in the soils with the high
soil-Zn treatments. Brassica germinated in soil-Zn concentrations up to 1000 mg Zn/kg, and fescue
germinated in soil-Zn concentrations up to 2000 mg Zn/kg. Although, brassica germinated in soil-Zn levels
up to 1000 mg Zn/kg, it did not survive in the high soil-Zn levels. Hence, two ranges high (0 to 2000 mg
Zn/kg) and low (0 to 100 mg Zn/kg) will be utilized for fescue and brassica, respectively.
The soils in this research had a significant effect on the amount of Zn extracted from the soil.
Regardless of the extracting solution or procedure (sequential extraction or individual solutions) higher
concentrations of Zn were extracted from soil 2 than soil 1. The higher concentrations of Zn extracted from
soil 2 may be due to its physical properties. Soil 2 has a higher percent clay and organic matter (Appendix
2), which may contribute to the higher concentrations of extractable Zn due to the increased number of soil
colloids available for reaction with the Zn. The lower percent recovery of Zn from soil 1 suggests that some
of the Zn in the soil is not extracted even with a strong extracting solution such as Mehlich 3, which can
solubilize difficultly soluble compounds.
An objective of this research was to determine an incubation period that would allow the added Zn
to react with the soil. Results of the sequential extraction indicated that a small proportion of the added Zn
remained as water-soluble and that a larger portion of the added Zn existed as weakly and strongly bound
fractions in soils 1 and 2. These results suggest that the added Zn was reacting with the soil; therefore, the
differences in extractable Zn for the sampling days may be used to determine an appropriate incubation
period. The Morgan’s-extractable Zn concentrations were higher at day 7 than at days 14, 21, or 28 which
did not differ. It was concluded that within the time period assessed, 14 days of incubation would be
sufficient time for the added Zn to react with the soil; therefore, an incubation period of 14 days will be
used in further studies.
For high and low soil-Zn levels (Table 2.1), the concentrations of Zn determined by Morgan’s
solution, total Zn, and Zn sequentially extracted with water, Morgan’s, and Mehlich 3 solutions increased
as the treatment levels increased. The linear increase in the extractable Zn concentrations as the soil-Zn
levels increased indicated that saturation of the soils with Zn was not reached and that the soils could
adsorb higher concentrations Zn. Although, the soils may be able to adsorb higher concentrations of Zn in
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the soil, the fescue would not tolerate soil-Zn concentrations higher than 2000 mg/kg, and the brassica
would not tolerate soil-Zn concentrations higher than 100 mg/kg.
For all of the soil-Zn treatment ranges, Morgan’s solution was very well correlated to the total Zn
in the soil. This correlation was determined by a regression of the mean total Zn versus mean Morgan’sextractable Zn concentrations (Figures 2.12 A&B). At high or low soil-Zn treatment levels, a linear
relationship between Morgan’s-extractable Zn and total Zn extracted occurred. From this linear
relationship, it is concluded that Morgan’s solution is a good predictor of total Zn. Morgan’s solution is
used at the University of Massachusetts soil testing laboratory. Morgan’s solution will be used as the soilZn extracting solution for future experiments because of its ability to predict total Zn in the soils along with
it being the extractant of choice for the University of Massachusetts.
The results from these studies will be incorporated into future research that will evaluate the
capabilities of ammoniacal fertilizers to solubilize Zn in the soil and phytoremediation studies utilizing
Brassica juncea Czem. and Festuca arundinacea Schreb.

42

Table 2.1 Concentrations of Zn in soil-Zn treatment levels

Treatment Level

Low

High

mg/kg soil
125
250
500
1000
2000

25
50
75
100
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Table 2 2 Morgan's-extractable. total concentrations, and percent recovery of Zn from soils incubated with
nnc sulfate for ~ to 2$ days.

Determinations

Main Effect
Morgan'sExtractable Zn

Total Zn

% Recovery Zn

-mg. Kg sonHigh Zn Treatments
Soil
1
2

227
258 NS

34
42 **

287
290 NS
Day

7
14
21
28

296 a
219b
219b
235 b

44 a
ND
32 b
ND

322 a
ND
253 b
ND
Low Zn Treatments

Soil
1
2

19
32 **

51
102 **

32
55 **
Day

7
14
21
28

32
23
21
25

a
b
b
b

48 a
ND
39 b
ND

83 a
ND
70 b
ND

High Zn and Low Zn see Table 2.1
Total Zn is sum of water, Morgan’s solution, and Mehlich 3 extractable Zn
Mean separation by F-test, ** Significance of P < 0.01, NS no significant difference
For days, mean separation in columns by Duncan’s multiple range test. Different letters are significantly
different (P < 0.05).
See Appendix 2 for mechanical analysis of soil 1 and 2.
ND indicates that the analysis was not determined.
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Table 2.3 Results of sequential extraction of Zn from soils incubated with high or low levels of zinc sulfate
for 7 or 21 day's.

Extractant

Main Effect

Water

Mehlich 3

Morgan's

rng lcg soilHigh Zn Treatments
Soil
1
2

38
43 NS

107
116*

143
131 *
Day

7
21

46
36 **

132
90 **

153
121 *

Low Zn Treatments

Soil
1
2

0.43
0.55 **

15
30 **

17
24 **
Day

7
28

0.45
0.54 **

23
18 NS

24
21 NS

Mean separation by F-test, *Significance of P < 0.05, ** Significance of P < 0.01, NS, no significant
difference P < 0.05.
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 2.4 Viability study for brassica and fescue in soils.

Percent germination

Main Effect

Soil
73
77 *
Species

1
2

92
59 **

Fescue
Brassica

Mean separation by F-test, * Significance of P < 0.05, ** Significance of P < 0.01.
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 2.5 Trends for the viability study utilizing brassica and fescue in soils.

Treatment

1

mg/kg soil

Brassica

Fescue

Soil

Soil

2

1

2

-%germination-

125

87

93

93

97

250

73

87

95

95

500

67

67

92

95

1000

53

60

88

90

2000

0

0

84

87

Trend

Linear*

Linear*

NS

NS

Mean separation by F-test, * Significance of P < 0.05, ** Significance of P < 0.01
Trend assessment is by polynomial regression analyses for Zn treatments, L, linear regression, * P <0.05,
NS, no significant regression
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Zn Extracted, mg/kg Soil

Sampling Days, days after treatment
Figure 2.1 Mean Zn extracted with Morgan's solution as influenced by sampling days and soil.
Regression analysis for Morgan's extractable Zn at high soil-Zn treatments: soil 1, y = 391.9 -20.6x +0.53 x ,
R2 = 0.99; soil 2, y= 417.8- 18. lx +0.42 x2, R2 = 0.84. See table 2.1 for high soil Zn treatment levels.

48

Zn Extracted, mg/kg Soil

25

50

75

100

Zn Treatments, mg/kg Soil

Figure 2.2 Mean Zn extracted with Morgan’s Solution as influenced by soil-Zn
levels. Regression analysis for Morgan’s extractable Zn concentrations at high soilZn levels: y= -10.3+0.33x, r2= 0.99. Regression analysis for Morgan’s extractable
Zn concentrations at low soil-Zn levels: y=7.0+0.3x, r2= 0.97.
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Zn Treatments, mg/kg Soil
Figure 2.3 Mean Zn extracted with Morgan's solution as influenced by soil-Zn levels and sampling days. Regressiot
analysis for extractable Zn at high soil-Zn levels: day 7 y= -15.7 +0.38x, r = 0.99; day 14 y- 5.7 + 0.28x, r -0.99,
day 21y= -16.7 + 0.30x, r2= 0.99; day 28 y= -28.8 + 0.34x, r2 = 0.99. Regression analysis for extractable Zn at low
soil-Zn levels: day 7 y= 5 + 0.43x, r2 = 0.99; day 14 y= 7 + 0.25x, r — 0.98; day 21 y — 3 + 0.28x, r —0.96, day 28
y = 29.8 - 0.46x + 0.005x2, R2 =0.96.
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Zn Extracted, mg/kg Soil

Zn Treatments, mg/kg Soil
Figure 2.4 Mean Zn extracted with Morgan's solution in soil 1 and 2 as influenced by sampling days and high
soil-Zn levels.Regression analysis for Morgan's extractable Zn in soil 1: day 7 y = -6.5 + 0.36x, r2 = 0.99;day
14 y— -4.5 + 0.28x,r2 =0.99;day 21 y= -10.8 + 0.26x, r2 = 0.99; day 28 y= -52.8 + 0.36x, r2 =0.98.Regression
analysis for Morgan's extractable Zn in soil 2:day 7 y= 3.6 + 0.41x, r2 =0.99;day 14 y= 16+ 0.27x, r2 = 0.99; day 21
y= -23.4 + 0.34x, r2= 0.99; day 28 y= -4.0 + 0.3 lx, r2 =0.99.
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Figure 2.5 Mean Zn extracted with water, Morgan's solution, and Mehlich 3 used in sequence. See table 2.1 for high
and low soil-Zn treatment levels. Mean separation by Duncan's Multiple Range Test. Different letters denote
significant differences, P < 0.05.
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Zn Extracted, mg/kg Soil

Zn Extracted, mg/kg Soil
Figure 2.7 Mean Zn extracted with water, Morgan’s, and Mehlich 3 used in sequence as
influenced by soil type and Zn level. Regression analysis of water extractable: soil 1,
y=2.15-0.019x+0.00005x2, R2=0.99; soil 2, y=-l.6+0.0003x+000004x2, R2=0.99. Regression
analysis of Morgan’s extractable: soil 1, y= -4.4+0.19x, r2= 0.99; soil 2 y=-15.1+0.31x0.00009x2, R2=0.98. Regression analysis of Mehlich 3 extractable: soil 1, y=10.2+0.12x,
r2=0.99; soil 2 y-6.8+0.18x-0.00003x2, R2=0.99.
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Total Zn Extracted, mg/kg Soil
Figure 2.8 Total Zn extracted, which is the sum of Zn removed by water, Morgan's, and Mehlich 3, as influenced
by soil-Zn levels. Regression analysis for total Zn extracted at high soil Zn treatment levels: y = 11.6 + 0.006x,
r = 0.98. Regression analysis for total Zn extracted at low soil Zn treatment levels: y = 14.3 + 0.46x, r = 0.99.
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125250

500

1000

2000

Zn Treatments, mg/kg Soil
Figure 2.9 Total Zn extracted, which is the sum of Zn removed by water, Morgan's, and Mehlich 3, as influenced
by soil type and soil-Zn levels. Regression analysis for total Zn sequentially extracted :soil 1, y = -21.2 + 0.398x,
r2 = 0.99; soil 2, y = 37.1 + 0.326x, r2 = 0.97.
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Percent Recovery of Zn
Figure 2.10 Percent recovery of Zn with sequential extraction as influenced by soil type and soil Zn treatments.
Regression analysis for percent recovery of Zn at high soil Zn treatment levels: soil 1, y = 30 + 0.005x,
•

•

•

r = 0.82; soil 2, Nonsignificant Regression analysis for percent recovery of Zn at low soil Zn treatment levels:
soil ,1 Nonsignificant; soil 2, y= 231.8 - 3.5x + 0.02x2, R: = 0.98.
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Figure 2.11 Percent recovery of Zn with sequential extraction as influenced by Zn treatments in soil.
Regression analysis for percent recovery of Zn at low soil Zn treatment levels: y = 150 - 2.08x + 0.02 x
R2 = 0.99.
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CHAPTER 3
EFFECT OF NITROGEN FERTILIZERS ON ZINC AVAILABILITY IN SOILS

Abstract
The availability of Zn in soils increases as the pH decreases; therefore, for Zn to be available to
the plants for phytoextraction the pH of the soil needs to be slightly acidic. Phytoextraction may include
different procedures, such as the addition of acids or chelators, to help increase the availability of metals in
soils. These procedures may create unfavorable growing conditions for plants by solubilizing the metals too
extensively. The increased solubility of the metals could create a toxic growing environment for the plants
or even lead to leaching of metals to groundwater systems. Therefore, an environmentally friendly
procedure, which slowly solubilized metals making them available for plant uptake, would be
advantageous. The focus of this project was to evaluate the ability of nitrogen fertilizers to solubilize Zn
from soils by reactions of the fertilizers in the soils. Two soils of the Hadley series (Typic Udifluvents)
were used, each one being a silt loam but differing in percent sand, silt, clay, and organic matter contents,
and referred to as soil 1 and 2 (Appendix 3). Approximately 1kg of soil was placed into 15-cm plastic pots
(11.5 cm deep), and zinc sulfate was mixed with the soil to give Zn at 125, 250, 500, and 1000 mg/kg soil
and the pots were placed in the greenhouse to incubate for 14 days. After the incubation period, fertilizers
were mixed with the soils to supply N at 200 mg/kg. The fertilizers used were compost (1.2 % N), manure
(1.5 % N), urea (45.5 %N), and calcium nitrate (15.5 %N). After the fertilizers were mixed with the Zntreated soils, they were incubated for an additional 14 days. During both incubation periods, the soils were
re-wetted and mixed every 3 to 5 days to ensure uniform distribution of the water. At the end of the second
incubation period (total of 28 days), soil samples were taken and analyzed for plant-available Zn and pH.
Soil samples were extracted with Morgan’s universal solution or water and were analyzed by atomic
absorption spectrometry. The pH of the soil was measured using a 1:1 w:v soikwater ratio. After the soil
samples were taken 1 gram of fescue (Festuca arundinacea Schreb.) seeds and 5 seeds of brassica
(Brasscia iuncea Czern. ) were placed into their respective pots so that germination and growth could be
assessed. The soil results determined that soil 1 had higher extractable concentrations of Zn than soil 2
when extracted by Morgan’s solution or water. For Morgan’s-extractable Zn, higher concentrations were
detected in soils treated with compost (201 mg/kg) than with calcium nitrate (179 mg/kg), manure (153

59

mg/kg), urea (152 mg/kg). However, when extracted with water, higher Zn concentrations were detected in
soils treated with calcium nitrate (36 mg/kg) with the lowest concentrations being extracted from soils
treated with urea (8 mg/kg). When extracted with Morgan’s solution or water the concentrations of Zn
increased linearly as the soil-Zn levels increased. Overall, the pH of soil 2 (5.5) was higher than soil 1
(5.3). The pH values of soils with compost (5.1) or calcium nitrate (5.2) were lower than the pH values of
soils with manure (5.5) or urea (5.7).
Fescue germinated and grew in all of the soil-Zn levels. Once fescue reached approximately 15cm (6 inches) in height, after a growing period of 45-days, it was harvested and measured for Zn
concentration and accumulation. Soil type influenced Zn concentration in fescue. Fescue grown in soil 2
had higher Zn concentration (1212 pg/g) than fescue grown in soil 1 (896 pg/g). However, the dry weights
of fescue grown in soil 1 were significantly larger than those grown in soil 2; therefore, the accumulation of
Zn was not significant between plants grown in soil 1 or 2 with each accumulating an average of 1335
pg/plant. Fertilizers significantly affected the concentration of Zn in fescue with the highest concentration
occurring in plants grown in soils amended with calcium nitrate and the lowest concentration occurring in
plants grown in soils amended with compost or manure. However, the amount of Zn accumulated in fescue
was highest in plants grown in soils amended with urea and lowest in plants grown in soils amended with
manure. The differences between which fertilizers influenced the Zn concentration and accumulation in
fescue may be attributed to the differences in dry weights of the plants. Fescue grown in soils amended
with urea had the largest dry weights, and plants grown with compost or manure had the smallest. Zinc
concentration and accumulation for fescue increased as the soil-Zn levels increased.

Brassica germinated

in all of the soil-Zn levels with a 71 % average germination. However, growth of brassica in soil-Zn
treatment levels above 125 mg/kg did not proceed past the stage of seedling emergence. Therefore, due to
the limited survival of the brassica, no samples were taken for evaluation by analysis. In future experiments
fescue will be evaluated in the high soil-Zn levels, and brassica will be evaluated in soil-Zn levels that do
not exceed 125 mg/kg.
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Introduction
Many different remediation options are available for sites contaminated with heavy metals.
Problems with many of the remediation techniques are: destruction to the soil structure, disposal concerns
for metal by-products, increased metal mobility, non-specificity of chemical treatments, and costs
(Cunningham et al., 1995; Kumar et al., 1995; Navari-Izzo et al., 2001). In the U.S. alone, metalremediation from soils has become a multibillion-dollar industry (Qu et al., 2003). Over the past decade
phytoremediation has become a desirable remediation tool for soils with low to moderate concentrations of
heavy metals (Qu et al., 2003).
Heavy metals must be soluble for plants to extract the metals from the soils. Current remediation
techniques use chelators along with plants to remove heavy metals from the soil. The process is termed
chelate-assisted or induced phytoextraction. The chelators form a complex with the bound metals thus
releasing them into the soil solution (Cunningham et al., 1995). Then, the metals are absorbed and
translocated to a harvestable portion of the plant. Troubles with the use of chelators include potential
environmental risks from the chelators, as increased release rates and mobility of the metals could create an
unfavorable environment for the plants thus reducing the effectiveness of the remediation technique. An
increased risk of leaching by the metals and the cost of the chelators could outweigh the benefits of
remediation.
All plants require nutrients to grow; therefore, if a cost-effective remediation technique could be
developed that combined nutrients for plant growth, such as nitrogen, with an effective method to slowly
increase the availability of metals to plants, then the potential use of phytoremediation of soils would
improve.
Through the use of ammoniacal fertilizers two goals are being met. The first is that the fertilizer
will provide N to the plants and enhance plant growth. Plants generally have more shoot and root growth if
fertilizers are applied than plants that are not fertilized. An important factor in plants being successful in
remediating contaminated soils is that they grow well and accumulate the metals; therefore, if plant growth
is enhanced by fertilization then more metals could be accumulated. Also, ammoniacal fertilizers undergo
nitrification when applied to soil. This process is an acidifying process, and most heavy metal mobility
increases under acidic conditions. Therefore, utilizing nitrogen fertilizers to supply an essential element,
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such as N, and increase metal availability would enhance the phytoextraction potential of fescue and
brassica.

Materials and Methods
The goal of this experiment was to determine the effectiveness of nitrogen fertilizers to solubilize
soil-Zn from soils.
Two soils, of differing physical properties, of the Hadley series (Typic Udifluvents) were used
(Appendix 2). Soil 1, a silt loam, has a higher sand content than soil 2. Soil 2, a silt loam, has a higher clay
and organic matter content than soil 1. Approximately 1 kg of each soil was placed into 15-cmpots (11.5cm deep), and a treatment array of zinc sulfate was added and mixed with the soil to give Zn at 125, 250,
500, and 1000 mg/kg soil. The treatments were chosen to provide a progressive array of Zn concentrations
ranging from a low concentration of Zn up to Zn concentrations that may be phytotoxic. The progressive
array of soil-Zn levels was chosen based upon the results from the germination study, which concluded that
brassica would not germinate in soils with Zn concentrations greater than 1000 mg/kg. The soil-Zn
treatment combinations incubated in the greenhouse for a period of 14 days, allowing the metal to react
with the soil (Calce et al., 2002; De Abreu et al., 1996). During this incubation period, the soil was rewetted
with approximately 300 mL of water and mixed every 3 to 5 days to ensure uniform distribution of the
water (Calce et al., 2002).
Nitrogen was supplied by using 4 different sources of nitrogen: calcium nitrate, urea, cow manure,
and compost made from leaf and food waste. The nitrogen fertilizers were applied to each pot to supply
200 mg N/kg. See appendix 6 for N and Zn concentrations in the fertilizers. The fertilizers were mixed
thoroughly with the incubated Zn-soil, placed in pots, and left in the greenhouse for an additional 14 days.
During the soil-Zn-fertilizer incubation period the soils were re-wetted and mixed every 3 to 5 days to
ensure uniform distribution of the water.
The experimental design was a randomized complete block with three replicates. The factorial
experiment included 4 Zn treatments, 4 different fertilizers, 2 soils, and 3 blocks for a total of 96 pots.
At the end of the second incubation period (includes initial soil-Zn incubation period and the soilZn- fertilizer incubation period, 28 days), soil samples were taken, dried, extracted, and analyzed for plant-
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available zinc and pH. Plant-available Zn was determined by extracting the soils with distilled water or
Morgan’s universal solution (Morgan, 1941; Hanks et al.,1997). The extracts were analyzed by atomic
absorption spectrophotometry. The pH of the soils was determined in a 1:1 w:v (soil:water)extract.
A viability study was implemented after the soil samples were taken to determine whether or not
brassica and fescue would germinate and tolerate the soil-Zn-fertilizer treatments. Five brassica seeds and
1 g of fescue seeds were placed into their respective pots. The brassica plants were grown until flowering,
which was a growing period of 45-days, and then harvested. Fescue was grown until a height of 15 cm (6
in.) was obtained, which was a growing period of 45-days, and then were cut to the rim of the pots. After
harvesting the plants were placed in plastic bags and dried in an oven at 70° C for 48 hours (Banuelos et al.,
1997). After drying, the tissues were weighed and ground with a Wiley mill to pass through a 30-mesh
screen (approximately 0.8-mm openings).
A mass of 0.20 g was weighed from each sample and placed in porcelain crucibles. The samples
were then ashed in a muffle furnace at 500 °C for 8 hours. After the samples were cooled, the ash was
dissolved in 0.2 M HN03 acid and then brought to 50 mL with the 0.2 M HN03 solution. The digested
tissues were then analyzed for Zn concentrations by atomic absorption spectrophotometry.
The results from this experiment were used to determine soil-Zn-fertilizer combinations that
supplied low, medium, and high extractable concentrations of Zn that brassica and fescue would germinate
and grow in.

Results and Discussion
Plant Data
Fescue
Harvest Data
Fescue germinated in all of the soil-Zn-fertilizer treatment combinations. Since no quantitative
measurement of germination could be taken readily for fescue the success of germination was rated
visually. The overall appearance of the fescue suggested that the soil-Zn levels were influencing the
germination of the plants. The germination and vigor of fescue was less in the soil-Zn treatments of 1000
mg/kg than in soil-Zn levels ranging from 0 to 500 mg/kg. Fescue plants grown in the lOOOmg/kg
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treatments were less dense than in the rest of the soil-Zn treatments regardless of the fertilizer type. Seeds
in other soil-Zn treatments germinated well, and plants appeared to be relatively similar in density and
tolerance of the treatments.

Zinc concentration and Accumulation
The type of soil had a significant influence on the concentration of Zn in fescue leaves. Higher
concentration of Zn was determined in fescue grown in soil 2 (1212 pig/g) than in soil 1 (896 pg/g) (Table
3.2) . The amount of Zn accumulated by fescue was not influenced by soil type with accumulation
averaging 1335 pg/pot for soils 1 and 2 (Table 3.2). Although the concentration of Zn was higher in fescue
grown in soil 2, the dry weights of fescue grown in soil 2(1.11 g/pot) were significantly less than those
grown in soil 1 (1.49 g/pot); hence, the total accumulation of Zn was about the same (Table 3.2).
The fertilizers in this study were chosen for two reasons. First, to supply N which was supplied at
200 mg N/kg. And second, the fertilizers were chosen to assess their ability to increase the solubility of Zn
in the soil. Fertilizer type had a significant influence on the concentration of Zn, dry weights, and Zn
accumulation in fescue. A higher concentration of Zn was in fescue grown in the soils treated with calcium
nitrate (1396 pg/g) than in fescue grown in soils treated with urea (1277 pg/g), compost (838 pg/g), or
manure (816 pg/g) (Table 3.2).
Plants grown in soils treated with urea had larger dry weights (1.52 g/pot) than plants grown in
soils treated with calcium nitrate (1.33 g/pot), manure (1.18 g/pot), or compost (1.17 g/pot) (Table 3.2).
Fescue grown with compost or manure showed signs of N deficiency toward the end of the experiment.
The slow mineralization rate of compost and manure may inhibit their ability to supply N to keep N
deficiencies from forming. Due to the combined effects of Zn concentration and dry weights of fescue, Zn
accumulation was higher in fescue grown in the soils amended with urea (1948 pg/plant) than with calcium
nitrate or compost (1212 or 1189 pg/plant respectively) or manure (993 pg/plant) (Table 3.2).
The amount of Zn added to soils influenced the concentration of Zn and the amount of Zn
accumulated in fescue leaves. The concentration of Zn in fescue increased in a quadratic trend as the level
of soil-Zn increased from 125 mg/kg soil (302 pg/g tissue) to 1000 mg/kg soil (2702 pg/g tissue) (Table
3.2) (Figure 3.1). Also, soil-Zn levels had a significant influence on the total amount of Zn accumulated by
fescue. The amount of Zn accumulated by fescue increased in a quadratic trend as the concentrations of
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soil-Zn levels increased from 125 mg/kg (431 pg/plant) to 1000 mg/kg (3304 pg/plant) (Table 3.3) (Figure
3.2).
Fescue Zn concentration was significantly influenced by soil type and the amount of Zn added to
the soil (Figure 3.3). The effect of increasing the soil-Zn levels (125 to 1000 mg/kg) followed a curvilinear
trend for fescue grown in both soils 1 and 2. Although, the trend was similar for fescue grown in soil 2 or 1,
Zn concentration in fescue grown in soil 2 was higher than fescue grown in soil 1.
Fescue Zn concentration and accumulation was significantly influenced by the amount of Zn
added to the soil and fertilizer type (Figure 3.4 and 3.5 respectively). Essentially as the soil-Zn levels
increased the concentration and accumulation of Zn in fescue also increased. The fescue grown in soils
amended with urea and calcium nitrate had higher concentration and accumulation of Zn than those grown
in soils amended with compost or manure.

Brassica
Brassica germinated, as measured by emergence of seedlings, in all of the treatment combinations
with an average germination of 70 % (Table 3.2).
For all of the soil-Zn treatment levels below 1000 mg/kg soil, the average germination of brassica
was above 75 %. At 1000 mg/kg brassica had a mean germination of 50 % (Table 3.2).
Brassica germination was not influenced by the kind of fertilizer although slightly lower
germination than average occurred in soils amended with compost (65 %) and a slightly higher percent
germination occurred in soils amended with calcium nitrate (72 %) (Table 3.2).
Although brassica germinated in all of the soil-Zn treatment levels, growth of the seedlings was
inhibited, or death occurred, at all soil-Zn levels. Days after emergence, brassica seedlings either perished
or exhibited severe growth inhibitions in soil-Zn-fertilizer treatments containing 250 mg/kg or higher.
Brassica seedlings survived in the soil-Zn levels of 125 mg/kg; however, due to the limited growth or
survival of the brassica seedlings in soils containing 250 mg/kg or higher, no plant samples were taken for
analysis.
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Soil Data
Fescue
Morgan’s Solution-Extractable Zinc
Morgan’s-extractable Zn concentrations were influenced slightly by soil. Soil 1 had a significantly
higher Morgan’s-extractable Zn concentration (177 mg/kg) than soil 2 (165 mg/kg) (Table 3.3).
For phytoextraction to be successful metals have to be available for plants to absorb. The ability of
fertilizers to aid in solubilizing Zn from the soil may be a promising aspect for phytoextraction. The results
of this research demonstrated that significant differences for Morgan’s-extractable Zn were evident among
the fertilizers utilized. The soils amended with compost yielded higher concentrations of Morgan’sextractable Zn (201 mg/kg) than soils amended with calcium nitrate (179 mg/kg), manure (153 mg/kg), or
urea (152 mg/kg) (Table 3.3).
The amount of Zn in the soil significantly influenced Morgan’s-extractable Zn concentrations.
Morgan’s-extractable Zn concentrations increased in a quadratic trend as the soil-Zn treatments increased
from 125 mg/kg (66 mg/kg) to 1000 mg/kg (359 mg/kg) (Figure 3.6). Also, the results show that a
significant interaction occurred between the soil-Zn levels and fertilizer type. Although variations with the
concentrations of Morgan’s-extractable Zn occurred among the fertilizers, the effect of increasing the soilZn levels (125 to 1000 mg/kg) followed a quadratic trend for soils amended with compost or manure and a
linear trend for soils amended with calcium nitrate or urea (Figure 3.7). Soils amended with compost
yielded higher concentrations of Morgan’s-extractable Zn than those combined with calcium nitrate,
manure, or urea, especially at the higher soil-Zn level of 1000 mg/kg.

Water-Extractable Zinc
The concentrations of water-extractable Zn represent the concentrations of Zn that easily enter the
soil solution. The lower concentrations of water-extractable Zn from the soils, compared to the Morgan’sextractable Zn concentrations, suggest that the added Zn reacted with the soil to form sparingly soluble
complexes. In hydroponics studies, plant growth was inhibited by concentrations of Zn greater than 6 mg
Zn/L (Hamlin, 2002; Ebbs and Kochian). At the high soil-Zn levels, 500 and 1000 mg/kg, the average
water-extractable Zn concentration was approximately 6.8 mg/kg.
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The water-extractable Zn concentrations were not influenced by soil type and averaged 18 mg/kg
for the two soils (Table 3.3).
The water-extractable Zn concentrations were influenced by the kind of fertilizer added to the soil.
Higher concentrations of water-extractable Zn were determined in soils amended with calcium nitrate (36
mg/kg) than in soils amended with compost or manure (17 or 14 mg/kg respectively) or with urea (8
mg/kg) (Table 3.3).
Water-extractable Zn concentrations were influenced by amount of Zn added to the soil. Waterextractable Zn increased in a quadratic trend as the soil-Zn additions increased from 125 to 1000 mg/kg
(Figure 3.6). A significant interaction occurred also between the soil-Zn added and fertilizer type.
Differences in the concentrations of water-extractable Zn occurred for the soils amended with the different
fertilizers as the amount of Zn in the soil increased. As the amount of Zn added to the soil increased the
concentrations of water-extractable Zn increased in a quadratic trend for each fertilizer (Figure 3.8).
Although variations in water-extractable Zn concentrations occurred among the fertilizers, the effect of
increasing the amount of Zn in the soil (125 to 1000 mg/kg) followed a quadratic increase for all fertilizer
sources (Figure 3.8). Although the trend was similar for all of the fertilizers, it was evident that soils
amended with calcium nitrate yielded the highest concentrations of water-extractable Zn and soils amended
with urea yielded the lowest concentrations of water-extractable Zn.

pH
Most Zn compounds are more soluble under acidic soil conditions (Alloway, 1995). This research
assessed the ability of N fertilizers to acidify the soil, which would help to solubilize soil-Zn making it
available for phytoextraction. The average original pH for soil 1 was 5.69 and was 5.85 for soil 2
(Appendix 3).
The pH of the soils during the experiment was significantly influenced by the type of soil. Soil 1
had a lower pH(5.3) than soil 2 (5.5) (Table 3.3).
Soil pH was influenced by the kind of fertilizer amending the soils. The pH of the soils amended
with compost (5.1) or calcium nitrate (5.2) was lower than the soil amended with manure (5.5).
Furthermore, soils amended with urea yielded the highest mean pH (5.7) of the fertilizer treatments (Table
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3.3). After urea is added to soils, it can cause a slight rise in the pH due to the hydrolysis reaction of the
urea. When the hydrolysis reaction occurs ammonium and bicarbonate are released and could cause an
increase in pH in the areas surrounding the particles. Oxidation of ammonium that is produced, whether
from hydrolysis of urea or from mineralization of organic matter, such as compost or manure, through
nitrification releases H+ ions thus reducing the pH of the soils. However, the supply of N by urea, 200
mg/kg, may not have been sufficient to alter the pH in these soils.
Soil pH was not significantly influenced by the additions of Zn to the soils (Table 3.3). The mean
pH value over all of the soil-Zn levels was 5.4.

Conclusion
From these results, it was evident that the addition of fertilizers increased the growth of the plants.
Supplying N at 200 mg/kg was sufficient for fescue when utilizing calcium nitrate or urea; however, plants
grown in soils amended with compost or manure were demonstrating light green to yellow coloring on the
older leaves along with some stunting, toward the end of the experiment These symptoms are those of N
deficiency (Mills and Jones 1996; Marschner, 1995). The deficiency symptoms, which materialized in
plants grown in soils amended with compost or manure, may have been the result of the slow
mineralization of these fertilizers. As the plants grew and their demand for N increased the compost and
manure were not able to supply N quickly enough so that deficiencies did not manifest. However, urea and
calcium nitrate were able to supply N fast enough so that N deficiencies did not occur even as the plants
demand for N increased.
The fertilizers affected Zn concentration and accumulation in fescue and in two ways. First, the
fertilizers aided in the solubility of Zn by lowering the pH. And second, the fertilizers increased the growth
of fescue by supplying N nutrition. More specifically the fertilizers influenced the amount of Zn
accumulated in fescue, by increasing Zn concentrations in soils and dry weights of fescue. Fescue grown in
soils amended with urea had the second highest Zn concentration but the largest dry weights, therefore
resulting in the largest accumulation of Zn. The plants grown in soils with manure had the lowest Zn
concentration and smallest dry weights, therefore resulting in the lowest accumulation of Zn.
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The amount of Zn added to the soils significantly influenced Zn concentration and accumulation in
fescue. Zinc concentration and accumulation increased in a quadratic trend as the amount of Zn in the soils
increased. The highest accumulation was 3304 pg/plant occurring at the 1000 mg/kg level. Normally, Zn
concentration in fescue range from 28 to 64 pg/g; however, in this research, average Zn concentration in
fescue was 1054 pg/g, which is at least 16 times the normal concentrations of Zn in fescue (Mills and
Jones, 1996).
Although the accumulation of Zn did not reach the levels of hyperaccumulators, which can be
between 1 to 3 %, the substantial amounts of Zn accumulated by fescue along with the tolerance to elevated
concentrations of Zn in soils are promising for the future of fescue in phytoremediation (Cunningham et al.,
1995, 1997).
Brassica did not fare as well as fescue in this research. The soil-Zn levels above 125 mg/kg killed
the plants. Although germination occurred in all of the treatments, shortly after emergence death or severe
growth inhibitions occurred. Therefore, in future studies with brassica the highest soil-Zn level that will be
utilized will be 100 mg/kg.
The pH of the soils was affected by the addition of the fertilizers. The addition of compost
lowered the pH of the soil to 5.1 which was the lowest pH acquired after the addition of fertilizers. The
highest pH came from the addition of urea to the soil (5.7). Perhaps the amount of urea added to the soil,
200 mg/kg, was not sufficient to reduce the pH of these soils. The highest concentrations of extractable Zn,
either by water or Morgan’s solution, were in soils amended with compost or calcium nitrate. And the
lowest extractable Zn concentrations, by either water or Morgan’s solution, were in soils amended with
urea or manure. The soils that had urea and manure added to them also had the highest pH values (5.5 and
5.7 respectively), which could have played a role in the decreased solubility of Zn in those soil-fertilizer
treatments. The concentrations of Zn in the soil increased linearly when extracted with Morgan’s solution
or water as the soil-Zn levels increased. The soil-Zn concentrations did not have a significant effect on the
pH of the soil, a result which leads to the supposition that the greatest influence of the soil pH is coming
from the nitrogen fertilizers added to the soil.
Future studies will further evaluate the phytoextraction potential of fescue and brassica. Treatment
combinations will be chosen based upon the results of this study to supply a low, medium, and high range
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of Zn in the soil. Fescue will be evaluated in soil-Zn levels ranging from 0 to 1000 mg/kg. Brassica will be
evaluated in soil-Zn levels ranging from 0 to 100 mg/kg. Fertilizers that will be utilized include compost,
calcium nitrate, and urea along with no fertilizer. Manure will not be utilized in future research due to its
relatively poor ability to solubilize Zn compared to the other three fertilizers.
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Table 3.1 Concentrations of soil-Zn treatments

Soil-Zn Treatment Levels

mg/kg Soil
125
250
500

1000

*4
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Table 3.2 Zinc concentration, dry weight, and Zn accumulation of fescue and % germination of brassicas as
influenced by soil, fertilizer type, and soil-Zn level.

1
2
Compost
Calcium nitrate
Manure
Urea
mg Zn/kg
125
250
500
1000
Trend

Brassica

Fescue

Main Effect

Zn
Concentration

Dry
Weight

Zn
Accumulation

Germination

:g/g tissue

g/pot

:g / plant

%

896
1212 **

Soil
1.49
1 11 **

1335
1336 NS

68
73 NS

838 c
1396 a
816c
1277 b

Fertilizer
1.17c
1.33 b
1.18c
1.52 a

1189b
1212b
993 c
1948 a

302
497
827
2702

Treatment
1.40
1.25
1.26
1.30

431
589
1019
3304

78
75
78
50

Q,**

NS

Q,**

NS

65
72
70
68

a
a
a
a

Mean separation by F-test, ** Significance of P < 0.0, NS, no significant difference, P< 0.05.
For fertilizers, separation in columns by Duncan’s multiple range test. Different are significantly different
(P < 0.05).
.
.
Trend assessment is by polynomial regression analysis L, linear regression, Q, quadratic
<0.01,

NS no significant regression.
See Appendix 2 for mechanical analysis of soil 1 and 2.
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.
regression,

P

Table 3.3 Zinc concentrations extracted with Morgan’s solution or water and pH in soil samples.

pH

Extracting agent

Main Effect

Morgan’s

Water

-mg/kg soilSoil
1
2

16 *

5.3
5.5 *

17b
36 a
14 b
8c

5.1
5.2
5.5
5.7

21

177
165 *
Fertilizer

Compost
Calcium Nitrate
Manure
Urea
mg Zn/kg
125
250
500
1000

201
179
153
152

a
b
c
c

c
c
b
a

Treatment
1.3
2.8
7.1
6.4

66
86
174
359
Q **

Q **

5.4
5.4
5.5
5.3
NS

Mean separation by F-test, *Significance of P < 0.05; ** Significance of P < 0.01; NS, no significant
difference P < 0.05.
For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different (P < 0.05).
Trend assessment is by polynomial regression analysis, Q, quadratic regression, ** P <0.01, NS, no
significant regression, P <0.05.
See Appendix 2 for mechanical analysis of soil 1 and 2.
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3000

Zn Treatments, mg/kg Soil
Figure 3.1 Mean Zn concentrations in fescue leaves, ug/g, as influenced by soil-Zn levels. Regression analysis
of fescue Zn concentrations: y= 329.5-0.24x+0.002x2, R2= 0.99.
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Figure 3.2 Mean Zn accumulation in fescue leaves, ug/plant,as influenced by soil-Zn levels. Regression analysis
of fescue Zn accumulations: y= 472.5-0.55x-H3.003x2, R2= 0.99.
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Zn Concentration, ug/g Tissue
Figure 3.3 Mean Zn concentrations in fescue leaves, ug/g, as influenced by soil type and soil-Zn levels.
Regression analysis for fescue Zn concentrations in Soil 1: y=289-0.52x+0.0025x2, R2= 0.99; Soil 2:
y = 368.2+0.036x+0.002x2, R2= 0.99.
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Zn Concentration,ug/g Tissue

Zn Treatments, mg/kg Soil
Figure 3.4 Mean Zn concentrations in fescue leaves, ug/g, as influenced by fertilizer type and soil-Zn levels.
Regression analysis for fescue Zn concentrations in Compost: y= 206.2-0.28x+0.002x“, R2= 0.99; Urea:
y=2.8x -36.8, r2= 0.99; Manure: y= 399-1. lx+0.002x2, R2= 0.99; Calcium Nitrate: y= 527-1. lx+0.0042x2,
R2= 0.98.
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Figure 3.5 Mean Zn accumulation in fescue leaves, ug/plant, as influenced by fertilizer and soil-Zn levels.
Regression analysis of Zn accumulation in Compost: y=405-2.0x+0.005x2, R"- 0.99 ; Urea:
y=535.8+0.29x+0.003x2, R2= 0.99; Manure: y=479-1.4x+0.003x2, R2= 0.99; Calcium Nitrate:
y =468+1.03x+0.0007x2, R2= 0.99.
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Zn Extracted, mg/kg Soil

125

250

500

1000

Zn Treatments, mg/kg Soil
Figure 3.6 Mean Zn extracted with Morgan's solution and Water as influenced by soil-Zn levels. Regression
analysis for Morgan's extractable Zn: y = 31.5+0.22x+0.0001x , R = 0.99. Regression analysis for Water
extractable Zn concentrations: y = 7.48-0.05x+0.0001x2, R2 = 0.99.
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Zn Extracted, mg/kg Soil

Zn Treatments, mg/kg Soil
Figure 3.7 Mean Zn extracted with Morgan's solution as influenced by soil-Zn levels. Regression analysis
for Morgan's extractable Zn for Compost: y= 18 + 0.38x, r2=0.98, Calcium Nitrate: y =54.3+0.19x+0.00016x ,
R2 = 0.99; Manure: y = 31.3+0.14x+0.00015x2, R2 = 0.99; Urea: y = 19 + 0.28x, r2 = 0.99.
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Figure 3.8 Mean Zn extracted with water as influenced by fertilizer source and soil-Zn levels. Regression
2
2
analysis of water extractable Zn concentrations in Compost: y= 7.7 - 0.06 x + 0.0001 x , R = 0.99; Calcium
nitrate: y= 10.9 - 0.07 x + 0.0001 x2 , R2 = 0.99; Manure: y= 6.3 - 0.04x + 0.00008 x2, R2= 0.99; Urea:
y = 4.8 - 0.003 x + 0.00006 x2 , R2 = 0.99.
*
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CHAPTER 4
PHYTOEXTRACTION OF ZINC FROM TWO SOILS USING BRASSICA JUNCEA AND
FESTUCA ARUNDINACEA

Abstract
This experiment evaluated the ability of two species, Brassica juncea Czem. (brassica) and
Festuca arundinacea Schreb. (fescue) to tolerate and extract Zn from soils. Also, this experiment focused
on nitrogen fertilizers and their ability to increase the solubility of Zn in soils.
Two soils of the Hadley series (Typic Udifluvents) were used. Approximately 1 kg of each soil
was placed into 15-cm pots, and a treatment array of zinc sulfate was mixed with the soil to give treatment
combinations that supplied an array of Zn concentrations. The appropriate concentrations of ZnS04 were
added to the pots, thoroughly mixed, and soil was wetted, and incubated for 14 days in the greenhouse.
Nitrogen was supplied by three fertilizers: calcium nitrate, urea, and compost, which were supplied at 200
mg N/kg. After the fertilizers were added the soils were incubated for an additional 14 days in the
greenhouse. After the incubation period of 28 days, 5 seeds of brassica and 1 gram of fescue seed were
placed directly into the pots. After seeding of brassica the plants grew until flowering stage, an approximate
growing period of 28 days, and were harvested (harvest 1). Brassica was re-seeded into the pots and
allowed to grow again until flowering stage, an approximate growing period of 42-days, and were then
harvested (harvest 2). Soils in which brassica were grown were sampled after the second harvest. After
seeding of fescue, tissue samples were taken after a height of 15-cm (6-in) was reached, a growing period
of 56-days, by trimming fescue to the rim of the pots (harvest 1). After the first harvest, fescue was allowed
to grow again to a height of 15-cm, an approximate growing period of 45-days, and then was harvested
(harvest 2). After the second harvest of fescue, soil samples were taken for analysis.
Two extracts were utilized to assess the concentrations of Zn in the soils. One was Morgan’s
solution, which would measure the exchangeable and weakly bound concentrations of Zn, representing the
concentrations of Zn available over time. The other extractant was water, which extracts the readily
available Zn concentrations to plants in the soil. Zinc concentrations were higher in soil 2 if brassica was
grown and higher in soil 1 if fescue was grown. The water-extractable Zn concentrations were
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nonsignificant between the two soils. Highest concentrations of Zn were extracted with Morgan’s solution
or water from soils amended with urea, regardless of the species grown in the soils. Lowest concentrations
of Zn were extracted from soils with no fertilizer added, regardless of extract or species. The concentrations
of Morgan’s or water-extractable Zn increased linearly as the soil-Zn levels increased. Although, the same
linear trend occurred with the Zn concentrations extracted with Morgan’s or water, Morgan’s solution
extracted significantly higher concentrations than water suggesting that the added Zn was reacting with the
soil..
The background pH was 5.69 for soil 1 and 5.85 for soil 2. The overall pH for soil 1 was
significantly lower than that of soil 2, regardless of the species grown in the soils. Lowest soil pH values
were obtained if urea was amended to the soils. Soils amended with no fertilizer had the lowest pH if
brassica was grown and soils amended with compost or no fertilizer had the lower pH values if fescue was
grown. The pH of the soils decreased linearly as the soil-Zn levels increased. The Zn from the additions of
ZnS04 may have been exchanging with the reserve acidity on soil colloids thereby increasing the active pH
of the soils.
Brassica were grown in soil-Zn levels ranging from 0 to 100 mg/kg soil. In general, the growth of
brassica was limited by the concentrations of Zn in the soil. The fresh and dry weights of brassica increased
to a soil-Zn level of 25 mg/kg and then decreased. Although growth decreased as the soil-Zn levels
increased, Zn concentration and accumulation increased linearly as the soil-Zn levels increased. This trend
implies that brassica were able to accumulate Zn although growth was limited at the higher soil-Zn levels.
Zinc concentration and accumulation in brassica were highest in soils amended with urea and were lowest
in soils with no fertilizer. The highest accumulation of Zn in brassica (3600 pg/plant) occurred at the 100
mg/kg soil level.
Fescue was grown in Zn levels ranging from 0 to 1000 mg/kg. The fresh and dry weights of fescue
increased up to a soil-Zn level of 125 mg/kg (harvest 1) or 250 mg/kg (harvest 2) and then decreased as the
soil-Zn levels increased. It appears that concentrations of more than 250 mg/kg soil may have toxic effects
on the growth of fescue. Concentration and accumulation of Zn in fescue increased linearly as the soil-Zn
levels increased. Although growth appeared to be restricted at high soil-Zn levels, fescue was still able to
extract and accumulate Zn in tissues. Zinc concentration and accumulation were higher if fescue were
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grown in soils amended with urea and lower if grown in soils with no fertilizer, regardless of harvest. The
highest accumulation of Zn in fescue (3800 mg/pot) occurred at the 1000 mg/kg soil level.
In general, if fertilizers (calcium nitrate, urea, or compost) were added to the soils, the pH
decreased. Zinc is more available at low soil pH values, thereby lowering the soil pH increased the
solubility and availability of Zn. The additions of the fertilizers had two purposes: lower the soil pH, and
supply nutrients (N and Ca) to the plants. Both species demonstrated the ability to extract and accumulate
Zn from the soils. The highest accumulation of Zn was 3600 pg/plant for brassica and 3800 pg/pot for
fescue. From these data, fescue demonstrated the ability to tolerate high soil-Zn levels and accumulate Zn
in tissues. Fescue was easy to manage and tolerated much higher soil-Zn levels than brassica in this
research. Fescue could be a possible species for phytoextraction of Zn based upon the results from this
research.
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Introduction
Phytoremediation is a cost-effective way to remediate contaminated soils (Cunningham et al.,
1995. Phytoremediation allows for minimal destruction and destabilization of the site, positive aesthetics,
low environmental impact, and low cost. Phytoextraction is considered useful for sites that have low to
moderate heavy metal contamination (Cunningham et al., 1995). For plants to be successful
phytoremediators, they must be able to grow in the contaminated environment with the metal being
available in the soil for uptake by the plants.
Chemical methods for increasing availability of metals in the soil have been researched, such as
the addition of chelators to help solubilize the metals in the soil (Cunningham et al., 1995, 1997; Khan et
al., 2001). The chelators bind with the metals in the soil releasing them into solution preventing them from
reacting with the soil, thus increasing availability to plants (Nedelkoska and Doran, 2000; Navari-Izzo et
al., 2001). Leaching of the metals into local groundwater systems may occur due to the increased mobility
of the metals. Also, the plant-available concentrations of the metals may result in a phytotoxic environment
due to the increased solubility from the chelators and result in necrosis or severe growth limitations thereby
reducing the ability of the plant to remediate the site. This study focuses on an using N fertilizers as an
alternative to chelators in helping solubilize metals in the soil. A main factor for metal solubility is soil pH.
This study will assess if solubility of metals in the soil could be increased but not enough to become
phytotoxic or to allow leaching by focusing on the pH of the soil. Ammoniacal fertilizers can lower soil pH
by nitrification (Tisdale et al., 1993; Kubal et al., 2001). Additions of N fertilizers to the soil also supply
plants with a nutrient required for plant growth. The increased growth from the additions of the N fertilizers
along with the lower pH may result in an increased phytoextraction potential.
This study will utilize two species two evaluate the ability of ammoniacal fertilizers to increase the
solubility of Zn. Brassica iuncea (brassica) has been studied as a phytoremediator of Zn and has been
proven successful in the extraction of Zn from soils (Blaylock et al., 2000; Baker et al., 1990). Festuca
arundinacea (fescue) is a species of grass chosen due to its low nutritional requirements, fast-growing
properties, wide climate tolerance, and easy management (Hannaway et al., 1999); Rademacher et al.,
2001). This study will evaluate both for their ability to tolerate and extract Zn concentrations in the soil.
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Materials and Methods
In this experiment Brassica iuncea (brassica) and Festuca arundinacea (fescue) were grown in Zncontaminated soils determined in previous experiments to supply an array of extractable concentrations of
Zn. The goal of this experiment was to determine if soil amendments, such as nitrogen fertilizers, are
effective in solubilizing soil Zn, thereby aiding plants in extracting metals from the soil.
Two soils, of differing physical properties, of the Hadley series (Typic Udifluvents) were used
(Appendix 2). Approximately 1 kg of each soil was placed into 15-cmpots (11.5-cm deep), and a treatment
array of zinc sulfate was mixed with the soil to give treatment combinations to supply extractable Zn
concentrations in which brassica and fescue would germinate and grow. The soil-Zn treatments for brassica
ranged from 0, 25, 50, 75, and 100 mg/kg, and the Zn-soil treatments for fescue ranged from 0, 125, 250,
500, and 1000 mg/kg. These treatment arrays were chosen based upon the results from previous
experiments (Chapters 2 and 3). The appropriate concentrations of zinc sulfate were added to the pots,
thoroughly mixed and wetted and incubated for 14 days in the greenhouse. During the incubation period,
the soils were re wetted with approximately 300 mL of water and mixed every 3 to 5 days.
Nitrogen was supplied with 3 different fertilizers: calcium nitrate, urea, and a leaf and food waste
compost. The nitrogen fertilizers were applied to each pot to supply 200 mg N /kg (Appendix 6). The
fertilizers were mixed thoroughly with the soil, placed in pots, and were incubated in the greenhouse for 14
days. During the second 14-day incubation period, the soils were mixed and re-wetted every 3 to 5 days to
ensure uniform distribution of the water.
After 28 days (initial soil-Zn incubation period of 14 days and second 14-day incubation period
after the fertilizers were added) brassica and fescue were seeded directly into the pots. Five seeds of
brassica and 1 g of fescue were placed into their respective pots. The plants were grown in the greenhouse
and were watered as needed so as to supply sufficient water for the plants without allowing leaching from
the bottom of the pots.
After a growing period of approximately 28-days, brassica were harvested (harvest 1). At this
time brassica had reached flowering stage. After the first harvest of brassica, five more brasscia seeds were
placed into their respective pots and placed back in the greenhouse and allowed to grow until flowering
stage, an approximate growing period of 42 days, at which time tissue and soil samples were taken for
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analysis (harvest 2). Fescue was grown and tissue samples were taken when it had reached a height of 15cm (6-in), which was a growing period of 56 days). The tissue samples for fescue were taken by trimming
to the upper rim of the pots. The pots with fescue were then placed back in the greenhouse and continued to
grow for approximately 42-days. After this growing period, fescue had reached an approximate height of
15-cm (6-in), at which time tissue and soil samples were taken for analysis (harvest 2). Brassica and fescue
tissue samples were air-dried, ashed, dissolved in 0.2 M HN03, and analyzed for Zn concentration using
atomic absorption spectroscopy following the plant analysis procedures in Appendix 4. Soil samples were
extracted with Morgan’s universal solution and water and analyzed for Zn concentrations by atomic
absorption spectrometry following the procedures outlined in Appendix 3. The pH of soils was determined
using the procedure outlined in Appendix 3.
The experiment design was a randomized complete block with three replicates. The experiment
design was comprised of 5 Zn treatments x 3 fertilizers x 2 soils x 3 blocks for each plant species including
two pots per block (one for each soil) that did not have a soil-Zn treatment or a fertilizer added, for a total
of 192 pots.

Results and Discussion
Brassica
Soil Data
Zinc Concentrations
Morgan’s solution extracted a mean of 8.6 mg/kg soil, and water extracted a mean of 0.48 mg/kg
soil. This result indicates that most of the Zn had reacted with the soil and was not in a water-soluble form.
Zinc extracted by Morgan’s solution was higher in soil 2 (9.8 mg/kg) than in soil 1(7.3 mg/kg) (Table 4.2).
Soil 2 had a higher clay and organic matter content than soil 1 and, hence likely had a higher capacity to
bind Zn than soil 1 (Appendix 2). The results show that each soil had about the same amount of watersoluble Zn (Table 4.2).
The type of soil did have a significant effect on soil pH. After the treatments, the average pH of soil 2 was
significantly higher (pH 5.34) than soil 1 (pH 5.23) (Table 4.2). The pH in both soils may have been low
enough to have similar effects on solubilizing Zn in soils. The base pH of soil 2 (the pH before any
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treatments were added to the soil) was 5.85. After treatments were applied to the soil the pH dropped to
5.34. However, the base pH of soil 1 was 5.69 and dropped to a pH of 5.23 after the addition of treatments.
Nitrogen fertilizers affected extractable Zn (Table 4.2). All fertilizers increased the amounts of Zn
extracted by Morgan’s solution or by water compared to the amount that was extracted from unfertilized
soils. The mean amount of Zn extracted by Morgan’s solution was 9.0 mg/kg with the fertilized soils and
was 2.1 mg/kg with the unfertilized soil. Likewise, the mean water-extractable Zn was 0.49 mg/kg with the
fertilized soils and was 0.13 mg/kg with the unfertilized soil. The nitrogen fertilizers lowered the pH of the
soil relative to the unfertilized soil (pH 5.52), with urea giving the most acidic soil (pH 5.19)(Table 4.2).
Perhaps, the slight increase in acidity in the fertilized soils increased the capacity of the extracting agents to
remove Zn from the soils, particularly the forms of Zn extractable with water. The acidifying effect of the
urea likely occurred as the result of the oxidation of ammonium released by hydrolysis of the urea. Release
of the ammonium from the compost and subsequent oxidation of the ammonium could account for the
acidification of the compost-treated soils. The slow rate of mineralization of the compost possibly
accounted for the somewhat less acidification of the soils as was noted with urea. Possibly, the calcium
from the calcium nitrate released some exchangeable acidity from the soils, thereby yielding a slight
increase in acidity relative to the unfertilized soil (Table 4.2).
Zinc extracted by Morgan’s solution or by water increased as the amount of Zn added increased
(Table 4.2). The extractable Zn increased in a linear trend, with both extracting agents, although Morgan’s
solution extracted much more Zn than water. This general trend was noted with both soils (Table 4.3). The
acidity of the soil increased as the application of Zn increased, with the mean values falling linearly from
pH 5.58 with no Zn added to pH 5.01 with Zn added at 100 mg/kg (Table 4.2). Possibly, this change in pH
resulted from the release of acidity from exchange complexes as the Zn level increased.
The interaction of fertilizer type and amount of Zn added to the soil had a significant effect on
Morgan’s and water-extractable Zn concentrations. Morgan’s-extractable Zn concentrations increased
linearly for all fertilizer types as the soil-Zn levels increased (Figure 4.1). Similarly, water-extractable Zn
concentrations increased in a linear trend if brassica was grown in soils amended with calcium nitrate or
compost (Figure 4.1); however, water-extractable Zn concentrations increased in a quadratic trend if
brassica were grown in soils amended with urea (Figure 4.1). Soil acidity was significantly different among
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the fertilizers over the array of soil-Zn levels. For all three fertilizers, soil acidity increased linearly as the
soil-Zn levels increased, with the lowest pH occurring if urea was mixed with the soil (Figure 4.2).
The interaction of soil type, fertilizer type, and soil-Zn levels affected water-extractable Zn from
the soil. In soil 1, water-extractable Zn concentrations increased as the soil-Zn levels increased if soils were
amended with calcium nitrate or compost (Table 4.4). However, water-extractable Zn concentrations
followed a quadratic trend if brassica was grown in soill amended with urea (Table 4.4). In soil 2, waterextractable Zn concentrations increased in a linear trend as the soil-Zn levels increased if soils were
amended with calcium nitrate (Table 4.4). However, in soil 2 water-extractable Zn concentrations followed
a quadratic trend if soils were amended with compost, with extractable Zn concentrations not increasing
after a soil-Zn level of 50 mg/kg, with urea, extractable Zn concentrations leveled off after a soil-Zn level
of 75 mg/kg (Table 4.4). The type of soil, fertilizer type, and the amount of Zn added to the soil all had
significant effects on soil pH when evaluated separately. The interaction between these three variables also
had a significant effect on soil pH. In soil 1, the pH of the soil decreased linearly as the soil-Zn levels
increased when calcium nitrate, urea, or compost was added to the soil (Figure 4.3). Although soil pH
followed a linear trend regardless of which fertilizer was added, significant differences did occur in the soil
pH among the fertilizers. Overall, lowest pH values were observed if urea was added to the soil. However,
in soil 2 the pH of the soil decreased in a quadratic trend if soils were amended with calcium nitrate and
decreased in a linear trend if soils were amended with compost (Figure 4.3). The addition of urea did not
have a significant effect on soil pH (Figure 4.3). A relationship between soil pH and extractable Zn
concentrations seems to be evident based on the data from this experiment. In most cases, the
concentrations of extractable Zn increase as the soil pH decreases. This trend may not be completely
attributed to soil pH, it may also be influenced by the addition of ZnS04. The results from the soil data help
to explain the results obtained from analyzing brassica at both harvests.

Plant Data
Plant Growth
Brassica germinated in all of the treatment combinations with an average germination of 74 ^ at
the first planting and 72 % germination at the second planting (Table 4.5). Germination of brassica was not
influenced by soil type, fertilizer, or soil-Zn treatment levels for the first or second plantings (Table 4.5).
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The fresh weights and drv weights of brassica were significantly influenced by soil type for the
first and second harvests of the plants. The average fresh and dry weights for both harvests of brassica
were hieher in soil 1 (fresh weights. 17 g plant: dry weights, 2.0 g planti than in soil 2 (fresh weights, 12
s plant dry weights. 13 g plant! (Table 4.5). The sandier texture of soil 1 may have contributed to the
better srowth of brassica perhaps due to better aeration.
Results show that N fertilization stimulated growth and resulted in larger fresh and dry weights of
brassica. Furthermore, the source of the N fertilizer significantly influenced fresh and dry weights of
brassica. For example, for die first harvest fresh weights were larger with soils amended with compost (17
o plant) than with any of the other fertilizers and for the second harvest fresh w eights were larger with
soils amended with calcium nitrate (22 g plant) than with any of the other fertilizers (Table 4.5). Compost
may not have provided an adequate supply of N due to the slow mineralization rate and low nitrogen
percemase (13 %): how ever, urea (45 % N), which would have been immediately available, may have
supplied too much ammonium resulting in suppressed growth relative to the additions of calcium nitrate.
Tlie differences in plant growth at the second harvest could be related to the mineralization and availability
of nitrogen from the fertilizers. Plants grown in soils with compost or no fertilizer demonstrated nitrogen
deficiency symptoms signaling that either the nitrogen in the soil had been exhausted or perhaps m the case
of compost the slow release of nitrogen could not support adequate plant growth past the seedling stage.
The dry w eights of brassicas follow ed the same trend as the fresh weights m response to the different

nitrogen fertilizers (Table 4.5).
Soil-Zn levels influenced the fresh and dry weights. The fresh weights decreased as the soil-Zn
levels increased (Table 4.3). The decrease in fresh weights as the soil-Zn levels increased suggests that
plant growth is restricted at higher soil-Zn levels. It appears that a soil-Zn addition of 50 mghg is the
highest concentration of Zn that may not restrict plant growth. The dry weights were also influenced by
soil-Zn levels and followed the same quadratic trends as die fresh weights (Table 4.3). Only the fresh
weights of brassica will be discussed from this point forward.
A significant interaction between soil-Zn levels and sod t>-pe influenced fresh weights of brassica.
At the first harvest the fresh weights of brassica decreased as the soil-Zn levels increased for plants grown
in soil lor 2 CTable 4.6). As the lev els of soil-Zn increased, plant growth was suppressed resulting with
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smaller plants in the soil-Zn treatment of 100 mg/kg for plants grown in both soil lor 2 (Table 4.6).
However, at the second harvest, only the interaction between soil 1 and the soil-Zn levels had a significant
effect on fresh weights. For plants grown in soil 1, the largest fresh weights (26 g/plant) occurred at a soilZn level of 25 mg/kg then decreased with each additional soil-Zn level. From these data, it appears that
small concentrations of Zn added to the soil may enhance plant growth; however, the decrease in fresh
weights with increasing soil-Zn levels suggests that higher soil-Zn treatment levels restrict plant growth
(Table 4.6).
The type of fertilizer and soil had a significant effect on the fresh weights of brassica (Table 4.7).
For soils 1 or 2, the smallest fresh weights occurred if no fertilizer was added to the soils, emphasizing the
importance of nitrogen fertilization for promoting plant growth (Table 4.7). Brassica grown in soil 2 had
lower fresh weights if grown in soils amended with compost than with calcium nitrate or urea, also the
fresh weights of brassica grown in soil 2 with compost were not significantly different than with no
fertilizer. In soils 1 or 2, plants grown with calcium nitrate or urea were significantly larger than plants
grown in soils amended with compost or no fertilizer (Table 4.7).
The interaction of soil-Zn treatments and fertilizer type had a significant effect on fresh weights of
brassica (Table 4.8). Overall, the fresh weights of brassica decreased as the soil-Zn levels increased for
plants grown in soils amended with each fertilizer. These results also suggest that although the low
applications of Zn to soils had a beneficial effect on plant growth, increasing the concentrations of Zn in
soils from 25 to 50 mg/kg resulted in a deterioration of plant vigor (Table 4.8).

Zinc Concentration and Accumulation
Soil type influenced Zn concentration in brassica. The mean Zn concentration of brassica was 544
^g/g (Table 4.5). A higher concentration of Zn occurred if brassica was grown in soil 2, which averaged
619 pg/g, than in soil 1, which averaged 468 pg/g (Table 4.5).
Soil type also influenced Zn accumulation in brassica. The mean Zn accumulated in brassica was
1035 pg/plant. At the first harvest, a higher accumulation of Zn (1763 pg/plant) was determined in brassica
grown in soil 2, than in plants grown in soil 1(1360 pg/plant) (Table 4.5). However, at the second harvest,
Zn accumulation was higher in brassicas grown in soil 1 (592 pg/plant) than in soil 2 (426 pg/plant) (Table
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4.5). The significant differences in accumulation due to soil type may be attributed to the combination of
effects from Zn concentration and dry weights. For harvests 1 and 2, brassica were larger if grown in soil 1
but had a higher Zn concentration if grown in soil 2 (619 pg/g) than in soil 1(468 pg/g). Accumulation is
based upon the dry weights of plants and the concentrations of Zn determined in the plant tissues. At the
first harvest, large differences were observed in the Zn concentrations of plants grown in soil 2 compared
with soil 1, but this difference was smaller at the second harvest.
Nitrogen fertilization increased the concentration of Zn in brassica. Regardless of harvest,
the lowest Zn concentration in brassica occurred if no fertilizer was supplied (Table 4.5). The highest Zn
concentration in brassica was determined if grown in soils amended with urea (824 pg/g) and the lowest
concentration occurred if grown in soils amended with no fertilizer (93 pg/g) (Table 4.5). Although the
fresh weights of brassica were higher if grown in soils amended with compost or calcium nitrate than urea
or no fertilizer, brassica grown in soils amended with urea extracted more Zn than those grown with any
other fertilizer. This result may be due to the higher soil acidity in soils amended with urea. The results
have shown that urea increased the acidity of the soil the most and that plants grown in soils amended with
urea absorbed highest concentration of Zn.
Nitrogen fertilization also increased the total amount of Zn accumulated in brassica. The lowest
accumulations of Zn occurred if no fertilizer was supplied. When fertilizers were supplied, significant
differences were determined in the amount of Zn accumulated among the different fertilizers. At the first
harvest, brassica grown in soils amended with urea (2321 pg/plant) accumulated higher amounts of Zn
when compared to brassica grown with calcium nitrate (1804 pg/plant), compost (828 pg/plant), and no
fertilizer (215 pg/plant) all of which were significantly different (Table 4.5). For the second harvest, highest
amounts of Zn accumulated occurred in brassica grown in calcium nitrate (688 pg/plant) or urea (618
pg/plant) and the lowest Zn accumulated occurred if grown with no fertilizer (64 pg/plant) (Table 4.5).
Overall, for either harvest, higher accumulation of Zn in brassica occurred if plants were grown with urea
or calcium nitrate.
Soil-Zn levels had a significant effect on the concentration of Zn in brassica. In general, as the
concentrations of Zn in the soil increased, regardless of soil type, the Zn concentration in brassica
increased. At the first harvest, Zn concentration in brassica increased linearly as the concentrations of soil-
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Zn levels increased ranging from 143 pg/g at 0 mg/kg soil to 1450pg/g at 100 mg/kg soil; similarly, at the
second harvest, the Zn concentrations increased linearly ranging from 74 pg/g at 0 mg/kg soil to 716 pg/g
at 100 mg/kg soil, as the soil-Zn levels increased (Table 4.5, 4.9). This general trend was noted with both
soils (Table 4.9). At the second harvest, Zn concentration in brassica did increase as the soil-Zn levels
increased with the highest Zn concentration (716 pg/g) occurring at 100 mg/kg (Table 4.5, 4.9).
Accumulation of Zn in brassica also increased linearly as the soil-Zn levels increased for harvest 1
and 2. Accumulation of Zn increased linearly as the soil-Zn levels increased averaging 205 pg/plant at 0
mg/kg soil and 1680 pg/plant at 100 mg/kg soil (Table 4.9). Although Zn accumulation in brassica
increased linearly as the soil-Zn levels increased, accumulation levels did not reach amounts associated
with plants classified as phytoremediators. Differences in the amount of Zn accumulated occurred between
soil 1 and 2 as the additions of Zn to the soil increased at harvest 2. The accumulation of Zn increased
quadratically as the soil-Zn levels increased for brassica grown in soil 1 with accumulations leveling off
after a soil-Zn level of 75 mg/kg. This effect may be due to the decrease in plant growth with high soil-Zn
levels, and accumulation calculations are based upon growth of the plants (dry weights) and concentrations.
The accumulation of Zn increased linearly with increasing soil-Zn levels for brassica grown in soil 2 (Table
4.9). Although Zn accumulation for the first harvest of brassica did not follow a specific trend, the
accumulation of Zn did increase slightly as the soil-Zn levels increased (Table 4.9). A phytoremediator
should accumulate around 1% of the contaminant (Cunningham et al., 1995; Baker, 1994).
These results show that soil type and additions of fertilizers increased the concentration of Zn in
brassica. For the first and second harvest, lower Zn concentration in brassica grown in either soil 1 or 2,
was determined with no fertilizer applied. A significantly higher Zn concentration was determined in
brassica grown in soils amended with urea than with calcium nitrate, compost, or no fertilizer (Table 4.10).
This trend occurred regardless of whether brassica was grown in soil 1 or 2 (Table 4.10).
Soil type and nitrogen fertilizers also had a significant effect on accumulation of Zn in brassica.
When brassica was grown in soil 1, a higher accumulation of Zn occurred if grown with urea (harvest 1) or
calcium nitrate (harvest 2) than with compost or no fertilizer, both of which were significantly different
(Table 4.10). If grown in soil 2, Zn accumulation in fescue was highest if grown in urea at harvest 1 and
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urea or calcium nitrate, which were not significantly different, at harvest 2 (Table 4.10). For either soil, the
lowest Zn accumulation occurred if no fertilizer was added (Table 4.10).
The interaction of fertilizer type and soil-Zn levels had a significant effect on the concentration
and accumulation of Zn in brassica. If N was supplied as urea, calcium nitrate, or compost the
concentration of Zn increased as the soil-Zn levels increased in brassica (Table 4.11). Although Zn
concentration in brassica increased with each fertilizer, plants grown in soils amended with urea had the
highest Zn concentration (Table 4.11). Also, higher concentrations of Zn were extracted from soils
amended with urea. Therefore, the effects that urea had on solubilizing Zn in the soils contributed to the
higher Zn concentration in brassica grown in soils amended with urea.
At the first harvest of brassica, Zn accumulation increased linearly as the soil-Zn levels increased
for plants grown in soils amended with calcium nitrate or compost (Table 4.11). And, Zn accumulation
increased in a quadratic trend when brassica was grown in soils amended with urea (Table 4.11). At the
second harvest of brassica, Zn accumulation increased in a quadratic trend as the soil-Zn levels increased
for plants grown in soils amended with urea, calcium nitrate, or compost (Table 4.11). Although different
trends occurred for the increasing accumulation of Zn in brassica, plants grown with urea had the highest
accumulation of Zn (Table 4.5).
Zinc concentrations increased significantly if plants were grown in soil 1 or 2 amended with
compost, calcium nitrate, or urea as the soil-Zn levels increased (Figures 4.4, 4.5). Although Zn
concentration increased as the soil-Zn levels increased when grown in soil 1 or 2 for each fertilizer, the
highest Zn concentration was determined in brassica grown in soils amended with urea and lowest in soils
amended with compost (Figures 4.4, 4.5).
Zinc accumulation increased for brassica grown in soil 1 or 2 amended with compost, urea, or
calcium nitrate as the soil-Zn levels increased (Figure 4.6). Although Zn accumulation increased as the soilZn levels increased when grown in soil 1 or 2 for each fertilizer, Zn accumulation was highest in brassica
grown in soils amended with urea than with calcium nitrate or compost (Figure 4.6). For the second
harvest Zn accumulation in brassica was not significant regardless of soil type, fertilizer type, or soil-Zn
level (Figure 4.7).
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Fescue
Soil Data
Zinc Concentrations
Morgan’s solution extracted a mean of 93 mg/kg soil, and water extracted a mean of 4 mg/kg soil
(Table 4.2). This result indicates that most of the Zn had reacted with the soil and was not a water-soluble
form. Zn concentrations extracted with Morgan’s solution were slightly higher in soil 1 (88 mg/kg) than in
soil 2 (77 mg/kg) (Table 4.2). However, the amount of Zn extracted with water did not differ significantly
between the soils. Although the concentrations were significantly different between the two soils, when
extracted with Morgan’s solution, the amount of Zn extracted for both soils is similar. Soil 1 had slightly
higher acidity (pH 5.41) than that of soil 2 (pH 5.55).
Nitrogen fertilizers affected extractable Zn concentrations (Table 4.2). All fertilizers increased the
amount of Zn extracted by Morgan’s solution or water compared to the amount extracted from unfertilized
soils. The mean amount of Zn extracted by Morgan’s solution was 88 mg/kg soil with the fertilized soils
and was 4.3 mg/kg soil with the unfertilized soil. Likewise, the mean water-extractable Zn was 4.2 mg/kg
soil with the fertilized soils and was 0.2 mg/kg soil with the unfertilized soil. Additions of the fertilizers
may have increased the capacity of the extracting reagents to remove Zn from the soils by increasing
slightly the acidity in the soil. The nitrogen fertilizers lowered the pH of the soils (pH 5.42) relative to the
unfertilized soil (pH 5.56), with urea giving the most acidic soil (pH 5.32) (Table 4.2). The low pH and
increased solubility of Zn in soils amended with urea was also demonstrated with brassica.
Zinc extracted by Morgan’s solution or by water increased as the amount of added Zn increased
(Table 4.2). The extractable Zn increased in a linear trend with both extracting agents, although Morgan’s
solution extracted much more Zn than water. Also, this general trend was noted for Morgan’s extractable
Zn concentrations with both soils (Table 4.3). However, water-extractable Zn did not follow any specific
trends when evaluated within the individual soils (Table 4.3). The acidity of the soil increased as the
application of Zn increased, with the mean values falling linearly from pH 5.54 with no Zn added to pH
5.38 with 100 mg/kg Zn added (table 4.2). This change in pH may have resulted from the release of acidity
from exchange complexes as the Zn level increased.
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The interaction of fertilizer type and amount of Zn added had a significant effect on waterextractable Zn concentrations. Water-extractable Zn concentrations increased in a quadratic trend if fescue
was grown in soils amended with calcium nitrate, urea, or compost (Figure 4.8). Soil acidity also increased
as the added Zn increased when fertilizers were added to the soil (Figure 4.9). Overall, lowest pH values
occurred if urea was utilized and highest pH values occurred if compost was added (Figure 4.9). Zinc
concentrations extracted with Morgan’s solution did not follow any specific trends when fertilizers were
added as the soil-Zn levels increased (Figure 4.8).

Plant Data
Plant Growth
Fescue germinated in all of the treatments. The soil-Zn levels were chosen based on previous
experiments that supplied high concentrations of Zn in which fescue would germinate and grow so that it
could be evaluated as a phytoremediator of Zn (Table 4.1).
Fresh weights of fescue averaged 6 g/pot (Table 4.12) Fescue grown in soil 1 had higher fresh (8
g/pot) and dry weights (1.3 g/pot) than the fresh (4.8 g/pot) and dry weights (0.86 g/pot) of fescue grown in
soil 2 (Table 4.12). Larger fresh weights were also determined for brassica grown in soil 1.
Results from this experiment show that N fertilization stimulated growth resulting in larger fresh
and dry weights of fescue in both harvests. The fresh weights of fescue were larger if grown in soils with
fertilizers (7 mg/kg soil) than if grown in soils with no fertilizer (4 mg/kg soil). Larger fresh weights
occurred in soils amended with urea or calcium nitrate than soils amended with compost or no fertilizer
(Table 4.12). In general, without fertilization, fescue did not produce as much biomass as plants grown
with the additions of a fertilizer; therefore, N fertilization would be beneficial in increasing the amount of
biomass produced.
The amount of Zn added to the soil influenced fresh and dry weights of fescue. Fescue fresh
weights decreased as the soil-Zn levels increased from 0 mg/kg soil (7 g/pot) to 1000 mg/kg soil (4 g/pot)
(Table 4.12). Fresh weights peaked at soil-Zn levels of 125 mg/kg or 250 mg/kg suggesting the added Zn
may have had a favorable effect on plant growth; however, as the Zn levels increased the beneficial effects
of the additional soil-Zn may have been outweighed by the phytotoxic concentrations of the Zn. This trend
was noted for both soils (Table 4.6). The dry weights were also influenced by the independent variable of
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soil-Zn levels and followed the same trends as the fresh weights (Table 4.12). Only the fresh weights will
be discussed from this point forward.
Fresh weights were influenced by the interaction of fertilizer and soil-Zn levels. Fescue fresh
weights of fescue decreased as the soil-Zn levels increased with or without additions of fertilizers. The
fresh weights of fescue grown in soils amended with urea decreased linearly at harvest 1 as the soil-Zn
levels increased but decreased in a quadratic trend at harvest 2 with largest fresh weights occurring at a
soil-Zn level of 125 or 250 mg/kg (Table 4.8). Fresh weights of fescue grown in soils amended with
calcium nitrate decreased in a quadratic trend with the larger fresh weights occurring at a soil-Zn level of
125 mg/kg at harvest 1 and 250 mg/kg at harvest 2 (Table 4.8). The fresh weights of fescue grown with
compost were not significantly affected by the interaction between the fertilizer and the soil-Zn treatment
levels at harvests 1 or 2 (Table 4.8). Again, these data reaffirm that concentrations of Zn in the soil, no
greater than 250 mg/kg soil, may be beneficial for plant growth.
The interaction of soil type, fertilizer, and soil-Zn levels significantly affected fresh weights.
When urea or calcium nitrate were added to the soil, fresh weights of fescue declined as the soil-Zn levels
increased (Figure 4.10). The addition of compost to soil 1 or 2 did not significantly affect fescue fresh
weights when evaluated over the array of the soil-Zn treatments (Figure 4.10). The growth of fescue in soils
with compost added was poor compared to the growth of fescue in soils with fertilizers added and generally
followed the same trends as if fescue were grown in soils with no fertilizers added. Although slight
differences between fescue grown in soils amended with compost or no fertilizer occurred, data from this
experiment suggest that a fertilizer that has a low % N or mineralizes slowly, such as compost, may not be
able to supply N at a rate quick enough to enhance fescue growth.

Zinc Concentration and Accumulation
Soil type significantly influenced fescue Zn concentration and accumulation in fescue. The mean
Zn concentration in fescue was 827 pg/g. A higher concentration of Zn occurred if fescue was grown in soil
2, which averaged 954 pg/g, than in soil 1, which averaged 701 pg/g (Table 4.12).
Soil type also significantly influenced Zn accumulation in fescue. Zinc accumulation averaged
1380 :g/pot. A higher amount of Zn was accumulated if grown in soil 1 (808 pg/pot) than if grown in soil 2
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(571 |ig/pot)(Table 4.12). The significantly larger weights of fescue grown in soil 1 may account for the
differences between Zn accumulation in plants grown in soil 1 or 2.
Nitrogen fertilization had a significant influence on Zn concentration in fescue. Zinc concentration
in fescue was highest if fertilizers were added to the soil (868 pg/g) than if no fertilizer was added (44 pg/g)
(Table 4.12). The addition of a fertilizer significantly increased the concentration of Zn in fescue with the
highest concentration if grown with urea (1116 pg/g) (Table 4.12). Also at the first harvest, Zn
concentration in fescue was not significantly different between fescue grown with calcium nitrate (945
pg/g) or with urea (1086 pg/g) (Table 4.12).
Additions of fertilizers also had an effect on the amount of Zn accumulated in fescue. Zinc
accumulated in fescue was highest if fertilizers were added to the soil (700 pg/pot) than if no fertilizer was
added (30 pg/pot). Fescue grown in soils amended with urea accumulated highest amounts of Zn (1145
pg/pot) (Table 4.12). In the case of fescue, a rapid release fertilizer, such as urea or calcium nitrate, seems
to better enhance the ability of fescue to accumulate Zn. This action may be due to the higher soil acidity,
resulting from the additions of these fertilizers, or from the better growing conditions created by supplying
nutrients.
With each addition of Zn to the soil the Zn concentration in fescue increased. Fescue Zn
concentration averaged 55 pg/g at a soil-Zn level of 0 mg/kg and averaged 2814 pg/g at a soil-Zn level of
1000 mg/kg (Table 4.12). This general trend was noted for both soils (Table 4.9). Although, Zn
concentration in fescue grown in soil 1 or 2 followed the same quadratic trend, Zn concentration was
slightly higher in fescue if grown in soil 2 than soil 1 (Table 4.12, 4.9).
The accumulation of Zn in fescue increased linearly as additions of Zn to the soil increased (Table
4.12). For both harvests, fescue accumulated an average of 56 pg/plant at a soil-Zn level of 0 mg/kg and
1705 pg/plant at a soil-Zn level of 1000 mg/kg (Table 4.12). Although the overall vigor of the fescue
declined as the soil-Zn levels increased, as shown by the decrease in fresh weights, the ability of the fescue
to extract Zn from the soils continued to increase as the concentrations of Zn in the soil increased. Zinc
accumulation in fescue grown in soil 1 or 2 increased as additions of Zn to the soil increased. Fescue
accumulation of Zn, if grown in soil 1, increased linearly at the first harvest and increased in a quadratic
trend at the second harvest. Furthermore, fescue grown in soil 2, at harvest 1 or 2, accumulation increased
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in a quadratic trend with the highest accumulation occurring at a soil-Zn level of approximately 500mg/kg
(Table 4.9).
Zinc concentration in fescue increased as the amount of added Zn to the soil increased when
fertilizers were added to the soil (Table 4.11). Although similar trends occurred for Zn concentration in
fescue with each addition of fertilizer, highest Zn concentration in fescue occurred if grown with urea
(Table 4.11)
Accumulation of Zn in fescue increased as the soil-Zn levels increased if grown in soils amended
with a fertilizer (Table 4.11). At the first harvest, the amount of Zn accumulated in fescue increased with
additions of Zn to the soil with the highest accumulation occurring at a soil-Zn level of 1000 mg/kg for
calcium nitrate (1526 pg/pot) and compost (942 pg/pot) and at a soil-Zn level of 500mg/kg for urea (496
pg/pot) (Table 4.11). At the second harvest, the amount of Zn accumulated in fescue increased with
additions of Zn to the soil with the highest accumulation occurring at a soil-Zn level of 1000 mg/kg for
calcium nitrate (2078 pg/pot), compost (1685 pg/pot), or urea (3785 pg/pot) (Table 4.11).
Zinc concentration in fescue increased as the soil-Zn levels increased if fertilizers were added to
the soil. Zinc concentration in fescue increased in a quadratic trend as the soil-Zn levels increased if grown
in soils amended with urea, calcium nitrate, or compost (Figures 4.11, 4.12). Fescue grown in soils
amended with compost had a lower Zn concentration than those grown in soils amended with urea or
calcium nitrate. This general trend was noted for both soils and harvests. Fescue grown in soils amended
with urea had significantly higher Zn concentration than those grown with calcium nitrate or compost
(Figures 4.11, 4.12).
Zn accumulation in fescue was significantly affected by the interaction between soil type, fertilizer
type, and soil-Zn levels at both harvests. Zinc accumulation increased as the soil-Zn levels increased with
each addition of fertilizer. Zinc accumulation followed a quadratic trend increasing up to a soil-Zn level of
500 mg/kg with additions of calcium nitrate and 1000 mg/kg with compost and urea (Figure 4.13, 4.14).
This general trend was noted for both soils. However, additions of urea to soil 2 at the second harvest did
not have a significant effect on the amount of Zn accumulated. For soils 1 or 2, accumulation of Zn in
fescue was lowest if grown in soils with compost added than those grown in soils with urea or calcium
nitrate (Figures 4.13, 4.14).
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Conclusion
In this study two variables were assessed with each species. The first variable assessed was the
ability of N fertilizers to affect extraction of Zn by reagents and accumulation of Zn by plants. The second
variable was assessment of the ability of brassica and fescue to tolerate elevated soil-Zn levels and absorb
Zn from the soil. Based upon the results of this study fescue and brassica have the ability to absorb Zn from
the soil; however, fescue was able to tolerate much higher soil-Zn concentrations than brassica. Nitrogen
fertilizers, brassica, and fescue may be important tools in future phytoremediation projects based upon the
results of this study.
The pH of the soil in this study increased the availability of Zn in the soil. Changes in the pH
occurred from the various additions of fertilizers and ZnS04. The addition of ZnS04 decreased the soil pH.
Also, differences in soil pH occurred after fertilizers were mixed with the soil. With each fertilizer, a
decrease in the soil pH occurred relative to the addition of no fertilizer. For ammoniacal fertilizers (urea
and compost) low pH values were probably generated through nitrification of mineralized NH4+.
Nitrification is a two-step process in which the first step is an acidifying process. In the first step NH4+ was
converted to N02\ by Nitrosomonas bacteria, which generated H+ ions. In general, the addition of urea to
the soil created lower pH values than the additions of calcium nitrate, compost, or urea. The decreases in
pH not only increased solubilization of Zn in soils but also may have enhanced the phytoextraction
potential of Zn by brassica and fescue (Figure 4.15).
In general, higher concentrations of Zn were extracted with Morgan’s solution or water from soils
amended with urea than with any of the other fertilizers or no fertilizer. The water-extractable
concentrations of Zn were highest in soils amended with urea and lowest in soils with no fertilizers added.
Water-extractable Zn concentrations were not significantly different in soils amended with calcium nitrate
or compost but were lower than those from the urea-treated soils and higher than those with no fertilizer
added. The water-extractable Zn concentrations are representative of the concentrations immediately
available for plant uptake. The water-extractable concentrations of Zn were much lower than the
concentrations of Morgan’s-extractable Zn indicating that the Zn had reacted with soil. Morgan’s solution
gives an estimate of nutrient availability, because it extracts the exchangeable and weakly bound fractions
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of Zn held to soil colloids along with solubilizing Zn complexes in the soil. The lowest concentrations of
Morgan’s-extractable Zn occurred in soils that had no fertilizer added. The highest concentrations of
Morgan’s-extractable Zn were extracted from soils amended with urea or calcium nitrate, if brassica was
grown. With fescue, no significant differences occurred in Morgan’s-extractable Zn concentrations from
soils amended with a fertilizer. Although Morgan’-extractable Zn was lowest in soils with no fertilizer.
Water may be a better extracting solution for assessing the effects of different soil amendments, such as
nitrogen fertilizers, on the solubility of Zn in the soil.
The growth of brassica in this research was poor. In most treatment combinations, brassica was
small spindly plants that did not produce large amounts of biomass. After germination, brassica was brittle,
which made the plants difficult to work with, and the overall vigor was poor. From this research, two
features stood out with brassica. First, brassica would tolerate only low soil-Zn levels. And second, the
frailty of the brassicas made them difficult to use.
In general, the fresh and dry weights of brassica were influenced by soil type, N fertilization, and
soil-Zn levels. The weights of brassica were larger in soil 1 and with either soil amended with compost
(first harvest) or calcium nitrate (second harvest). The weights decreased as the soil-Zn levels increased.
Zinc concentration and accumulation in brassica was higher when grown in soil 2 than in soil 1. The higher
Zn concentration and accumulation in brassica grown in soil 2 than in soil 1 may be attributed to the
physical properties of the soils, such as the clay and organic matter contents, which may allow for more
exchangeable Zn on soil colloids.
Zinc accumulation is calculated by multiplying the dry weights by the Zn concentration. The
smaller plants at the higher soil-Zn levels suggest that higher soil-Zn levels may inhibit plant growth.
However, larger accumulations occurred at the higher soil-Zn levels suggesting that although the plants
were small they accumulated high amounts of Zn. A healthy plant growing vigorously may eventually
accumulate higher amounts of Zn and this research suggests that brassica grown in contaminated soils may
not have that growth potential but that fescue might.
Although largest brassica plants were grown in soils amended with compost or calcium nitrate,
highest accumulation and concentration of Zn occurred with plants grown in soils amended with urea.
Lowest soil pH values occurred in soils if urea was added. The increased extractability of Zn in soils
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amended with urea may have resulted in higher concentration and accumulation of Zn in brassica than with
any of the other fertilizers added.
Fescue tolerated much higher soil-Zn levels than that of brassica. The soil-Zn concentrations in
which fescue was grown closely resemble in-situ Zn contaminated concentrations (Cunningham, 1995).
The growth of the fescue in the soil-Zn levels ranged from what appeared to be healthy vigorous growth to
that of limited and N deficient plants. Although, the growth of the fescue varied from each treatment it did
germinate, tolerate, and accumulate Zn from the soil.
The fresh and dry weights of fescue were influenced by soil type, N fertilization, and soil-Zn
levels. Larger weights occurred when fescue was grown in soil 1 than soil 2. Larger weights also occurred
when fescue was grown in soils amended with urea or calcium nitrate than with compost or no fertilizer.
Fescue responded well to the increased nutrition from fertilization. Calcium nitrate or urea enhanced plant
growth. The slow mineralization of compost may not have supplied N at a rate quick enough to provide
fescue with enough N to show the increased growth like that of urea and calcium nitrate. Fescue grown in
soils amended with compost showed signs of N deficiency, especially in the second harvest. Although, the
growth of fescue was better in soils amended with urea or calcium nitrate than in soils amended with
compost, growth of fescue in soils amended with compost was significantly better than in soils with no
fertilizer.
The concentration and accumulation of Zn in fescue increased as the soil-Zn levels increased;
conversely, the weights of fescue decreased as the soil-Zn levels increased. The combination of the weights
decreasing and the concentration and accumulation of Zn increasing as the soil-Zn levels increase suggest
that although the growth of fescue may have been inhibited by higher soil-Zn concentrations, fescue was
able to absorb and accumulate Zn even when the plants were under stress of Zn toxicity.
The highest Zn accumulation for fescue (2516 pg/pot) and brassica (2902 pg/plant) occurred at the
treatments of 1000 mg/kg for fescue or 100 mg/kg for brassica. The concentrations of Morgan’s extractable
Zn at the 1000 mg/kg level were 221 mg/kg and water-extractable Zn concentrations were 15 mg/kg. At the
100 mg/kg soil-Zn level the concentrations of Morgan’s-extractable Zn were 18 mg/kg and waterextractable Zn were 1.1 mg/kg. Previous literature has stated that hyperaccumulators should be able to
accumulate approximately 1 % of the metal in the harvestable portion of the plant (Baker, 1994; Boyajian
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and Carreira, 1997; Cunningham et al., 1995,1997). Brassica is considered a hyperaccumulator of Zn;
however, in this study, hyperaccumulator amounts were not reached.
The added soil-Zn levels, which brassica was grown, were much lower than those in which fescue
were grown. Fescue tolerated much higher soil-Zn levels, which might make it a better candidate for
phytoremediation. For a plant to be a successful phytoremediator it must be able to germinate and grow in
the concentrations of the contaminant in the soil. The concentrations of Zn utilized in this study for brassica
are rarely considered toxic levels. The poor germination and survival of brassica in soil-Zn levels above
lOOmg/kg soil, which had Morgan’s-extractable Zn concentrations of 18 mg/kg and water-extractable Zn
concentrations of 1.1 mg/kg, reduce the chances of brassicas being utilized as phytoremediators at in-situ
sites. Also, the growth of brassica was poor and the fragility of the plants made them difficult to work with.
On the other hand, fescue germinated and tolerated soil-Zn levels up to 1000 mg/kg soil, which had
Morgan’s-extractable Zn concentrations of 221 mg/kg and water-extractable Zn concentrations of 15
mg/kg, which more closely resemble in-situ contaminated concentrations. Phytoextraction is a valuable tool
for remediation of low to moderately contaminated sites when slow remediation is an option. Based on the
results from this study fescue would be a successful phytoremediator. Phytoextraction is a slow remediation
process, but with the additions of nitrogen fertilizers to help solubilize Zn in the soil fescue could be
successful.
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Table 4.1 Concentrations of soil-Zn treatments for brassica and fescue.

Soil-Zn Treatment Levels

Brassica

Fescue

0
25
50
75
100

0
125
250
500
1000
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Table 4.2 Morgan’s solution and water-extractable Zn and pH of soils which brassica and fescue were grown
in.
Main Effect

WaterExtractable Zn

Morgan’sExtractable Zn

pH

-mg/kg soil-

Soils with Brassica
Soil
1
2

Calcium Nitrate
Compost
Urea
None
mg Zn/kg
0
25
50
75
100
Trends

7.3
9 8**

0.51
0.44 NS

5.23
5.34 *

8.6
8.5
9.9
2.1

Fertilizer
0.42 b
0.36 b
0.70 a
0.13 c

5.31 b
5.32 b
5.19a
5.52 c

Treatment
0.14
0.27
0.42
0.56
1.10
L**

5.58
5.37
5.32
5.13
5.01
L **

ab
b
a
c

1.8
5.3
8.0
13.0
18.0
L **

Soils with Fescue
Soil
1
2

Calcium Nitrate
Compost
Urea
None
mg Zn/kg
0
125
250
500
1000
Trends

88.0
77.2 *

3.9
3.9 NS

5.41
5.55 **

90 a
86 a
88 a
4.3 b

Fertilizer
4.4 b
3.2 b
5.1 a
0.15 c

5.56
5.59
5.32
5.36

2.9
28.5
62.2
124.6
221.3
L **

Treatment
0.14
0.42
1.14
4.56
14.9
L**

5.54
5.54
5.50
5.43
5.38
L **

b
b
a
b

significant
Mean separation by F-test, *Significance of P < 0.05, ** Significance of P < 0.01, NS, no
difference, P<0.05.
For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different, P < 0.05.
Trend assessment is by polynomial regression analysis, L, linear regression,
See Appendix 2 for mechanical analysis of soil 1 and 2.
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P £0.01

Table 4.3 Mean Zn concentrations extracted by water or Morgan’s solution from soils in which brassica or
fescue were grown.

Zinc Extracted

Zinc level

Morgan’s solution

Water
Soil 1

0
25
50
75
100
Trend

0
125
250
500
1000
Trend

0.1
0.2
0.3
0.5
1.5
Q*

0.1
0.5
1.2
4.1
15
NS

Soil 2

0.2
0.3
0.5
0.6
0.7
L*

0.2
0.4
1.0
5.0
15
NS

Soil 1

Mean

Brassica
1
3
7
11
17
L*

0.1
0.3
0.4
0.6
1.1
L*

Fescue
0.8
30
64
134
241
L*

0.2
0.4
1.1
4.5
15
L*

Soil 2

Mean

3
8
9
14
18
L*

2
5
8
13
18
L*

5
27
60
115
202
L*

3
29
62
125
221
L*

Trend assessment is by polynomial regression analysis, L, linear regression, Q, quadratic regression, NS,
not significant, ** P <0.01
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 4.4 Mean Zn concentrations extracted by water or Morgan's solutions in soils which received
nitrogen fertilizes and in which brassica was grown.

Zinc extracted

Zinc level

Morgan’s solution

Water
Calcium
nitrate

Compost

Calcium
nitrate

Urea
m n f\r r*

Compost

Urea

-—--- —-—---

Soil 1
0
25
50
75
100
Trend

0.1
0.2
0.4
0.5
0.7
L*

0.1
0.2
0.3
0.4
0.6
L*

0.8
29
62
128
242
NS

0.1
0.3
0.3
0.7
1.5

Q*

0.7
31
69
131
232
NS

1.2
30
61
142
249
NS

4
27
67
119
203
NS

4
27
62
108
213
NS

Soil 2
0
25
50
75
100
Trend

0.3
0.3
0.4
0.6
0.8
L*

0.2
0.3
0.5
0.4
0.5

0.1
0.3
0.6
0.8
0.8

Q*

Q*

5
28
52
120
190
NS

Trend assessment is by polynomial regression analysis, L, linear regression, Q, quadratic regression, NS,
not significant. ** P <0.01
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 4.5 Fresh and dry weights and concentration and accumulation of Zn in brassica.

Main Effect

Fresh
Dry Weight
Zn
Weight_Concentration

Germination

g/plant-

%

Zn
Accumulation

gg/g>xg/ plant
First Harvest
Soil

1
2

75
72 NS

15
10 **

1.6

1 I

**

673
869 **

1360
1763 **

897
403
1146
103

1804
828
2321
215

Fertilizer
Calcium Nitrate
Compost
Urea
None
mg Zn/kg
0
25
50
75

100
Trends

70
66
76
74

a
a
a
a

lib
17 a
8c
13 b

1.1 c
2.1 a
0.9 c
1.6b

b
c
a
d

b
c
a
d

Treatment
16
17
15
7
5

76
68
72
78
74
NS

Q **

143
493
749
1226
1450
L **

1.8
1.9
1.7
0.9
0.5

Q **

302
995
1506
2522
2902
L **

Second Harvest
Soil
1
2

Calcium Nitrate
Compost
Urea
None

74
72 NS

71
64
71
70

a
a
a
a

263
369 **

592
426 **

19
13 **

2.3
1 4 **

22 a
10 c
18b
6d

Fertilizer
270 b
2.5 a
224 b
1.3 c
502 a
1.9 b
83 c
0.9 d

688 a
313b
618a
64 c

74
196
278
398
716

96
471
541
758
818

L **

L **

mg Zn/kg
0
25
50
75
100

75
74
70
73
74

9
21
18
19
14

Treatment
1.2
2.5
2.0
2.1
1.5

Trends

NS

Q **

Q **

Mean separation by F-test, *Significance of P < 0. ; ** Significance of P < 0.01; NS, no significant
difference.
For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different (P < 0.05).
•
Trend assessment is by polynomial regression analysis L, linear regression, Q, quadratic regression,
<0.01, NS no significant regression.
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 4.6 Fresh shoot weights of brassica and fescue as affected by harvest, soil, and zinc treatments.
Zinc level
Fresh Weight

Harvest 2

Harvest 1

Soil 1

Soil 2

Mean

Soil 1

Soil 2

Mean

7
26
25
25
18
Q*

11
15
12
14
12
NS

9
21
18
19
15
Q*

6
8
7
7
6
NS

4
5
6
4
2
NS

5
6
6
5
4
Q*

mg/g

Brassica
0
25
50
75
100
Trend

20
22
19
8
4

12
13
12
5
5

16
17
15
7
5

Q*

Q*

Q*
Fescue

0
125
250
500
1000
Trend

10
12
11
9
6
NS

8
9
6
4
1
NS

9
10
8
6
4
Q**

Trend assessment is by polynomial regression analysis, L, linear regression, Q, quadratic regression, NS,
not significant, ** P <0.01
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 4.7 Fresh weights of brassica as affected by interaction by harvest, soil type, and fertilizer applied.

Soil

Fertilizer

2

1
Harvest 1

Harvest 1

Harvest 2

Harvest 2

g/plantCompost
Urea
Calcium
nitrate
None

16a
15 a
17 a

15b
21 a
24 a

10b
8b
17 a

5 c
15b
20 a

12 b

7c

lib

4c

For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different (P < 0.05).
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 4.8 Fresh weights of brassica and fescue as affected by the interaction of harvest, fertilizer applied,
and zinc treatments.

Fresh Weights

Zn level

Harvest 2

Harvest 1
Compost

Calcium
nitrate

Compost

Urea

Calcium
nitrate

Urea

Brassica
0
25
50
75
100
Trend

16
23
19
16
12
Q*

17
16
16
4
2
Q*

18
13
10
2
0.4
L*

5
9
10
12
13
L*

10
24
24
31
21
Q*

16
29
19
15
8
Q*

4
4
5
5
4
NS

6
7
8
5
3
Q*

6
7
7
6
5
Q*

Fescue
0
125
250
500
1000
Trend

5
5
6
5
5
NS

13
15
9
6
0.6
Q*

13
11
10
8
5
L*

Trend assessment is by polynomial regression analysis, L, linear regression, Q, quadratic regression, NS,
not significant, ** P <0.01
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Table 4.9 Zinc concentration and accumulation of brassica and fescue as affected by interaction of harvest,
soil type, and zinc treatments.

Harvest

Zinc level

Harvest 2

Harvest 1
Soil 1

Soil 2

Soil 1

Mean

Soil 2

Mean

Brassica
Zinc concentration, pg/g

0
25
50
75

100
Trend

69
311
658
1100
1425
L*

218
674
840
1351
1476
L*

44
133
242
353
616
NS

143
493
749
1226
1450
L*

104
259
313
442
814
NS

74
196
278
397
715
L*

150
469
381
541
683
L*

108
317
342
431
458
L*

56
197
370
1269
3248

Q*

49
188
327
934
2632
Q**

67
306
692
2031
1575
Q**

63
342
649
1745
2516
L**

Zinc accumulation, pg/plant

0
25
50
75

100
Trend

130
630
1306
2263
2880
NS

474
1361
1705
2781
2924
NS

44
473
701
975
954

302
995
1506
2522
2902
L*

Q*

Fescue
Zinc concentration, pg/g
0
125
250
500
1000
Trend

56
194
357
830
2893

67
270
528
1028
3099

Q*

Q*

43
178
283
599
2015
Q*

61
232
443
929
2997
Q**

slant
Zinc accumulation, pg/plant
0
125
250
500
1000
Trend

48
213
331
691
1345
L*

52
229
299
370
442

Q*

60
377
605
1458
3456
Q**

50
221
315
530
894
L**

Trend assessment is by polynomial regression analysis, L, linear regression, Q, quadratic regression, NS,
not significant, ** P <0.01
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Table 4.10 Zinc concentration and accumulation in brassica leaves as affected by interaction of soil type,
harvest, and fertilizer applied.

Soil

Fertilizer
1
Harvest 1

2
Harvest 2

Harvest 1

Harvest 2

_7\nr rrmr^ntrsitinn
WJIW1JU CHIUJI. no/o
A~

Compost

415c

202 c

997 c

244 b

Urea

931 a

361 a

1360 a

641 a

Calcium nitrate

797 b

269 b

997 b

271 b

None

43 d

49 d

163 c

117c

7inr ncmmitlatifin

no/nlant_

850 c

475 c

807 c

151 b

Urea

1857 a

642 b

2785 a

593 a

Calcium nitrate

1628 b

768 a

1981 b

607 a

86 d

57 d

344 d

70 c

Compost

None

For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different (P < 0.05).
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Ti.v c - 11 Zinc concentration and accumulation in brassica and fescue leaves as affected by the interaction
c:' harvest fertilizer applied, and zinc treatments.

Zinc concentration

Zmc level

Harvest 2

Harvest 1
Compost

Calcium
nitrate

Compost

Urea

Calcium
nitrate

Urea

Brassica

:g/g

376
544
S44

159
470
789
1350
1716

L*

L*

136
399
759

326
928
1563
2830
3373
L*

66

0

25
50

75
100
Trend
0

25
50

MD

1131

100
Trend

1716
L*

62
154
196
292
415
L*

85
280
383
573
1188

74
488
696
1158
1020

204
796
694
650
743

Q*

Q*

48
185
333
812
2938

51
221
419
1574
3466

Q*

Q*

53
176
276
548
1685

81
392
816
1554
2078

80
457
854
3138
3785

Q*

Q*

Q*

67
156
256
329
544
L*
> plant
45
130
233
464
692

246
826
1082
1783
1792
L*
530
1660
2194
3604
3617

Q*

Q*

Q*

Fescue

-:g/g
0
125
250
500
1000
Trend

63
178
282
654
2655

61
234
457
921
3053

68
284
588
1213
3281

Q*

Q*

Q*

0
125
250
500
1000
Trend

31
74
128
294
942

82
286
448
803
1526

Q*

Q*

69
305
372
496
213
L*

45
157
229
416
1490

Q*
:g/pot

Trend assessment is by polynomial regression analysis, L, linear regression, Q, quadratic regression, NS,
not significant ** P <0.01
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Table 4.12 Fresh and dry weights and concentration and accumulation of Zn in fescue.

Main Effect

Fresh Weight

Dry Weight

Zn Concentration in
Leaves

g/plant-

Zn Accumulation

:g /g

:g/ plant

First Harvest

9.5
5.7 **

1
2

Calcium Nitrate
Compost
Urea
None
mg Zn/kg
0
125
250
500
1000
Trends

9.0
5.0
9.6
4.2

a
b
a
c

9
10
8
6
4
L **

0.85
0.52 **

Soil
815
940 **

496
265 *

0.78
0.44
0.87
0.41

Fertilizer
945 ab
766 b
1086 a
54 c

291
293
629
21

Treatment
61
232
443
929
2997
L**

50
221
315
530
894
L **

b
c
a
d

0.81
0.93
0.70
0.58
0.34
L**

b
b
a
c

Second Harvest
Soil
1
2

Calcium Nitrate
Compost
Urea
None

6.5
3 9**

5.7
4.3
6.0
3.0

ab
be
a
c

1.8
1.2 **

587
967 **

1120
880

1.7
1.2
1.8
0.8

Fertilizer
863 b
407 c
1146 a
53 d

984
547
1661
39

a
ab
a
b

Treatment
mg Zn/kg
63
49
1.3
4.8
0
342
188
1.7
6.1
125
649
327
1.9
6.3
250
1745
934
1.8
5.3
500
2516
2632
1.1
3.9
1000
Q **
Q **
L **
L **
Trends
Mean separation by F-test, *Significance of P < 0.05; ** Significance of P < 0.01; NS, no significant
differences
For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different (P < 0.05).
.
•
Trend assessment is by polynomial regression analysis L, linear regression, Q, quadratic regression,

<0.01,
See Appendix 2 for mechanical analysis of soil 1 and 2.

115

p

Zn Extracted, mg/kg Soil

Zn Treatments, mg/kg Soil
Figure 4.1 Mean Zn extracted with Morgan's solution or water in soils that brassicas was grown as influenced by
soil-Zn levels and fertilizer type. Regression analysis for Morgan's extractable-Zn for calcium nitrate
y= 1.48 + 0.143x,r2=0.99; compost y= 1.76 + 0.134x, i*= 0.95; urea y= 1.5+l.lx-K).0008x2, R2= 0.98.
Regression analysis for water-extractable Zn: calcium nitrate y— 0.122 + 0.006x, r2= 0.97; compost
y= 0.156 + 0.004x,
0.89; urea y= 0.2 - 0.0082 x + 0.00024 x2
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5.8

Brassica

Zn Treatments, mg/kg Soil
Figure 4.2 Mean ph in soils in which brassica were grown as influenced by soil-Zn levels and fertilizer type.
Regression analysis of pH for Compost: y= 5.57 - 0.005x, r2= 0.98; Calcium nitrate: y=5.617- 0.007x, r2= 0.97;
Urea: y= 5.4 - 0.003x, r2= 0.91.
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Zn Treatments, mg/kg Soil
Figure 4.3 Mean pH in soils in which brassica were grown as influenced by soil-Zn levels soil type,
and fertilizer. Regression analysis ofpH for soil 1: calcium nitrate y= 5.6 - 0.006x, r = 0.99; compost
y= 5.53 - 0.005x, r2= 0.98; urea y= 5.3 - 0.0036x, r2= 0.93. Regression analysis of pH for soil 2: calcium nitrate
y= 5.6 - 0.0019x- 0.00006x2, R2= 0.95; compost y= 5.6 - 0.005x, r2= 0.94; urea, Nonsignificant.
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Zn Concentrations, mg/kg Soil
Figure 4.4 Mean Zn concentration in brassica from the first harvest as influenced by fertilizer,
soil type, and soil-Zn treatment levels.Regression analysis for soil 1: Compost: y = 22.1 + 5.65x + 0.0029x^ ,
R2= 0.98; Urea: soil 1 y= 75.9+ 20.2x - 0.04lx2, R2 = 0.97; Calcium nitrate: soil 1 y=74 + 6.4x + 0.107x2,
R2 = 0.99. Regression analysis for Soil 2: Compost y= 113+ 1.8x +0.049x , R = 0.98; Urea
y= 397 + 28. lx - 0.1 lx2 , R2 = 0.96; Calcium nitrate y= 222+17.5x-0.027x2, R2 = 0.96.
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Zn Concentration, ug/g Leaves
Figure 4.5 Mean Zn concentration in leaves from the second harvest of brassica as influenced by fertilizer,
soil type, and soil-Zn treatment levels. Regression analysis for soil 1: Compost: y = 248.8 +1.4x + 0.02x ,
R2=0.99; Urea y= 71+ 0.16x-0.10x2,R2 = 0.96; Calcium nitrate y=l 5 + 5.0x,r2 = 0.98. Regression analysis
for Soil 2: Compost NS; Urea y= 197 - 1.32x + 0.14x2, R2 = 0.96; Calcium nitrate. Nonsignificant.
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Zn Treatments, mg/kg Soil
Figure 4.6 Mean Zn accumulation in brassica from the first harvest as influenced by soil,
fertilizer, and soil-Zn levels. Regression analysis for Soil 1: Compost y = 59+ 10.4x + 0.07x2, R2= 0.99 ; Urea
y = 132 + 38.6x -0.05x2, R2 = 0.97; Calcium nitrate y = 111 + 17.5x +0.016x2, R2 =0.99. Regression
analysis for Soil 2: Compost y = 227 + 5.6x + 0.078x2 , R2 = 0.98 ; Urea y =873 + 57.3x - 0.2xi, R“ = 0.94;
Calcium nitrate y = 444 + 34.7x - 0.05x2, R2 =0.93 .
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Zn Treatments, mg/kg Soil
Figure 4.7 Mean Zn accumulation from the first harvest of brassica as influenced by soil, fertilizer, and
soil-Zn levels. Regression analysis for Soil 1: Compost Nonsignificant; Urea Nonsignificant; Calcium nitrate
Nonsignificant. Regression analysis for Soil 2: Compost Nonsignificant; Urea Nonsignificant; Calcium nitrate
Nonsignificant.
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Zn Treatments, mg/kg Soil
Figure 4.8 Water extractable Zn concentrations in soils in which fescue were grown as influenced by
soil-Zn levels.Regression analysis for Compost: y= 0.12 + O.OOlx + O.OOOOx2, R2= 0.99; Calcium nitrate:
y= -0.22 + 0.005x + 0.000009x2, R2= 0.99; Urea: y=0.09+ 0.0005x + 0.000018x2, R2= 0.99.
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Zn Treatments, mg/kg Soil
Figure 4.9 Mean pH in soils which fescue was grown as influenced by soil-Zn levels and fertilizer type.
Regression analysis of pH for Compost: y= 5.64 - O.OOOlx, r2= 0.84; Calcium nitrate: y=5.61 - 0.00018x,
r2= 0.97; Urea: y= 5.5 - 0.00091x + 5e6x2, R2= 0.98.
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level: Regression analysis for Soil 1: Compost Nonsignificant; Urea 14.1 -0.008x + 0.000003x
alciui nitrate y= 16.4 - O.Olx, r2 =0.97. Regression analysis for Soil 2: Compost Nonsignificant;
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19x + 0.000005x2, R2 =0.98; Calcium nitrate y= 13 - 0.02x + 0.0000 lx2, R2= 0.84.
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Figure 4.12 Mean Zn concentration in fescue from the second harvest as influenced by soil, fertilizer,
and soil-Zn levels. Regression analysis for Soil 1: Compost y= 67+ 0.7x + O.OOlx2, R2= 0.99; Urea
y=77+0.2x+0.0008x2, R2=0.99 r2= 0.97; Calcium nitrate y=78 + 0.05x+ 0.002x2 R2= 0.99. Regression
analysis for Soil 2: Compost y=92-K).02x+0.001x2, R2= 0.99; Urea y=-156+3.8x+0.0008x2,R2= 0.99; Calcium
nitrate y=284+0.3x+0.002x2, R2= 0.99.
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128

Zn Treatments, mg/kg Soil
Figure 4.14 Mean Zn accumulation in fescue shoots from second harvest as influened by soil,
fertilizer, and soil-Zn levels. Regression analysis for Soil 1: Compost y = 89+0.34x+0.001x2, R2 = 0.99; Urea
y= 113+1.8x+0.003x2 , R2= 0.99; Calcium nitrate y =113.5 + 2.9x, r2 = 0.98. Regression analysis for Soil 2:
Compost y= 40+3.6x-0.002x2, R2= 0.99; Urea, Nonsignificant; Calcium nitrate y= 40.6 + 3.6x - 0.002x2,
R2= 0.99.
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Figure 4.15 Total Zn accumulated by brassica and fescue as a function of soil pH. Regression analysis
for brassica: y= 1.7e4 - 3037x, r2=0.98;fescue y= 5.3e4 - 9491x, r2=0.98 .
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CHAPTER 5
SOLUBILIZATION AND PHYTOEXTRACTION OF ZINC BY FESTUCA ARUNDINACEA IN
TWO SOILS WITH TWO LEVELS OF NITROGEN FERTILIZERS

Abstract
Phytoaccumulation of Zn from soils is dependent partly on the availability of soil-Zn to the plant.
Zinc solubility in soils increases as the pH of the soil decreases. If the solubility of Zn in the soil increases
then the potential for Zn to be extracted by plants also increases. This research utilizes Festuca arundinacea
Schreb. (fescue), which can tolerate elevated soil-Zn levels, to assess effects of N fertilizers in increasing
the solubility of soil-Zn.
Two soils of the Hadley series (Typic Udifluvents) were used. Approximately 1 kg of each soil
was placed into 15-cm pots, and a treatment array of zinc sulfate was added and mixed with the soil to give
treatment combinations that supplied 0, 250, and 500 mg/kg extractable Zn concentrations. The appropriate
concentrations of ZnS04 were added to the pots, thoroughly mixed and wetted, and incubated for 14 days
in the greenhouse. Nitrogen was supplied utilizing four fertilizers: urea, sewage sludge, calcium nitrate, and
compost, and were supplied at 0, 200, or 400 mg N/kg. After the fertilizers were added, the soils were
incubated for an additional 14 days in the greenhouse. After the incubation period of 28 days, 1 g of fescue
seed was placed directly into soil in the pots.
Two extracts, Morgan’s solution and distilled water, were used separately to assess the
concentrations of Zn in the soils. Morgan’s and water extractable Zn concentrations were higher in soils
were amended with urea or sludge than with calcium nitrate, compost, or no fertilizer. Soils amended with
urea or sludge also had lower pH values than in soils amended with calcium nitrate, compost, or no
fertilizer. The lower pH values of soils amended with urea or sludge may have attributed to the higher
extractable Zn concentrations occurring in these soils. Morgan’s-extractable Zn concentrations were not
significantly different if N was supplied at 200 or 400 mg/kg but were significantly higher than if no N was
amended with the soil. However, water-extractable Zn concentrations were significantly higher when N
was supplied at 400 mg/kg than at 200 or 0 mg/kg. The pH of the soils amended with 200 or 400 mg/kg N
were not significantly different from each other; however, the pH of the soils with 0 mg N/kg added were
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significantly higher than that of soils with 200 or 400 mg/kg. The lower pH values occurring when N was
supplied at 200 or 400 mg/kg may have resulted from the reactions of the fertilizers with the soils.
Additions of N fertilizers or ZnS04 may lower the soil pH by reactions with the soil, thereby
increasing the solubility of soil-Zn. The pH of the soil decreased with each increasing soil-Zn level
suggesting that the additions of ZnS04 to the soils may have influenced soil pH. Also, additions of N
fertilizers had a significant influence on lowering soil pH. Lower pH values were obtained when N was
applied to the soil than if N was not supplied at all. The type of fertilizer influenced soil pH with lower pH
values occurring when urea (pH 4.65) or sludge (pH 4.89) was amended with the soil than with calcium
nitrate (pH 5.00), compost (pH 5.34), or no fertilizer (pH 5.33). The rate of N applied did not significantly
affect the pH of the soil except when compared to the rate of 0 mg N/kg.
Fescue was utilized in this experiment because it had been shown to have tolerance to elevated
soil-Zn levels in previous research. Fescue grown in soil 1 produced larger fresh weights than when grown
in soil 2. Larger fresh weights were also obtained if fescue was grown in soils amended with sludge or
compost than in soils amended with calcium nitrate, urea, or no fertilizer. The rate of N influenced the
fresh weights with largest weights occurring if N was supplied at 200 mg/kg. Also, the fresh weights of
fescue decreased as the soil-Zn levels increased from 0 to 500 mg/kg. Although larger fresh weights
occurred if fescue was grown in soil 1, higher concentration and accumulation of Zn occurred if fescue was
grown in soil 2. Also, higher concentration and accumulation of Zn occurred if fescue was grown in soils
amended with urea or sludge and when N was supplied at a rate of 400 mg/kg. The highest concentration
and accumulation with these treatments may have been attributed to the increased availability of Zn in the
soil due to lower soil pH values associated with these treatments. The concentration of Zn in fescue grown
in soil-Zn levels of 250 or 500 mg/kg were not significantly different; however, Zn concentration in fescue
grown in soil-Z levels of 250 or 500 mg/kg were much higher than those grown in soil-Zn level of 0 mg/kg.
The amount of Zn accumulated in fescue peaked at a soil-Zn level of 250 mg/kg. Zinc accumulation was
also higher if fescue was grown in soils amended with urea or sludge than with calcium nitrate, compost, or
no fertilizer when grown in soil-Zn levels of 250 or 500 mg/kg.
This research has shown that additions of nitrogen fertilizers to Zn-contaminated soils increase the
solubility of the soil-Zn thereby making it more available to plants. Fescue was able to extract more Zn
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from soils that had been amended with a N fertilizer. Although, differences in the amounts of Zn
solubilized in the soils occurred among the fertilizers, fescue was able to accumulate higher concentration
when the fertilizers were added than when no fertilizer was added.
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Introduction
Phytoextraction is a remediation technology that is based on the premise that plants will be able to
tolerate, absorb, and accumulate metals. For this process to be successful, the metals need to be available to
the plants. Different technologies are utilized to increase the solubility of the metals in the soils including
additions of acidifying or chelating agents (Baker et al., 1994; Blaylock and Huang, 2000; Huang et al.,
1998). When chelators are utilized, careful consideration must be taken in determining the dose or
concentrations of chelates to be added to the soil to avoid environmental aspects of the treatment
(Abruzzese et al., 2001; Wu et al., 1999). If chelators are added to the soil, they bind with the metals
increasing metal mobility and availability, and may cause leaching of the metals from the soil thus posing
an environmental risk and reducing the effectiveness of phytoremediation (Abruzzese et al., 2001). Also,
the increased availability of the metals may create a toxic environment for the plants, which may reduce the
phytoextraction potential of the species being utilized. Identifying alternatives to chelating agents in
assisting phytoextraction of metals from soils is a goal of this research.
Remediation methods should take advantage of the relationship between the soil and the metal.
The availability of Zn in soils increases as the pH of the soil solution decreases (Alioway, 1995; Nriagu,
1980a; Huang and Alva, 1999). Certain soil amendments lower the soil solution pH and in turn increase the
mobility and availability of Zn. Amendments that could lower soil pH would be candidates for this
research. Nitrogen fertilizers undergo reactions in the soil and can generate H+ ions thereby increasing soil
acidity. These reactions can include nitrification and exchange of cations with the reserve acidity in the
soil. Both of these processes are acidifying reactions, which may have the potential to lower the pH of the
soil enough to increase metal availability. Additions of organic matter, such as compost or sludge,
mineralize in the soil to release NH4+ into the soil solution. The NH4+ may then undergo hydrolysis,
undergo oxidation (nitrification), exchange with the reserve acidity on soil colloids, or be absorbed by plant
roots, all of which are acidifying reactions. Other amendments, such as calcium nitrate or urea can affect
soil pH. Urea will undergo hydrolysis and nitrification, may be absorbed by plant roots, or the NH4+ may
exchange for the reserve H+ on soil colloids and will acidify the soil. The calcium, supplied by calcium
nitrate, may exchange for the reserve H+ on soil colloids and will acidify the soil. All of these soil
amendments, sludge, urea, calcium nitrate, and compost are utilized as N fertilizers. Supplying N to the
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plants would promote growth for successful phytoextraction. It is important to determine the concentrations
of N that should be supplied to optimize growth and maximize the solubility of Zn without creating a toxic
environment. Liberal amounts of N may have undesirable effects on plant growth. Ammonium toxicity
could result from applications of a water- soluble ammoniacal fertilizer, such as urea, which quickly
releases ammonium into the soil. Liberal amounts of N fertilizers may generate too low of a soil pH
resulting in inhibition of nitrification (Tisdale et al., 1993). Also, at lower pH values in the soil nutritional
deficiencies may develop due to solubility restrictions of ions or even Zn toxicity may occur. The
solubility of Zn increases as the pH of the soil decreases, which may result in too much of the soil-Zn being
released into the soil solution creating a toxic environment (Kubal et al., 2001).
A goal of this study was to determine if N fertilizers would increase the solubility of Zn in the soil
thereby increasing the amount available for plant uptake. The N fertilizers were supplied at a low and high
level of N to determine if the rate at which N is applied would make a difference in the growth of the
fescue and the solubility of Zn in the soil. Fescue was utilized in this experiment as previous research with
this species has shown that it is capable of tolerating elevated soil-Zn concentrations and can accumulate
Zn in its tissues.

Materials and Methods
In this experiment, fescue was grown in two soils amended with varying soil-Zn concentrations.
In previous research, nitrogen fertilizers were determined to help solubilize soil-Zn through reactions with
the soils. In this experiment, the nitrogen fertilizers were supplied at 200 or 400 mg N/kg and assessed to
determine if the rate at which N was supplied increased the solubility of soil-Zn and accumulation of Zn by
the fescue.
Two soils, of differing physical properties, of the Hadley series (Typic Udifluvents) were used
(Appendix 2). Approximately 1 kg of each soil was placed into 15-cm pots (11.5-cm deep), and a treatment
array of zinc sulfate was added and mixed with the soil to give treatment combinations of 0, 250, 500 mg
Zn/kg. These soil-Zn treatments were chosen because fescue germinated and grew in these soil-Zn
concentrations (Chapters 2, 3, and 4). The appropriate concentrations of zinc sulfate were added to the pots,
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wetted and mixed, and incubated for 14 days in the greenhouse. During the incubation period the soils were
re wetted with approximately 300 mL of water and mixed every 3 to 5 days.
Previous research demonstrated that additions of nitrogen fertilizers significantly increased the
solubility of soil-Zn. Therefore, this project focused on whether the solubility of Zn could be further
increased by increasing the amount of N fertilizers supplied. Nitrogen was supplied using 4 fertilizers:
calcium nitrate, compost, sludge, and urea. The fertilizers were applied to their respective pots to supply N
at 200 or 400 mg/kg (Appendix 6). The fertilizers were mixed thoroughly with the soil (after the initial soilZn 14-day incubation), placed in pots, and were left in the greenhouse for an additional 14 days. During the
14-day incubation period the soils were re-wetted and mixed every 3 to 5 days to ensure uniform water in
the soils and distribution of the water.
After 28 days (initial soil-Zn incubation period of 14 days and second 14-day incubation period
after the fertilizers were added) 1 g of fescue seed was placed directly into each pot. The pots were placed
in the greenhouse and were watered as needed so as to supply sufficient water for the plants without
allowing leaching from the bottom of the pots.
Fescue was harvested when it had reached a height of 15 cm (6-in), which was after an
approximate growing period of 45 days. The tissue samples for fescue were taken by trimming the grass to
the upper rim of the pots. After harvesting, the plants were placed in plastic bags and dried in an oven at
70° C for 48 hours (Banuelos et al., 1997). After drying, the tissues were weighed and ground with a Wiley
mill to pass through a 30-mesh screen (approximately 0.8-mm openings).
A mass of 0.20 g was weighed from each sample and placed in porcelain crucibles. The samples
were then ashed in a muffle furnace at 500 °C for 8 hours. After the samples were cooled, the ash was
dissolved in 0.2 M HN03 and then brought to 50 mL with the 0.2 M HN03. The digested tissues were then
analyzed for Zn concentrations by atomic absorption spectrophotometry.
Soil samples were taken after the tissue was harvested, placed into plastic bags, and dried in an
oven at 70°C. After drying, the soil samples were extracted with Morgan’s solution or water and analyzed
for Zn concentrations by atomic absorption spectrophotometry following the procedures outlined in
Appendix 3. The pH of the soils was determined using the procedure outlined in Appendix 3.
The experimental design was a randomized complete block with three replicates.
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Results and Discussion
Soil Data
Zinc Concentrations
The type of soil significantly influenced Morgan’s-extractable Zn concentrations. Morgan’sextractable Zn concentrations were significantly higher in soil 1 (57 mg/kg) than in soil 2 (39 (mg/kg)
(Table 5.2). Throughout this research, differences between the concentrations of Morgan’s-extractable Zn
between soils 1 and 2 have occurred. The variability in Morgan’s-extractable Zn concentrations from soils
1 and 2 may be attributed to the differences between the soils themselves, such as soil separates, reserve
acidities, or organic matter contents. If soils were extracted with water, soil type did not significantly
influence extractable Zn concentrations, which may suggest that regardless of soil type the Zn is reacting
with both soils (Table 5.2). These same results were determined in previous research (Chapter 3). This
study also examined the effect of pH on Zn availability in soils, in which soil type did not significantly
influence the pH between soil 1 (pH 5.0) and soil 2 (pH 4.9).
The type of fertilizers added to the soil significantly influenced Morgan’s and water-extractable
Zn concentrations. Mean Morgan’s-extractable Zn concentrations were higher if soils were amended with
urea (50 mg/kg) or sludge (51 mg/kg) than with compost (44 mg/kg), calcium nitrate (43 mg/kg), or no
fertilizer (1.4 mg/kg) (Table 5.2). A similar trend occurred if the soils were extracted with water, with
highest concentrations of Zn being extracted from soils amended with urea (14 mg/kg). Also, waterextractable Zn concentrations were significantly higher in soils amended with sludge (9.5 (mg/kg) or
calcium nitrate (8.4 mg/kg) than if amended with compost (2.8 mg/kg) or no fertilizer (0.3 mg/kg) (Table
5.2). The high Morgan's and water-extractable Zn concentrations from soils amended with urea may have
resulted from the lower pH values in soils amended with urea (pH 4.65) than with any of the other
fertilizers (Table 5.2). The low pH of the soils may have resulted from reactions of the fertilizers with the
soils such as hydrolysis and nitrification or by exchanging with the reserve acidity on soil colloids.
Two different nitrogen concentrations were assessed to determine if the amount of fertilizer added
to the soil significantly affected the solubility of soil-Zn. Each fertilizer was added to supply N at 0, 200, or
400 mg/kg. Significant differences were observed for Morgan’s-extractable Zn concentrations if various N
concentrations were added to the soils (Table 5.2). Higher Morgan’s-extractable Zn concentrations were
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determined if 200 (49 mg/kg) or 400 (50 mg/kg) mg N/kg were added to the soil than if no fertilizer was
added to the soil (1.4 mg/kg), regardless of fertilizer type (Table 5.2). These results suggest that the
additions of N fertilizers aid in solubilizing soil-Zn. Water-extractable Zn concentrations were also
significantly influenced by the amount of N added to the soils. Higher water-extractable Zn concentrations
were detected in soils amended with 400 (10.7 mg/kg) mg N/kg than with 200 (6.4 mg/kg) or 0 (0.3 mg/kg)
mg N/kg (Table 5.2). The pH of the soils was also significantly affected by the additions of different N
fertilizer concentrations. Lower pH values were observed in soils amended with either 200 (pH 5.04) or
400 (pH 4.91) mg N/kg than with no N (pH 5.33) (Table 5.2). The lower pH values observed when a
fertilizer was added to the soil, regardless of amount, may have resulted from hydrolysis, nitrification, or
exchange of reserve acidity, thus lowering the pH and increasing the solubility of soil-Zn.
The amount of Zn in the soil significantly influenced Morgan’s or water-extractable Zn
concentrations and the pH of the soil. Morgan’s or water-extractable Zn concentrations increased with each
increase in soil-Zn level (Table 5.2). Although, the same trend occurred, Morgan’s solution extracted
significantly higher concentrations of Zn from the soil than did water (Table 5.2). Also, with each increase
in soil-Zn levels the pH of the soil decreased (Table 5.2). The Zn, from the additions of ZnS04 in the soils,
may exchange with the reserve acidities of the soils (H+ ions on soil colloids) thus resulting in lower pH
values. The trend of the soil pH decreasing as the soil-Zn levels increased was also observed in previous
research utilizing ZnS04 (Chapters 3 and 4).
Water-extractable Zn concentrations were also influenced by the interaction between the amount
of Zn in the soils and the type of fertilizer utilized. At a soil-Zn level of 0 mg/kg soil, no significant
differences in the amount of Zn extracted by water occurred between the fertilizers with an average waterextractable Zn concentration of 0.29 mg/kg soil for all fertilizers (Figure 5.1). At a soil-Zn level of 250
mg/kg, significantly higher water-extractable Zn concentrations occurred if urea (12 mg/kg) was added
with the soil than if sludge (7 mg/kg), calcium nitrate (6 mg/kg), or compost (2 mg/kg) was added (Figure
5.1). The same trend occurred at a soil-Zn level of 500 mg/kg soil, with higher water-extractable Zn
concentrations occurring if urea (28 mg/kg) was added to the soil than if sludge (21 mg/kg), calcium nitrate
(19 mg/kg), or compost (6 mg/kg) was added (Figure 5.1).
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The soil pH was significantly influenced by the amount of nitrogen and the type of fertilizer added
to the soil. At a N level of 200 mg/kg, lower soil pH values occurred when urea (pH 4.8) was added with
the soil than if calcium nitrate (pH 5.0), sludge (pH 5.0), or compost (pH 5.3) was added (Figure 5.2).
Similarly, at a N level of 400 mg/kg soil, lower pH values were obtained when urea (4.5) was amended
with the soil than if sludge (pH 4.8), calcium nitrate (pH 4.9) or compost (pH 5.4) was added (Figure 5.2).
Regardless of the N level in the soil, higher soil pH values occurred if compost (pH 5.3) was amended to
the soil than if any of the other fertilizers were utilized (Figure 5.2). The higher pH values that occurred
when compost was amended with the soil may be due to the slow mineralization rate of compost. The slow
mineralization rate of compost limits nitrification in the soil due to the low availability of the NH4+ from
the compost, and limits production of organic acids, thus reducing the effects of compost on soil pH.
However, the solubility of the urea and calcium nitrate along with the quick mineralization of the sludge
would allow for a greater potential in reducing soil pH. Also, if urea, calcium nitrate, or sludge were
supplied at 400 mg N/kg, an increased amount of soil acidity occurred suggesting that the concentrations of
the added fertilizers had a significant influence on soil pH.
The type of soil and fertilizer utilized significantly influenced the pH of the soil. In soil 1, lower
soil pH values were obtained if urea (pH 4.7) or sludge (pH 4.9) was amended to the soil than if calcium
nitrate (pH 5.1), compost (pH 5.2), or no fertilizer (pH 5.3) was added (Figure 5.3). In soil 2, lower soil pH
values were obtained if urea (pH 4.6), sludge (pH 4.8), or calcium nitrate (pH 4.9) was amended to the soil
than if compost (pH 5.3) or no fertilizer (pH 5.5) was added (Figure 5.3). This same trend of lower pH
values if fertilizers were added to the soils has occurred throughout this research. In this research, on
average, lower pH values have occurred when urea, sludge, or calcium nitrate was added to the soil than if
compost or no fertilizer was added. Again, the lower pH values may be attributed to the higher solubilities
or mineralization rates of these fertilizers compared to that of compost.

Fescue Data
Plant Growth
Fescue germinated well in all of the soil-Zn levels utilized in this research.
The type of soil significantly influenced the fresh and dry weights of fescue at harvest. Fescue
grown in soil 1 had larger fresh (9 g/pot) and dry (1.6 g/pot) weights than the fresh (6.2 g/pot) and dry (1.2
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g/pot) weights of fescue grown in soil 2 (Table 5.3). Throughout research with these soils, larger fresh
weights have repeatedly occurred in fescue grown in soil 1. Soil 1 has a larger percentage of sand allowing
for better aeration and compaction than soil 2, which may be more conducive for germination and growth
in pots (Appendix 2).
Results from this study show that additions of N fertilizers to the soil stimulated plant growth.
Larger fresh weights occurred if fescue was grown in soils amended with sludge (9.4 g/pot) than if grown
in soils amended with compost (7.8 g/pot), urea (6.8 g/pot), calcium nitrate (6.5 g/pot), or no fertilizer
(6.4g/pot) (Table 5.3). Also, the concentrations that the N fertilizers were supplied at significantly
influenced fresh and dry weights of fescue. Larger fresh weights occurred if N was supplied at 200 mg/kg
(8.0 g/pot) than at 0 mg/kg (7.5 g/pot) or 400 mg/kg (7.2 g/pot). These data suggest that although the
additions of fertilizers increased the overall fresh weights of fescue, compared to the fresh weights of
fescue grown in soils with no fertilizer, the concentrations at which these fertilizers were supplied had a
significant impact on the fresh weights. These data suggest that a rate of 400 mg N/kg soil may actual limit
the fresh weights of fescue in these pots perhaps due to the higher amounts of ammonium released by the
urea or organic fertilizers, or maybe the increased solubility and availability of Zn. The dry weights of
fescue followed the same trend as the fresh weights for the different N levels.
The amount of Zn added to the soil significantly influenced the fresh weights of fescue. As the
soil-Zn levels increased from 0 to 500 mg/kg, the fresh weights decreased from 8.6 g/pot to 6.7 g/pot.
These data show that the additions of Zn were a limiting factor for fescue growth. Zinc is an essential
element for plant growth, but previous research showed that additions of soil-Zn, up to 125 mg/kg, have
had beneficial effects on plant growth (Chapters 2, 3 and 4).
The type and concentrations of N fertilizers significantly influenced the fresh weights of fescue.
At a N level of 200 mg/kg, largest fresh weights of fescue occurred if grown in soils amended with sludge
(9 g/pot) than with calcium nitrate (8 g/pot), urea (7 g/pot), or compost (7 g/pot) (Figure 5.4). Similarly, at
a N level of 400 mg/kg, largest fresh weights occurred if fescue was grown in soils amended with sludge
(10 g/pot). Fresh weights of fescue were also larger if grown in soils amended with compost (8 g/pot) than
the fresh weights of fescue grown in urea (6 g/pot) and calcium nitrate (5 g/pot) (Figure 5.4). Additions of
sludge and compost would need to undergo mineralization before NH4 was released into the soil for
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nitrification unlike calcium nitrate and urea. The fast release of NH4+ by calcium nitrate and urea may have
limited growth of the fescue thus resulting in the smaller fresh weights if grown in soils amended with
either of those fertilizers.

Zinc Concentration and Accumulation
The type of soil significantly influenced Zn concentration in fescue leaves. Zn concentration in
fescue were higher if grown in soil 2 (295 pg/g) than in soil 1 (80 pg/g) (Table 5.3). Zinc accumulation also
was significantly higher in fescue grown in soil 2 (286 pg/plant) than in soil 1 (132 pg/plant) (Table 5.3).
Although larger fresh weights were determined for fescue grown in soil 1, a considerably larger
concentration of Zn was determined in fescue grown in soil 2 than soil 1 thus resulting in the higher
accumulation in fescue grown in soil 2.
The additions of fertilizers to the soil had a significant impact on the concentration of Zn in fescue.
Highest Zn concentration occurred in fescue grown in soils amended with sludge (312 pg/g) or urea (294
pg/g). Zn concentration in fescue was not significantly different when grown in soils amended with calcium
nitrate (96 pg/g), compost (67 pg/g), or no fertilizer (64 pg/g) (Table 5.3). Nitrogen fertilization also had
an effect on the amount of Zn accumulated in fescue. Highest amounts of Zn were accumulated in fescue
grown in soils amended with sludge (388 pg/plant) or urea (263 pg/plant). Fescue Zn accumulation was
also significantly higher if grown in soils amended with calcium nitrate (116 pg/plant) than the
accumulation of Zn in fescue grown in compost (87 pg/plant) or no fertilizer (91 pg/plant), which was not
significantly different from each other (Table 5.3). For Zn concentration or accumulation, the lowest values
occurred if fescue was grown with compost or no fertilizer. This research agrees with previous conclusions
that the additions of N fertilizers enhance the concentration and accumulation of Zn in fescue. In general,
this research also suggests that the type of fertilizer is important. Additions of sludge or urea seem to
enhance the ability of fescue to extract and accumulate Zn from the soil compared to the other fertilizers.
This trend may be explained by the lower soil pH values obtained by adding sludge (pH 4.89) or urea (pH
4.65) to the soil compared to the pH obtained with the other fertilizers (Table 5.2). Perhaps the lower pH,
which occurred with the additions of sludge and urea to the soil, increased the solubility of the soil-Zn thus
resulting in more Zn absorbed and accumulated by fescue.
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The amount of N added to the soil significantly influenced the concentration of Zn in fescue. The
concentration of Zn in fescue increased as the rate of N increased with higher concentration of Zn occurring
in fescue grown in soils supplied with 400 mg N/kg (282 pg/g) than in soils with N supplied at 0 mg/kg (64
pg/g) or 200 mg/kg (103 pg/g) (Table 5.3). Similarly, higher amounts of Zn were accumulated in fescue if
N was supplied at 400 mg N/kg (283 pg/plant) than if N was supplied at 0 mg/kg (91 pg/plant) and 200
mg/kg (145 pg/plant) (Table 5.3). Although the smallest fresh weights occurred if N was supplied at 400
mg/kg, the higher concentration and accumulation of Zn occurring at 400 mg N/kg suggest that this rate of
N may enhance the phytoextraction of Zn from soils. The pH of the soils decreased as the level of N
increased with the lowest pH occurring at 400 mg N/kg (pH 4.91). The increased amounts of fertilizer
required to supply N at a rate of 400 mg/kg may have been able to solubilize more Zn than the lower N
rates, thereby increasing the amount of Zn available for fescue.
The amount of Zn added to the soil had a significant effect on the concentration of Zn in fescue
tissue. As the soil-Zn levels increased the Zn concentration in fescue also increased. Higher Zn
concentration in fescue tissue occurred when the soil-Zn level was 250 (224 pg/g) or 500 mg/kg (269 pg/g)
than if no Zn was added to the soil (82 pg/g) (Table 5.3). The amount of Zn accumulated in fescue tissue
peaked at a soil-Zn level of 250 mg/kg (282 pg/plant) and the lowest Zn accumulation occurred at a soil-Zn
level of 0 mg/kg (124 pg/plant). Although the overall growth of the fescue declined as the soil-Zn levels
increased, as shown by the decrease in fresh weights, fescue still accumulated Zn in tissues as the soil-Zn
levels increased. The ability of fescue to phytoextract soil-Zn while under stress suggests that fescue has
the potential to be utilized as a phytoremediator of soils contaminated with Zn.
The type of soil and fertilizer significantly influenced Zn concentration in fescue. For soil 1, the
type of N fertilizer did not significantly affect Zn concentration in fescue tissues, reaching an average Zn
concentration of 79 pg/g (Figure 5.5). However, for soil 2, fertilizer type significantly influenced Zn
concentration in fescue tissues. Fescue grown in soil 2 amended with sludge (538 pg/g) or urea (494 pg/g)
had higher Zn concentration than fescue grown with calcium nitrate (113 pg/g), compost (73 pg/g), or no
fertilizer (51 pg/g) (Figure 5.5). The amount of Zn accumulated in fescue was significantly influenced by
the interaction between soil and fertilizer type. For soil 1, lowest amounts of Zn were accumulated in
fescue grown in soil 1 amended with compost (92 pg/plant) or if no fertilizer was applied (112 pg/plant).
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Highest amounts of Zn were accumulated if grown in soils amended with sludge (168 pg/plant), urea (151
pg/plant), or calcium nitrate (142 pg/plant), which no significant differences occurred between these
fertilizers (Figure 5.6). For soil 2, highest amounts of Zn were accumulated if fescue was grown in soil 2
amended with sludge (608 pg/plant). Fescue grown in soils amended with urea (374 pg/plant) had higher
Zn accumulation than those grown in soils amended with calcium nitrate (120 pg/plant) or compost (83
pg/plant). Lowest Zn accumulation occurred in fescue grown if no fertilizer (40 pg/plant) was added
(Figure 5.6). In either soil 1 or 2, lowest accumulation occurred if fescue was grown in soils amended with
compost or no fertilizer. The addition of compost to the soils or the absence of a fertilizer may not have
been able to solubilize the soil-Zn as effectively, possibly due to a slow mineralization rate as may be the
case with compost, as the other fertilizers in this study. This possibly is supported by the lower Zn
accumulation in fescue along with the higher soil pH values of soils amended with compost or no fertilizer.
Soils amended with compost or no fertilizer had higher pH values (pH 5.34 and pH 5.33, respectively) than
any of the other fertilizers, which had an average soil pH of 4.8.
The interaction between soil-Zn treatments and fertilizer type significantly influenced the amount
of Zn accumulated by fescue. At a soil-Zn level of 0 mg/kg, highest amounts of Zn were accumulated by
fescue grown in soils amended with sludge (179 pg/plant). The amount of Zn accumulated in fescue grown
in soils amended with calcium nitrate (130 pg/plant) or urea (109 pg/plant) was higher than if grown in
soils amended with compost (94 pg/plant) (Figure 5.7). At a soil-Zn level of 250 mg/kg, highest amounts of
Zn were accumulated in fescue grown in soils amended with urea (478 pg/plant) or sludge (447 pg/plant).
Amounts of Zn accumulated in fescue grown in soils amended with calcium nitrate (121 pg/plant) were
significantly higher than if grown in soils amended with compost (82 pg/plant) (Figure 5.7). At a soil-Zn
level of 500 mg/kg, highest amounts of Zn were accumulated by fescue grown in soils amended with
sludge (538 pg/plant). The amount of Zn accumulated in fescue grown in soils amended with urea (202
pg/plant) were higher than if grown in soils amended with calcium nitrate (97 pg/plant) or compost (87
pg/plant), which were not significantly different from each other (Figure 5.7). In general, amounts of Zn
accumulated by fescue grown in soils amended with urea or sludge exceeded those accumulated by fescue
grown in soils amended with calcium nitrate or compost regardless of the soil-Zn level. I he higher
accumulation by fescue grown in soils amended with urea or sludge may be related to the lower pH values
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of those soils. The lowest soil pH values occurred if sludge (pH 4.89) or urea (pH 4.65) were amended with
the soils, thereby increasing the amount of Zn available for extraction by fescue.

Conclusions
This research has shown that additions of N fertilizers to soils contaminated with Zn have
increased the solubility of the Zn, through reactions with the soil. The increased solubility of Zn was
validated by the increased extractable concentration by Morgan’s solution or water, occurring after N
fertilizers were added to the soils in this experiment.
Again, this research showed that fescue will germinate and tolerate, absorb and accumulate soilZn when grown in soil-Zn levels up to 1000 mg/kg. Although, fescue germinated and grew in soil-Zn levels
up to 1000 mg/kg, growth declined after a soil-Zn level of 125 mg/kg in previous work. The soil-Zn levels
utilized in this experiment were 0, 250, and500 mg/kg. Additions of Zn caused a suppression in growth for
fescue as was measured by the decrease in fresh weights of the fescue relative to the 0 level of Zn.
Although the fresh weights of fescue decreased as the soil-Zn levels increased, the concentration
and accumulation of Zn in fescue continued to increase. The increase in Zn concentration and accumulation
as the soil-Zn levels increased suggest that although fescue was under stress from the additions of Zn to the
soil, fescue was still able to absorb and accumulate Zn. The concentration of Zn in fescue did not differ
significantly between soil-Zn levels of 250 and 500 mg/kg; however, the amount of Zn accumulated
declined as the soil-Zn levels increased from 250 to 500 mg/kg. This decline in amount of Zn accumulated
may be attributed to the smaller weights of the plants at the highest soil-Zn level.
This research has shown that additions of N fertilizers to the soil increase plant growth. Therefore,
it would be advantageous to supply N to plants that are being studied as phytoremediators to ensure that
optimum growth occurs and that limitations do not occur from deficiencies. This research has shown that
additions of N fertilizers may help in solubilizing soil-Zn and that the type and rate at which N fertilizers
are amended to the soil may influence the concentration and accumulation of Zn in fescue. Water
extractable concentrations of Zn were higher ifN was supplied at 400 mg/kg than at 200 mg/kg. The
additions of fertilizers may react with the soil to solubilize Zn by lowering the soil pH through nitrification
or by cation exchange with reserve acidities on soil colloids. Although the amount of N supplied did not
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significantly influence soil pH, the amount of N significantly increased the availability of soil-Zn and the
concentration and accumulation of Zn in fescue. If N was supplied at 400 mg/kg higher concentration and
accumulation of Zn in fescue occurred than with 0 or 200 mg N/kg. The increased N supply, although
limiting the fresh and dry weights, appears to have increased the availability of Zn in the soil.
The type of fertilizer also influenced the concentration and accumulation of Zn in fescue. Lower
pH values occurred in the soil when urea or sludge was amended with the soil than with calcium nitrate,
compost, or no fertilizer. In all cases, the highest soil pH values occurred with the treatment of no fertilizer
further suggesting that the additions of N fertilizers were influencing soil pH. Higher concentration and
accumulation of Zn in fescue occurred in soils amended with urea or sludge. In general, additions of sludge
and urea to soils led to more extractable Zn than additions of compost or calcium nitrate. At soil-Zn levels
of 250 or 500 mg/kg, soils amended with urea had higher water-extractable Zn concentrations than with
any of the other fertilizers. Also, higher accumulation of Zn in fescue occurred in soils amended with urea
or sludge at soil-Zn levels of 250 and 500 mg/kg. These trends may be explained by the lower pH values in
soils amended with urea or sludge.
In summary, each of the treatments, additions of soil-Zn or N fertilizers, influenced the availability
of Zn in the soil. Overall, the solubility of Zn was increased by additions of N fertilizers or ZnS04 to the
soil. This increase in availability allowed fescue to absorb Zn from the soil and accumulate it in harvestablc
portions of the plant. If N fertilizers were added to the soil the pH decreased. Some fertilizers were more
effective in increasing Zn accumulation, such as urea and sludge, than others such as, compost and calcium
nitrate, but each of the fertilizers significantly lowered pH relative to no additions of N fertilizer. I he
increased solubility of Zn from the additions of N fertilizers was measured by concentrations extracted by
Morgan’s solution and water. Morgan’s or water extractable concentrations also determined that more Zn
was available to the plants when N was supplied at 400 mg/kg.
Fescue did not accumulate amounts of Zn generally associated with hyperaccumulators (1

/<>

Zn in

the harvestable portion of the plant), but fescue did have concentration of Zn much higher than the average
concentration range of Zn reported for fescue, which is 28 to 64 pg/g (Mills and Jones, 1996).
These studies have shown that fescue has the potential to be utilized as a phytoextractor of soil-Zn.
The ability of fescue to germinate and tolerate in elevated soil-Zn levels and extract and accumulate Zn in
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excess of average concentration reported for fescue, demonstrate the ability of fescue to be a
rhyroremediator.

Also, this research has shown that additions of N fertilizers will increase the solubility of

soil-Zn thus making more available for phytoextraction.

146

Table 5.1 Soil nitrogen and zinc treatment levels.

Soil Treatments

Zinc Treatment Concentrations

Nitrogen Concentrations

mg Zn/kg

mg N/kg Soil

0

0
200

250
500

400
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Mfc 51 Vermin

-

uai wanrr exmaerafote 2m and pH ofsoife mfeidi fescue were crown m.

Vu.rr cr5xt

Extraction aeon:

V-CCCir. S NC cocc

Dfcsnlkvi water

pH

—Kv Sw.--...------

Snil

1

ST^
59*

6.7
9.7 XS

5.0
4 9 XS

Fertitirer
Fijarnm Nctraae
C •»!' ■ lTOx.

Xroe
SUndtee
•» —
vrea

45 b
54 b
1.4 c
51 a
50 a

S.4 b
2.8 c
0.5 d
9.5 b
14 a

5.00 b
5 54 c
535 c
4.89 b
4.65 a

14b
49 a
50 a

Nitrogen Level
03 c
6.4 b
10.7 a

535 c
5.04 b
4.91 a

n-\L

0
2:»:

Treatment

SBgZnig

<1
250
500

03 c
6.8 b
18.6 a

1.4 c
45 b
101 a

5.15 c
4.95 b
4.86 a

v ea- seriaruiior r;> F-tesL Signifemcg of P < 0.05; XS. no significant difference.
Far fsnafazens mean separation in columns by Duncan's multiple range test. Different letters are
agpdkamthr diffciejt (P < 0.05).
Fnr N level n: Zn treatments. mean separation in columns by LSD. Different letters in upper case are
siznr5aanr> nanerem tP < 0.05).
See Appendix 2 for mechanical anah’sis of soil 1 and 2.
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Tab'.? 5.3 Fresh arsi dry weights, concentration, and accumulation of Zn in fescue leaves.

Mam Effect

Fresh Weight

Dry Weight

Zn Concentration in
Tissue

Zn Accumulation

pg £

-g plant-

Hg plant

Soil
1
2

Calcium Nitrate
Compost
None
Sludge
Urea
mg N kg
0“
200
400

9.0
6.2*

6.4
7.8
7.5
9.4
6.8

b
ab
ab
a
b

7.5 a
8.0 a
7.2 a

1.6
1.2*

SO
295*

132
286*

1.3
1.3
1.3
1.7
1.3

Fertilizer
96 b
67 b
64 b
312 a
294 a

116
87
91
388
263

1.3 b
1.5 a
1.3 b

Nitrogen Level
64 c
103 b
282 a

91 c
145 b
283 a

1.5 a
1.4 a
1.3 a

Treatment
82 b
224 a
269 a

124 b
282 a
231 ab

b
b
b
a
b

mg Znkg
0~
250
500

8.6 a
7.4 ab
6.7 b

be
c
c
a
a

Mean separation by F-test. ^Significance of P < 0.05.
For fertilizers, mean separation in columns by Duncan’s multiple range test. Different letters are
significantly different (P < 0.05).
For N level and Zn treatments, mean separation in columns by LSD, Different letters in upper case are
significantly different (P < 0.05).
See Appendix 2 for mechanical analysis of soil 1 and 2.
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0
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500

Zn Treatments, mg/kg Soil
Figure 5.1 Water-extractable Zn concentrations as influenced by soil-Zn levels and fertilizer type.
Within Zn levels, means followed by different letters are significantly different by Duncan's multiple range test,
P <0.05. Means of water-extractable Zn were significantly between soil-Zn levels 0 (0.3), 250 (6.8), and 500
mg Zn/kg (18.6) by LSD, P < 0.05.
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Figure 5.2 Soil pH as influenced by N level and fertilizer types. Within fertilizer levels, means followed by
different letters are significantly different by Duncan's multiple range test, P <0.05. Means of pH values
for N level of 200 mg N/kg (5.04) was significantly different from that of 400 mg N/kg (4.91) by LSD, P <0.05.
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Oh

O
GO

Figure 5.3 Soil pHas influenced by soil and fertilizer types. Within soils, means followed by different letters are
significantly different by Duncan's multiple range test, P <0.05. Mean pH of soil 1 (5.0) was not significantly
different from that of soil 2 (4.9) by F-test, P <0.05.
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Fresh Weights, g/pot

10.5
9.0
7.5

6.0
4.5
3.0
200

400

Nitrogen Concentrations, mg/kg Soil
Figure 5.4 Fresh weights, g/pot, as influenced by N level and fertilizer types. Within N levels, means followed
by different letters are significantly different by Duncan's multiple range test, P <0.05. Mean of fresh weights
at 200 mg N/kg (8.0 g/pot) was significantly different from that of 400 mg N/kg (7.2 g/pot) by LSD, P <0.05.
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Zn Concentrations, ug/g Tissue
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Soil 2

Figure 5.5 Zn concentrations in fescue leaves as influenced by soil and fertilizer types. Within soils, means
followed by separate letters are significantly different y Duncan's multiple range test, P <0.05. Mean of Zn
concentrations in soil 1 (80 ug/g) was significantly different from that of soil 2 (295 ug/g) by F-test, P< 0.05.
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Figure 5.6 Zn accumulation in fescue leaves as influenced by soil and fertilizer types. Within soils, means
followed by separate letters are significantly different by Duncan’s multiple range test, P <0.05. Mean of
Zn accumulation in soil 1 (132 ug/pot) was significantly different from that of soil 2 (286 ug/pot) by F-test
P <0.05.
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Zn Treatments, mg/kg Soil
Figure 5.7 Mean Zn accumulations in fescue leaves as influenced by soil-Zn levels and fertilizer types.
Within soil-Zn levels, means followed by different letters are significantly different by Duncan's Multiple
Range Test, P <0.05. Means of Zn accumulations were significantly different between soil-Zn levels of
0 mg Zn/kg (124 ug/pot), 250 (282 ug/pot), and 400 (231 ug/pot) by LSD, P <0.05.

156

APPENDIX A
GENERAL INFORMATION ON ZINC
A 1. Compositions and geographic locations of common ore minerals of zinc

Composition

Zn Content,
%

Geographic Locations

Sphalerite (Zn blend)

ZnS

67.0

Worldwide

Zincite

ZnO

80.3

United States (N.J.);
Brazil

(Fe, Zn, Mn)(Fe, Mn)204

15-20

United States (N.J.)

ZnC03

52.0

Thailand; United States

Zn5(0H)6(C03)2
Zn2Si04

56.0
58.5

Brazil;
United States (N.J.),;
Australia

54.2

Brazil; Thailand

Mineral

Franklinite
Smitsonite (dry-bone)
Hydrozincite
Willemite

Hemimorphite (calamine)

Zn4(0H)2Si207'

H20

Nriagu, J.O. 1980a.
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A 2. Examples of Sites Contaminated with Zn and Various Pollutants in Massachusetts

Site

Fairhaven

Past Uses

Atlas Tack
Corporation

Sources of Contaminants

Manufactured cut and
wire tacks, steel nails,
other similar items

Contaminants

•
•
•

•
•
Falmouth,
Bourne, and
Mashpee

Weymouth,
Abington
and
Rockland

Lowell

Otis Air
National
Guard Base

So.
Weymouth
Naval Air
Station

Silresim
Chemical
Corporation

Fire training activities,
landfills, chemical/fuel
spills, sewage treatment
plant on site

•
•
•
•
•

Aircraft maintenance,
refueling, personnel
training and housing,
landfills, fire training,
leachfield including
battery acid

•
•

Reclamation of chemical
wastes, waste oil,
solvents, sludges,
decaying drums and
storage tanks

•
•
•
•
•

Westborough

Natick

Historically:
Wood
preservation
treatment
and Asphalt
production

Wastewater from
creosotes, sludges, and
water discharged into a pit
lagoon

•
•

Natick
Laboratory
Army

Standard laboratory
chemicals, mineral spirits,
paints, inks, lubricants,
gasoline, tetraethyl lead,
pesticides, metal dusts,
radioactive materials

•
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•

•
•

Areas of Concern

Cyanide
VOCs
Heavy
metals (Cd,
Pb, Zn, Ni)
PCBs
PAHs

•
•

VOCs
Heavy
metals
PAHs
Pesticides

•
•

•
•

•

Groundwater
Soil
sediments
Marsh
Estuarine
areas

Groundwater
Cranberry
bogs
Soil
sediments

PCBs
VOCs
Heavy
metals (Al,
Cd, Cr, Cu,
Fe, Pb, Hg,
Ni, and Zn)

•

VOCs
Pesticides
PCBs

•
•

Groundwater

Creosotes
Carcinogenic
compounds
Heavy
metals

•
•

Groundwater

Heavy
metals (Ba,
Hg, As, Cu,
Cr, Pb, Zn)

•
•

Groundwater

•

Surface
water

•
•

Soil
sediments
Groundwater
(Zn)
Recreational
Fisheries

Soil
sediments

Heavy
metals
Dioxin

VOCs
Freon 113

•

Soil
sediments
Surface
water

Soil
Sediments

APPENDIX B
MECHANICAL AND CHEMICAL ANALYSIS OF SOILS 1 AND 2

B.l. Textural classification, organic matter content, pH, and background Zn concentrations of two soils of
the Hadley series (Typic Udifluvents).
Soil Properties

Soil Id

Soil 1

Soil 2

-%Textural Classification*

Silt loam

Silt loam

Sand

38.7

22.9

Silt

55.0

67.6

Clay

6.3

9.5

Organic Matter Content**

4.0

11.2

Background pH+

5.69

5.85

Reserve Acidity meq H +/100 g soil

1.52

2.64

Cation Exchange Capacity meq/100 g soil

3.3

6.3

Morgan’s Extractable Zn m

1.8

17

0.06

0.19

Water Extractable Zn t+t

*Soil textural classification procedure followed the method by Gee and Bauder (1986) as described in
Methods of Soil Analysis Part 1: Physical and Mineralogical Methods, 2nd ed.
** Soil organic matter content was determined by loss on ignition following the procedure described in
Methods of Soil Analysis Part 2: Chemical and Microbiological Properties, 2nd ed.; pgs 574-580.
t The pH of the soils were determined with the procedures discussed in Appendix 3: Soil Extractions
Procedures.
ft Reserve acidity was determined with Adams-evans buffer pH method.
ttt The extractable Zn concentrations, by Morgan’s and water, were determined with the procedures
discussed in Appendix 3: Soil Extraction Procedures.
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B.2 Background nutrient concentrations in soils 1 and 2 as determined by ICP.

Nutrients

Soil Id

Soil 1

Soil 2

mg/kg

Nitrate (N03-N)
Ammonium (NH4-N)
Phosphorus
Potassium
Calcium
Magnesium
Iron
Manganese
Boron
Copper
Zinc
Molybdenum

1.64
0.02
184
155
529
32
302
44
0.70
5.0
8.1
0.0
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3.2
0.14
457
395
836
129
264
40
1.9
9.8
3.9
0.0

APPENDIX C
SOIL ANALYTICAL PROCEDURES
Soil Sampling
Soil samples were taken in portions from the entire pot and mixed together to represent one
sample per pot. The amount of soil taken from each pot was approximately 100 g. The soils were sieved
through a 2-mm screen to remove roots, air dried, placed into plastic bags, and frozen until extracted
(Banuelos et al., 1997; Davis et al., 1995; Garcia et al., 1997; Gibson, 1994; Van Erp, 1998; Houba et al.,
1998; Lombi et al., 2001; Matejovic, 1994).

Preparation of soil extracting solutions
Morgan’s universal extracting solution was prepared by dissolving lOOg sodium acetate trihydrate
in 1 L of distilled water (Morgan, 1941; Lunt et al., 1950). Then the acetate solution was adjusted to a pH
4.7 with glacial acetic acid.
Mehlich 3 was prepared by dissolving 138.9 g ammonium fluoride and 73.1 g of EDTA
(ethylenediaminetetraacetic acid) in 1 L of distilled water and was brought to 1 L with distilled water
(Mehlich, 1984). A second reagent was made by dissolving 20 g of ammonium nitrate in 800 mL of
distilled water. To this 4 mL of the first reagent, 11.5 mL of 17.4 M glacial acetic acid, and 0.820 mL of
15.5 M nitric acid, was mixed together and brought to 1 L with distilled water (Mehlich, 1984). The pH of
the solution should be 2.5 + 0.1. The end concentrations of the constituents in Mehlich 3 are 0.001 M
EDTA, 0.2 M acetic acid, 0.25 M ammonium nitrate, 0.015 M ammonium fluoride, and 0.013 M nitric acid
(VanRaij, 1998).
The water extractant was distilled water at room temperature (Hanks et al., 1997).
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Soil Extraction Procedures
Single extraction
The soil samples were extracted, using one of the reagents discussed above, to determine
extractable Zn concentrations in the soil. Soils were extracted with a 1:10 w: v ratio by weighing a 5.0 g
subsample of soil and adding 50 mL of extracting solution. All samples were shaken for 30 minutes at 220
rpm and then filtered using 125-mm filter paper (Mehlich, 1984; De Abreu, 1998; Houba et al., 1990;
Matejovic, 1994; Novozamsky, 1993; Van Erp, 1998). The extract from each sample was analyzed for
plant extractable Zn by atomic absorption spectroscopy.
Soil samples from the Cornell University study were extracted using Morgan’s, 0.1 M CaCl2, and
Mehlich 3 solutions to determine extractable Zn concentrations in the soil. Soils were extracted with a 1:10
w:v ratio by weighing a 1.0 g subsample of soil and adding 10 mL of extracting solution. All samples were
shaken for 30 minutes at 220 rpm and then filtered using 125-mm filter paper. The extracts from each
sample were analyzed for extractable Zn by atomic absorption spectroscopy. Samples that were extracted
with Mehlich 3 solution were also analyzed for extractable Zn by inductively coupled plasma atomic
emission spectroscopy.

Sequential extraction
The soil samples chosen to be extracted sequentially were extracted with a 1:10 w: v ratio of each
extracting solution by weighing a 5.0 g subsample of soil and sequentially adding 50 mL of each extracting
solution. The soils were extracted first with distilled water. The soil and water will shake for 30 minutes
and then filtered using 125-mm filter paper. Then, 50 mL of Morgan’s universal solution were added to the
same soil sample, shook for 30 minutes, and filtered using 125-mm filter paper. Last, 50 mL of Mehlich 3
solution were added to the same soil sample, shook for 30 minutes, and filtered using 125-mm filter paper.
Each extract was analyzed for Zn concentrations using AAS.

Soil pH
The pH of each soil sample was determined in a 1:1 w: v soil to water ratio using a KC1 gel-filled
electrode.
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APPENDIX D
PLANT TISSUE ANALYTICAL PROCEDURES

Plant Sampling
The plants were cut at the soil-stem interface, weighed to obtain fresh weights, placed into plastic
bags, and dried in an oven at 70°C for 48 hours to achieve a constant dry weight (Banuelos et al., 1997; Li
et al, 2000). After drying, the tissues were ground with a Wiley mill to pass through a 30-mesh screen
(approximately 0.8-mm openings) (Banuelos et al., 1997).

Tissue Ashing
A mass of 0.200 g was weighed from each sample and placed in porcelain crucibles. The samples
were ashed in a muffle furnace at 500°C for 8 hours. After the samples cooled, 5 mL of 0.075 M HN03
solution was added to the ashed samples. Trace metal grade acids were used. After the ash dissolved, the
samples were transferred to 50-mL volumetric flasks. The crucibles were washed three times with 5 mL
portions of the 0.075 N HN03 solution and brought to 50 mL with the HN03 solution (Miller, 1998). The
digested tissue samples were analyzed for Zn concentration by atomic absorption spectrophotometry.
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APPENDIX E

INSTRUMENTAL PROCEDURES

Atomic Absorption Spectrometry Procedures (AAS)
The working detection limit for Zn is linear up to a concentration of approximately lmg/L.
Standards will be made for each soil reagent. The matrix of the standards will be comprised of the
appropriate reagent. The matrices of the standards and samples will be the same to avoid interferences.
A 1000 mg Zn/L stock solution of Zn will be used to make the standards. The stock solution will
be prepared by weighing 1 gram of Zn metal and placing into a 1-L volumetric flask. The Zn metal will be
dissolved with approximately 15 mL of concentrated HN03 and 15 mL of distilled water. The dissolved
metal solution will be brought to volume with distilled water.
A blank and four standards with the concentrations of 0.25 mg/L, 0.50 mg/L, 0.75 mg/L, and 1.0
mg/L will be prepared for each extracting reagent. The blank and the standards will be used to prepare a
standard curve.
Zinc will be determined at a wavelength of 213.9 nm. The working detection limit for Zn is linear
up to 1 :g/mL.

Inductively Coupled Plasma Spectrophotometry (ICP)
Soil extracts analyzed by ICP were extracted with Mehlich 3 solution following the soil analytical
procedures outlined in Appendix 3.
Procedures for the ICP will be followed in accordance with the lab analyzing the soil extracts.

Analytical Instrument Comparison
Inductively Coupled Plasma and AAS were used to determine Zn concentrations in the soil
samples extracted with Mehlich 3 solution. The Mehlich 3 extracting solution was chosen for this
comparison due to the availability of an ICP, which could analyze soils extracted by this solution.
Analysis of the extracts by ICP and AAS determined that soil 2 had significantly higher
concentrations of Zn than in soil 1 either the high or low soil-Zn levels (Table A. 1). Also, significantly
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higher concentrations of Zn were determined at day 7, by ICP and AAS analysis, than at day 21 for both
the high and low soil-Zn levels (Table A.l).
Analysis of the extracts by ICP and AAS analysis determined that the concentrations of Zn
increased linearly as the soil-Zn treatment levels increased from 125 to 2000 mg Zn/kg and from 25 mg
Zn/kg to 100 mg Zn/kg (Figurs A.l A&B).
The concentrations of Zn determined by ICP were correlated to the concentrations of Zn
determined by AAS (Figure A.2 A). A linear trend was evident between the concentrations of Zn
determined by ICP and AAS for either the high or low soil-Zn levels. From this linear relationship, it was
concluded that limited variability occurs between ICP and AAS analyses when used for determining Zn
concentrations in soils extracted with Mehlich 3 solution.
Analytical variability between instruments is a concern. Soil samples were extracted with Mehlich
3 solution and analyzed by ICP and AAS to determine if significant variability between concentrations of
Zn exists. From these results, it was determined that variability between instruments was not a significant
factor when comparing Zn concentrations determined by ICP and AAS in soil samples extracted with
Mehlich 3 solution. Therefore, the use of either ICP or AAS to determine Mehlich 3 extractable Zn
concentrations is acceptable.
The results from these studies will be incorporated into future research that will evaluate the
capabilities of ammoniacal fertilizers to solubilize Zn in the soil and phytoremediation studies utilizing
brassica and fescue.
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E.l Zinc concentrations determined by Inductively Coupled Plasma and Atomic Absorption
spectrophotometry.

Instrument

Main Effect

Inductively Coupled Plasma
Spectrophotometry
(ICP)

Atomic Absorption
Spectrophotometry
(AAS)

—mg Zn/kg—
High soil-Zn Treatments
Instrument
123

112

Soil
1
2

117
129*

107
115 *

Day
7
21

140 **
106

132 **
90

Low soil-Zn Treatments
Instrument
20

23

Soil
1
2

14
27 *

15
30*

Day
7
21

21
19

24
21

Mean separation by F-test, * Significance of P < 0.05,** Significance of P < 0.01
See Appendix 2 for mechanical analysis of soil 1 and 2.
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Zn Extracted, mg/kg Soil

Zn Treatments, mg/kg Soil
Figure E.l Mean Zn extracted with Mehlich 3 solution as determined by ICP and AAS as influenced by soil-Zn level:
Regression analysis for Zn extracted at high soil-Zn by ICP: y=19.0 + 0.13x, r2=0.99; AAS: y= 18.6 + 0.12x, r =0.9
Regression analysis for Zn extracted at low soil-Zn by ICP: y=9.5 + 0.17x, r2=0.98; AAS: y=10.7 + 0.18x r2= 0.98.
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AAS Zn Concentrations, mg/kg Soil

ICP Zn Concentrations, mg/kg Soil
Figure E.2 Relationship between Zn extracted with Mehlich 3 determined with ICP and AAS. Regression
analysis for Zn extracted at high soil-Zn levels: y= 1.39 + 0.89x, r2= 0.99. Regression analysis for Zn
extracted at low soil-Zn treatment levels: y= 0.18 + 1.11 x, r2 =0.99.
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APPENDIX F

DETERMINATION OF % NITROGEN AND ZINC CONCENTRATIONS IN FERTILIZERS

Determination of % Nitrogen in Fertilizers
Kjeldahl procedure:
Each of these components were added to a Kjeldahl flask for digestion on a burner set on medium heat
for approximately 15 minutes, and then on high for approximately 1 hour or until the organic matter was
destroyed and a blue-green colored liquid remained.
1.
2.
3.
4.

0.2 g of fertilizer
Cu wire
0.5 g K2S04
4 mL of concentrated H2S04 acid

After the needed digestion period, the flasks were cooled, and the following was added to the digested
samples:
1.
2.
3.

30 mL of distilled water
15 mL of 40 % NaOH
Boiling chips

The samples were distilled into 10 mL of 2% boric acid plus indicator until the boric acid mixture
turned colors from purple to green and approximately 50 mLs of solution was collected. The mixed
indicator was a solution made up from 200 mg methyl red and 100 mg methylene blue added to 150 mL
ethanol (95 %). The boric acid mixture was then titrated with 1/70 M KH (I03)2 until the end point was
reached (until the first perceptible color change from green to pink was observed).
Ground (using mortar and pestle) and unground, wet and air-dried samples of each fertilizer were
analyzed to determine if particle size or moisture content affected the results.
F.l Determination of % Kjeldahl N in manure, compost, and sludge.
Sample

Leaf and food waste
compost

Cow manure

Sewage sludge

-% N-

Wet adjusted to Dry
Dry
Ground
Unground

1.1
1.2
1.3
1.3

1.6
1.5
1.4
1.5

4.4
4.5
4.4
4.5

* Ground and unground samples for manure, compost, and sludge were air-dried.
** It was determined that the % water by weight was approximately 30 % for compost, approximately 50%
for farm manure, and approximately 35% for sludge.
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Calculations for the amount of fertilizer needed to supply 200 mg N/kg soil
Compost:
1.2 % N : 0.2 g N/ kg soil x 100 g dry fertilizer/ 1.2 g N = 16.7 g compost/ kg soil
Manure:
1.5 % N: 0.2 g N/kg soil x 100 g dry fertilizer / 1.6 g N = 12.5 g fertilizer / kg soil
Sludge
4.5 % N: 0.2 g N/kg soil x 100 g dry fertilizer / 4.5 g N = 4.44 g fertilizer / kg soil
Ca (NCM,:
15.5 % N (as printed on bag based on manufacturers analysis):
0.2 g N/kg soil x 100 g dry fertilizer/ 15.5 g N = 1.29 g Ca (N03)2/ kg soil
Urea:
45% N (as printed on bag based on manufacturers analysis):
0.2 g N/kg soil x 100 g dry fertilizer/ 45 g N = 0.44 g urea / kg soil

Determination of Zn Concentrations in Fertilizers
Compost, Manure, and Sludge
A mass of 0.200 g was weighed from each fertilizer and placed in porcelain crucibles. The
samples were ashed in a muffle furnace at 500°C for 8 hours. After the samples were cooled, 5 mL of 0.2
M HN03 solution was added to the ashed samples. Trace metal grade acids were used. After the ash
dissolved, the samples were transferred to 50-mL volumetric flasks. The crucibles were washed three times
with 5 mL portions of the 0.2 M HN03 solution and brought to 50 mL with the HN03 solution (Miller,
1998). The digested fertilizer samples were then analyzed for Zn concentrations by atomic absorption
spectrophotometry.

Calcium Nitrate and Urea
A mass of 0.200 g was weighed from each fertilizer and placed into a 50 mL volumetric flask. The
fertilizer samples were dissolved into distilled water. Distilled water was used to bring the volume of the
samples up to 50 mL. The fertilizer samples were then analyzed for Zn concentrations by atomic absorption
spectrophotometry.
F.2 Zinc concentration in nitrogen fertilizers
Fertilizer

Zn Concentration
mg/kg

121

Compost
Manure
Calcium Nitrate
Urea
Sludge

298

12
10
783
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