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ABSTRACT

Heavy metal contamination of soil is a concern in society today. However, there is

a lack of suitable methods to predict consistently the bioavailability andmobility of heavy

metals in the soil environment. A series of laboratory and growth chamber experiments

were conducted to investigate the use of ion exchange membranes as heavy metal

accumulators, to monitor heavy metal bioavailability and mobility in soils, and to speciate

heavy metals into "labile" and "nonlabile" pools in contaminated soils.

A method based on the use of ion exchange resin membranes, impregnated with the

chelating agent DTPA, was developed and assessed. Anion exchange membranes were

treated with disodium-DTPA to form a chelating cation exchange membrane referred to as

AEM-DTPA. The chelate-impregnated membrane has high selectivity to complex and

exchange with polyvalent metal cations in soil environments. A burial procedure was

developed in which an AEM-DTPA membrane strip is buried directly in soil at saturated

moisture condition for 60 minutes. Removal of the adsorbed metal ions from the resin

membrane was accomplished by elution with 20 mL of 1 N HCI for 60 minutes. Metal

concentration in the eluent was then determined by atomic absorption spectrophotometry

(AAS).

Four plant non-essential metals: Cd, Cr, Ni and Pb, which are of great concern as

metal contaminants in sewage sludge and other waste products applied to land, were

studied in a growth chamber experiment with three representative crops and two soils,

using the AEM-DTPA as a biotoxicity indicator. Correlation analysis between Cd and Ni

availability as given by the newly developed membrane burial method and Cd and Ni

concentration in the three representative crops (radish, lettuce and oats) indicated that buried

AEM-DTPA membrane could be used as a sensitive indicator of Cd and Ni toxicity in

polluted soil environments. The Cr and Pb availability predicted by the membrane burial
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method was also significantly correlated to Cr and Pb concentration in radish and lettuce

leaves and was significantly correlated with heavy metal spike rate and the conventional

DTPA soil test. The critical levels for heavy metal toxicity varied widely from crop to crop,

and soil to soil. Lettuce was more sensitive to heavy metal toxicity than radish and oats.

The critical levels ofDTPA-extractable Cd and membrane-adsorbed Cd corresponding to a

10% reduction in dry matter yield were 1.1 mg kg! and 0.02 ug cnr-', respectively for

lettuce grown on the Asquith sandy loam soil and 2.3 mg kg-l and 0.03 ug cm-2,

respectively for lettuce grown on the Keatley clay loam soil.

The AEM-DTPA membrane was also tested for its suitability in routine plant tissue

testing. The resin method successfully predicted Cd and Cr concentration in radish leaves

and was correlated with Cd and Cr spike rate, but failed to predict Ni and Pb concentration

in radish tissue and all four metals in lettuce and oat tissue.

The AEM-DTPA membrane accumulates Cd, Cr and Pb cations from soil in a

manner indicative of diffusion-controlled phenomena. The quantities of the four metals

adsorbed by the resin membrane from standard solutions indicates that the AEM-DTPA

resin membrane has the highest affinity for Pb. However, when the AEM-DTPA

membrane was burled in the soil, the membrane showed the highest uptake of Ni. Overall,

the AEM-DTPA membrane accumulates heavy metals as a sink or a dynamic exchanger

during long-term burial, as regulated by properties controlling metal diffusion through soils

and the solubility of the metal in the soil.

The potential advantages of using AEM impregnated with DTPA in a soil-burial

application are twofold: (1) the method is based on fundamental chemical and kinetic

principles that are operative in metal movement and adsorption in the rhizosphere; and (2)

the method can eliminate soil sampling, drying, grinding, and the associated

physicochemical changes resulting from sample handling. The disadvantages of the AEM

D1PA method are: 1) a fmite adsorption capacity which may lead to resin saturation in

highly contaminated soils; 2) the exchange sites could be blocked by hydrophobic
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compounds; and 3) the release and/or degradation of the chelating agent could be a problem

for long term burial.

Ion exchange membrane was also evaluated as a tool in assessing heavy metal

speciation in soils. By using a sequence of strong acid and weak-acid cation-exchangers
(H+ and Na+ form) and chelating agent, extractable metals can be determined at pH values

ranging from 3 to 9. The total soluble metal content of Cd, Cr, Ni and Pb in the

contaminated soils was subdivided into (i) low-pH labile, (ii) weak-acid labile, (iii) weak

base labile, (iv) high-pH labile and (v) non-adsorbable forms using cation and anion

exchange membranes. In the procedure developed, soil suspensions are mixed for 12 h

with different types of resin membranes and the cations transferred from the soil are

subsequently eluted from the membranes using 1 N RCI. The HCI extracts are then

analyzed for Cd, Cr, Ni and Pb. Analysis of the aqueous phase left in contact with the soil

residue gives the amount of non-labile species released. Low pH labile fraction constituted

the largest proportion of the added metal in poorly buffered (sandy) soils. Weak acid and

base labile fractions were typically highest in highly buffered soils. Clearly, metal

contaminated soils most likely to cause environmental damage are sandy textured soils

subject to acidification, although the production of chelating substances by roots and

microorganisms may also mobilize considerable quantities ofmetal in soils of high clay

content.

The cation exchange membrane and AEM-DTPA membrane were tested to see

whether they can be used as heavy metal collectors and determine the extent of metal

leaching. In contaminated soils, neither CEM nor AEM-DTPA membrane could be used as

heavy metal collectors in long-term burial trials. Anion exchange membrane pretreated with

DTPA increased the leaching of Cd, Ni and Zn from the soil, probably due to the release of

chelating agent from the membrane when buried longer than 24 h. Small amounts of

chelating agent released from the membrane slightly acidify the test medium, and increase

the solubility and mobility of these metals in the soil.
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1. INTRODUCTION

Heavy metals can be added to soil in a variety of ways, including addition of

sewage sludge and phosphogypsum as soil amendments, in the form of agrochemicals, and

as accidental additions such as occur in metal mining and smelting. Recently, there has

been much concern about the accumulation in soils of heavy metals which are not known to

be essential for general plant growth, such as Cd, Cr, Ni and Pb. This necessitates the

development of improved methods to assess the bioavailability of heavy metals to plants

and their toxicity and accumulation potential. A number ofmethodologies for assessing

bioavailability of heavy metals from soil are currently in use, including extraction with

dilute acids, chelating agents, and neutral salts (Risser and Baker, 1990). However, these

methods are only successful in estimating heavy metal bioavailability under restricted soil

conditions. None of these methods is able to predict consistently the bioavailability of

several metals in soils of various physical and chemical properties (Adams and Kissel,

1989). Many methods are specific to one element, relevant only to specific crops and may

be restricted to use for particular soil types.

Plant tissue analysis gives an indication of the uptake or availability of heavy metals

in soils as well as defining the plant's own metal load, which is important when the plant is

ingested as food. Above certain critical levels of heavy metal in plant tissue, yield, quality

and animal or human health may be affected. Concentration of toxic metals in plant

materials requires careful monitoring because potentially dangerous levels may be reached

in the plant food diet of animals or humans without any evidence of deleterious effects on

the plants. Plant tissue analyses may be classified into two groups: those measuring the

total element in tissue and those measuring only the active ion forms (Huang et al., 1992).

The latter approach, as suggested by Jones (1991), is often more sensitive to bioavailability

and may be a better measure of element bioavailability than total concentration. The method

ofmeasllling the active, ionic form has been evaluated recently and was found to predict
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successfully the K and S status of legumes (Huang et al., 1992). However, none of these

methods has been used to determine the bioavailability of heavy metals in plant tissue.

Another approach to estimating heavy metal bioavailability in polluted soils is to

introduce a strong sink for soil metals to react with. Such a method is chemically less

destructive to the soil and its reaction with the soil resembles the way plant roots extract

elements from the soil. Ion exchange resin in both bead and membrane form have been

used successfully in extracting available nutrient elements from soils (Amer et al., 1955;

Schoenau and Huang, 1991a,b; Qian et al., 1992; Skogley, 1992). Ion exchange

membrane may be an efficient and effective means of removing or adsorbing bioavailable

metals from soils. However, only a few workers have attempted to extract metals from

soils using ion exchange resins. For example, Hendrickson and Corey (1983) and Turner

et al. (1984) used chelating cation resins to study metal adsorption and soluble metal

complexes. Lee and Zheng (1993) used chelating resin membrane to estimate soil Cd

bioavailability and found that Ca-chelex membrane extraction is an appropriate method for

estimating Cd phytoavailability in soil and is applicable to a wide range of soils. However,

the texture of the chelating resin membrane is not suitable for direct soil burial, and the

membrane has to be retained inside a plastic bag during the extraction.

A better approach to assessing relative availability and toxicity of the heavy metals

Cd, Cr, Ni and Pb in soil-plant environments may be possible by using ion exchange

materials to remove metals from soil and plant tissue. Anion exchange membranes

saturated with chelating agents could have a selective ability to adsorb metal ions, similar to

the action of plant roots. Burying the ion exchange membrane strip directly into soil can

avoid potential contamination, and physical and biochemical changes associated with soil

sampling and preparation, as well as measuring both the solution eqUilibrium level and the

element supplying power of each soil under field conditions. Such methods could enable

more efficient environmental monitoring of potential toxicity and mObility of heavy metals
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in the environment. Examples of soils in Western Canada where metal toxicity is of

concern include waste disposal sites, metal mine spoils, and battery disposal sites.

Furthermore, it is especially important that measured fractions be environmentally

significant in terms of bioavailability, toxicity and mobility. In most biological systems

metals are taken up as free ions rather than directly from complexes. As a result, the sum

of the concentrations of a given metal in the free ion state and in the form of very mobile

complexes is an important indicator of bioavailability and toxicity. Among the methods

available to determine this value, anodic stripping voltammetry and ion exchange

chromatography are probably the most widely accepted (Figura and McDuffie, 1979, 1980;

Smith and Chang, 1980). These methods subdivide the soluble metal into very labile,

slowly labile, total labile and inert based upon results of anodic stripping voltammetry,

batch ion exchange, and determination of the total soluble metal after digestion. However,

these methods take 2 to 3 days and require several tedious analytical steps.

More recently, ion exchangers have been used to examine metal lability in

sediments (Beveridge et al., 1989; Slavek et al., 1990). Through variation in the nature of

the functional group and/or counter-ion, some degree of selectivity may be feasible.

Theory suggests that the introduction of different types of ion exchange membranes, which

will yield a different system pH and/or cation affinity, should allow sub-division of the

total soluble metal content of a soil/sediment into a number of categories.

The objectives of this study, therefore, were:

(1) To develop a methodology for use of ion exchange resins as an index of heavy metal

bioavailability and potential mobility in soils;

(2) To determine the mode of action and mechanisms by which ion exchange resin can

remove metals from the soil environment;

(3) To establish diagnostic criteria for heavy metal toxicity in three crop types;

(4) To examine the use of resin membranes for labile metal speciation in soil and in

monitoring heavy metal mobility.

3



2. LITERATURE REVIEW

2.1 Sources of Heavy Metal Pollution in Soils

Heavy metal pollution of soils can result from agricultural sprays, fertilizers and

industrial waste products used as soil amendments. This is termed advertent pollution.

The other source of added metals in soils are those sources incidental to modem society,

such as factory and power station emissions, which are often beyond local control, and

termed inadvertent pollution (Figure 2.1). The anthropogenic emissions of heavy metals

into the atmosphere appreciably exceed natural emissions of Cd, Cu, Ni, Pb and Zn.

ADVERTENT INPUTS INADVERTENT INPUTS

Waste products
Sewage sludge
Phosphogypsum

Fertilizers Agrichemicals Urban
Industrial

Fossil Fuels
Motor Vehicles

Organic
Manures
Irrigation

Mining, Smelting
Metal Processing

/ '\.
..__A_n_i_m_a_1___,+-----II...�I Human

Figure 2.1 Heavy metal pollution of the soil-plant-animal system (from Tiller, 1989)
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2.1.1 Deliberate Inputs to Agricultural Soils

Many additions of heavy metals to agricultural lands are farmer initiated. Practical

alternatives are often not possible because economic production depends on the use of the

available agricultural chemicals and fertilizers, waste products as soil amendments, organic

manures, and irrigation water with their associated incidental content of heavy metals

(Table 2.1).

Agricultural Chemicals Metal-containing sprays can be amajor means of

contamination of agricultural soils with heavy metals. In several countries, copper levels of

about 1000 mg kg-I have resulted from extensive use of Bordeaux sprays (Tiller and

Merry, 1982), while use of lead-arsenate sprays has led to soil levels of at least 500 mg Pb

kg-I and 100 mg As kg! (Freedman and Hutchinson, 1981; Merry et al., 1983). Annual

accumulations of Cu, Pb and As in Australian orchard soils were estimated at about 4, 5

Table 2.1 Typical ranges of heavy metal concentrations in fertilizers, pesticides, sewage
sludges, farmyard manure, and phosphogypsum (PG)(based mainly on
Kabata-Pendias and Pendias, 1992).

Metal phosphate nitrate pesticides sewage farmyard PG
fertilizers fertilizers sludge manure

------------------------------------- mg kg-l -------------------------------------

As 2-1200 2-120 22-60 3-30 3-25 0.5-3.0

Cd 0.1-170 0.1-8.5 1-3410 0.1-0.8 1-2

Co 1-12 5.4-12 1-260 0.3-24 10-26

Cr 66-245 3.2-19 8-40600 1.1-55 0.1-1

Cu 1-300 0.5-15 12-50 50-8000 2-172 <10-70

Hg 0.01-1.2 0.3-2.9 0.8-42 0.1-55 0.01-0.4 <0.05

Mo 0.1-60 1-7 1-40 0.1-3 <1-2

Ni 7-38 7-34 6-5300 2.1-30 5-15

Pb 7-225 2-27 60 29-3600 1-27 3-10

Zn 50-1450 1-42 1.3-25 91-49000 15-566 20-100
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and 1 mg kg-I, respectively, that is, about three orders ofmagnitude higher than the

accumulation rate of Cd from phosphatic fertilizers under European and Australian

conditions (2-4 g ha-1 yr1). In Ontario, Canada, such pesticides are the major source of

soil contamination through agricultural practices, particularly in fruit growing areas, where

sprays have been frequently used to combat fungal pathogens (Frank et al., 1976a,b).
Frank et al. (1976a) found concentrations of up to 890 mg Pb kg-l and 126 mg As kg-l in
surface soils in a survey of 31 apple orchards. These metals originated from the use of lead

arsenate pesticides over time periods of up to 70 years. In their study, the soil metal

concentration showed a strong relationship with orchard age. The main hazard for humans

from the contamination of horticultural soil is not usually from existing crops, but rather in

relation to new use of the soil after orchard or vineyard clearance.

Fertilizers andmanures In general, the heavy metal contents of commercial

fertilizers are relatively low compared to sewage sludge (Table 2.1), and their application to

agricultural lands results in low metal additions. Whitby et al. (1977) presented data on

metal loading rates for six agricultural watersheds in southern Ontario, Canada, and found

much lowermetal inputs from the use of fertilizers than from atmospheric loading, or from

sludge or manure applications. Mortvedt (1987) reported that normal application of P

fertilizers in the United States during the last 50 years has not increased Cd concentration in

their main cereal crops and in soybean. However,Williams and David (1973) showed that

for Australian fertilizers the Cd and phosphate contents were closely correlated and a

considerable increase in Cd content of topsoil following continued heavy use of

superphosphate. Goodroad (1979) reported that long-term use of inorganic phosphate

fertilizers adds substantially to the natural levels of Cd in soils, whereas other elements do

not increase significantly. The current hazard from Cd in phosphatic fertilizer appears

minimal, but Cd in soils and plants may require monitoring when heavy application of

superphosphate from some sources is made.

6



Organic manures mainly originate from the wastes and residues of plant and animal

manures. They are rich in water and carbon compounds. The nutrient content of organic

manures can vary widely depending much on their source and moisture content. Most

manures are relatively low in heavy metals because feeds (plant tissue) must be safe for

animals. However, some swine and poultry are fed diets containing up to 250 mg Cu kg!

and 100-200 mg Zn kg-1 to increase feed efficiency in the absence of antibiotic compounds.

The manures from these animals are thus 10-40 times higher in Cu and 4-10 times higher in

Zn than normal (Chaney and Giordano, 1977). Application of these high-metal manures at

normal N fertilizer rates would apply 3-6 kg Cu ha-1 yrl (Davis, 1974). The application of

large quantities of animal manures to agricultural soils could create environmental problems

(Cooper et al., 1984). The mobility of metal ions and phosphate in the soil system may be

affected by the introduction of organic matter as a result of changes in the pH and redox

potential after manure application (Prasad et aI., 1984; Field et al., 1985; Shaviv and Jury,

1986). Although animal manures generally contain low levels of heavy metals, they have a

high ionic strength (1 = 0.5) and contain significant amounts of easily degradable organic

materials (Japenga and Harmsen, 1990; Bril and Salomons, 1990). As such, manure

slurry application to soil may be expected to have a significant effect on heavy metal

solubility.

Sewage sludges Agricultural application of sewage sludge has become a common

practice, for both practical and economic reasons. Depending on the origin and compo

sition, however, sludges contain variable amounts of toxic metals (Table 2.1) as well as

beneficial nutrients (Sommers, 1977; Chang et aI., 1980; Chaney, 1988). Plants grown on

sludge treated soils may accumulate potentially harmful metal elements at elevated

concentrations. For this reason, the heavy metal content of sewage sludges commonly

limits the application of sludges to cropland on both annual and long-term time scales

(Logan and Chaney, 1983; U.S. Environmental Protection Agency, 1989b; Walker, 1989).
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The metals of primary concern to plants, animals, and hutnan health include: As,

Cd, Cr, Cu, Hg, Mo, Ni, Pb, Se, and Zn. Copper, Cr, Zn and Ni are tbe metals most

likely to be toxic to plants from agricultural use of sludge. Of foUr metals toxic to humans

(Cd, Pb, Hg and As), Cd appears to be the greatest threat to the l)uman food chain.

Selenium and Mo appear to be toxic to livestock. As Andersson and Nilsson (1976) have

observed, long-term use of sewage sludge increased the soil leVels of tn, Cu, Ni, Cr, Pb,

Cd and Hg. Of these elements, however, only Zn, Cu, Ni and Cd were increased in cereal

grains grown on treated soils, and Zn, Cu, Cr, and Pb were increased ill cereal straw.

Alloway et al. (1988) investigated more than 20 sites which had received heavy

applications of sewage sludge and found total Cd contents of up to 64.2 rng kg-I, 938 mg
Pb kg+, 1748 mg Zn kg-I, 770 mg Cu kgJ, 333 mg Ni kg-I and 6000:tUg Cr kg-1 soil.

Chumbley and Unwin (1982) found Cd concentrations of up to 16.8 mg kg! dry matter in

lettuce and 8.0 mg kg-I dry matter in spinach grown on soils whiCh had received heavy

applications of sewage sludge for several years with total Cd contents of up to 26 mg kg+.

Mahler et al. (1980) found Cd contents of up to 96 mg kg! dry matter Cd in maize and up

to 53 mg kg-I in Swiss chard on previously sludged soils. Bates (1992) found a livestock

health problem due to toxic Mo levels in soil from sludge use in Ontario. These results

indicated that the heavy or repeated application of sewage sludge to agricultural lands

increased heavy metal contents in both soils and plants which could be serious health risks.

Phosphogypsum (PG) PG is a by-product of the manufacture of phosphoric acid

from phosphate rock by the wet process. Each tonne of P20S in the acid is associated with

the production of 4.6 to 5.2 tonnes of PG (Mays and Mortvedt, 1986). In Canada there are

approximately 70 million tonnes in stacks, of which 40 million tonnes are stored at waste

repositories in Alberta (SENES, 1987) with 1.8 million tonnes being added annually

(McBeath, 1987). Because of its high Ca content, PG can replace natural mined gypsum

as a soil amendment and it has been used for reclamation of sodium-affected soils (Oster

and Frenkel, 1980; Gal et al., 1984; Agassi et aI., 1986) and overall improvement of soil
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physical properties (Agassi et al., 1985; Miller, 1987; warrington et al., 1989). PO has

been applied to highly weathered acid soils in which Ca+Z replaces H+ and neutralizes soil

acidity (Malan, 1988; Sumner er al., 1988; Alva et al., 1990) and is shown to be more

soluble than gypsum (Keren and Shainberg, 1981). However, PG Contains trace elements,

particularly metals, which have been carried over from the primary processing (Mays and

Mortvedt, 1986; Roessler, 1988; Mays and Boyle, 1990). Luther et al. (1993) examined

all the trace element levels in PO and compared these with shale and soil. They found that

the PO was elevated in total content of Ag, Cd, Se and Sf relative to shale or soil.

Although there are no federal regulations limiting the levels of trace elements in PO in terms

of its storage and uses, several studies have been conducted to assess the effect of PO

application on the trace element content in soils and crops (Tracy et al. 1983; Roessler,

1988). They found that trace metal levels in soil and crops were not affected by PO

application. Using rates much higher (up to 112 tonne ha-1) than would normally be used,

Mays and Mortvedt (1986) found that recoveries of Cd in grain from soil treated with PO

often are of the same magnitude or less than in the control and are always a very small

fraction of that added to soil. Thus PO should present no environmental problems when

used at appropriate rates for agricultural purposes (0-10 tonne ha+).

2.1.2 Inadvertent Transfers to the Soil-Plant-Animal System

Some of the major inputs of pollution to agricultural land are beyond the control of

farm managers and can only be regulated by government. The main sources involved are

smelters, metal processing works, power stations, refuse incinerators, and emission from

motor vehicles. These are mainly point sources. Metalliferous and coal-mining activities

also pollute lands as tailings and dumping of metal-rich overburden can result in very

localized soil pollution problems. The mobilization of heavy metals from smelter and mine

spoil by transport with seepage waters or by windblown dust may also be an important

source of soil contamination in some industrial regions (Buat-Menard, 1984).
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2.2 Heavy Metals in Soils

2.2.1 Concentration in Agricultural Soils

The total metal content of an agricultural soil is the result of inputs ofmetal from

several sources (parentmaterial, atmospheric deposition, fertilizer, agrochemicals, organic
wastes and inorganic pollutants) minus losses ofmetal removed in crop materials, and from

leaching and volatilization. The "normal concentration" of heavy metals in soils are of great

interest as background values are needed for any assessment of the degree of soil

contamination. The global smear of pollution means that true background conditions

hardly exist anywhere; therefore, the concept of a pristine state with reference to heavy

metals needs to be applied in a relative sense.

Considerable information is available concerning background concentration of

heavy metal in soils. Kabata-Pendias and Pendias (1992) andWebber (1992) presented the

most comprehensive reviews on such information for different soils in different countries.

An example of such information is presented in Table 2.2. It is apparent that soils exhibit a

wide range of background heavy metal concentrations. These data give approximate

information on possible concentrations of trace elements in uncontaminated soils.

Table 2.2 Comparison of background heavy metal concentrations in soils (Webber, 1992).

Metal Canada Alberta Manitoba Ontario Quebec UK Denmark Germany Ohio(USA)
----------------------------------------- mg kg-1 ----------------------------------------------

Cd 0.1-8.1 0.4±0.3 0.4-1.7 0.1-8.1 0.7 0.5 0.25 0.2 0-2.9

Cr 10-100 14-33 13-46 50 11.5 30 4-23

Cu 2-144 4.7±1.3 10-61 2-144 48 20 13.2 30 11-37

Ni 1-119 6.5±2.8 18-58 1-119 26 25 6.0 30 9-38

Pb 5-50 5.7±0.6 7-23 1.5-50 23 50 16.3 30 9-39

Zn 5-350 26±21 63-350 5-162 77 80 27.5 50 47-138
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2.2.2 Transport in Soils

Transport of heavy metals in soils may occur in dissolved or suspended form, or

through plant roots, and associated with soil organisms. Transport of dissolved

compounds may take place through the soil solution (diffusion) and also with the moving
soil solution (mass flow, leaching). When aqueous concentrations of heavy metals are of

the same order as of competing cations, adsorptive interactions are generally successfully
described by the ion-exchange equations commonly used in soil science for alkali and

alkaline earth metals (Bolt, 1967). At low concentration, however, heavy metals are often

strongly preferred over alkali and alkaline earth metals, and this preference increases with

decreasing coverage by heavy metals of the cation-exchange complex. At low

concentration, adsorption of heavy metals by soils has been described successfully with

Langmuir or Freundlich (Sidle et al., 1977; Kinniburgh et al., 1983; Kinniburgh, 1986;

Swartjes et al., 1992) adsorption equations.

2.2.2.1 Diffusion

The process of diffusion results from the random thermal motion of ions, atoms or

molecules (Nye and Tinker, 1977). When a concentration gradient exists, there is greater

movement from the zone of higher concentration to the zone of lower concentration than the

reverse. Hence, net movement occurs toward the zone of lower concentration until the

concentration has been equalized. The rate of diffusion is expressed by the diffusion

coefficient. Fick's first law of diffusion, describes the steady state diffusive flux F in umol

per time unit:

F= -D dC/dx [2.1]

where F is the flux, and dCldx is the concentration gradient across the section. The minus

sign arises because movement is from high to low concentration in the direction of

increasing x. The diffusion coefficient, D, is defined in this equation as a coefficient

relating two quantities, F and dCldx, which can be measured experimentally.
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Diffusion is either salt diffusion, where a cation and an anion diffuse together, or

counter diffusion, where one cation diffuses in one direction, and a counter cation diffuses

in the opposite direction in order to maintain charge balance. In counter diffusion, ions

may be labeled isotopically so that the counter ion is the same as the diffusing ion except
for the isotopic label. Diffusion coefficients measured in this manner are called self

diffusion coefficients. Self-diffusion coefficients are frequently measured in soils (Pinner

and Nye, 1982; Staunton and Nye, 1983, 1987, 1989a,b; Nye and Staunton, 1994)

because the experimental techniques and the treatment of results are simpler than for salt

diffusion (Nye, 1966).

Fick's law was developed for diffusion through a uniform medium, such as water

or air. In a medium as heterogeneous as soil a more fruitful approach is to treat the soil as a

quasi-homogeneous body to which Fick's first law may be applied. This is legitimate as

long as we are concerned with diffusion between volumes large enough to average over

microscale variations of particle and pore size (Nye, 1977). Viewed on a macroscale,

diffusion of solutes in soils depends on the concentration gradient, soil water content, the

extent to which interaction with soil surfaces retards movement. Such values of the

diffusion coefficient are called effective diffusion coefficients (De), because ion movement

is at the rate that would occur if the soil were a uniform medium and the diffusion

coefficient of the nutrient were the size of the effective diffusion coefficient (Barber, 1984).

Nye and Tinker (1977) have used equation [2.2] to calculate effective diffusion

coefficients of ions such as K+ from readily measured soil parameters:

De = DI (J II acvac, [2.2]

where De is the effective diffusion coefficient in soil, DI is the diffusion coefficient of the

solute in free solution, (J is the volumetric moisture content,fi is the tortuosity or

impedance factor that can be measured using nonadsorbed ions, and dClldCs is the

reciprocal of the soil buffer power for the ion in question. Values offi depend on soil

texture, soil bulk densities, and soil moisture.
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An ion in water with aD/ of lxl0-5 cm2 s-l would thus move 1.3 em in one day.

An ion in the soil such as K+, with aDe of lxl0-7 cm2 s�l would move only 0.13 ern and

an anion like H2P04- with a De of lxlO-lO cm2 s-l would move only 0.004 ern in one day

(Barber, 1984). These distances are important in determining the amount of soil solutes

that may be close enough to reach the root by diffusion during the growth of the plant or a

buried ion exchange membrane during the burial period.
2.2.2.2 Adsorption isotherms

Traditionally. the adsorption of ions by soils has been quantitatively described by
either the Langmuir or the Freundlich adsorption isotherms. The Langmuir equation is

commonly used for describing solute sorption in soils and the Freundlich is most often

used for heavy metal sorption.

LangmuirAdsorption Equation Langmuir developed an equation for adsorption of

gases as amonomolecular film on a plane surface having only one kind of elementary space

(Langmuir, 1918). It is further assumed that the binding of a molecule on anyone

elementary space was independent of the binding on the remaining elementary spaces.

When the Langmuir adsorption equation is applied to adsorption of ionic species in soils,

therefore, one must remember that (a) adsorption sites with a net charge are never empty,

but always associatedwith ionic species in solution to compensate the charge, (b) a whole

range of adsorption sites is to be expected in soils, and (c) interactions among particles in

the adsorbed phase cannot be ruled out and thus the free enthalpy of adsorption may

depend upon the composition of the adsorbent.

The Langmuir adsorption equation as used in soil science can be represented as

follows:

[2.3]

where Q is the moles of component i adsorbed per unit mass of adsorbent, C/ is the

aqueous concentration of component i, B is the adsorption maximum, and K is an affinity
parameter related to bonding energy.
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The equation can be rearranged to give

CIIQ = IIKB + CIIB [2.4]

Thus a plot of CIIQ versus C; gives a straight line with slope of liB and intercept IIKB if

the data follow this equation. In the Langmuir equation, CIIQ is the reciprocal of the soil

buffering power when expressed in volume units.

This equation is easy to use for soils because both K and B can be determined by

experiment and thus the amount adsorbed at any input can then be estimated (De Haan and

Zwerman, 1979). The adsorption maximum B agrees with experimental findings that

metals are held less strongly as adsorption increases. In some polluted soils, there is a

possibility that adsorption sites could become saturated at high metal concentrations.

Harter and Smith (1981) pointed out that several boundary conditions and

limitations of the original equation development and of its adaptation to exchange reactions

at solid solution interfaces have been forgotten. Veith and Sposito (1977) demonstrated

that the equation cannot differentiate between adsorption and secondary precipitation and

concluded that the Langmuir parameters will have no particular chemical meaning unless it

is independently shown that only adsorption occurs. Yet, Klotz (1982) points out dangers

in estimating sorption maxima from sorption data which do not approach the maxima.

Harter (1984) stated that a better test of fit is to ascertain whether the adsorption isotherm

has the shape of the equation model. When isotherms do not have the correct shape and

only low concentration data is used, the equation can provide estimates which could be in

error by 50% or more. Despite these and other identifiable limitations, the Langmuir

equation continues to be useful for empirical description of data.

Freundlich Adsorption Equation The Freundlich adsorption equation is an

empirical relation between the amount of adsorbed substance and the aqueous concentration

of the substance (Freundlich, 1926). The Freundlich adsorption isotherm has the form

Q = eCf or log Q = log e + d log C{ [2.5]
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where Q is amount adsorbed, C[ is the concentration in solution, and e and d are empirical

parameters that vary from soil to soil. The Freundlich equation has been widely used in

soil science to describe the adsorption of trace amount of ionic and non-ionic species in

soils. Garcia-Miragaya and Page (1978) and Street et aL (1977) found that equation [2.5]

gave a good description of trace Cd adsorption by both clay minerals and soils, whereas

Benjamin and Leckie (1981) found the same for the trace adsorption of Cu, Zn, Cd, and Pb

onto amorphous iron oxyhydroxide. This equation has the drawback of not including an

adsorption maximum (De Haan and Zwerman, 1976).

Neither of these equations provides much information on the adsorption
mechanisms involved, and both assume a uniform distribution of adsorption sites and the

absence of any reactions between adsorbed ions. Nevertheless, both Langmuir and

Freundlich equations are still generally considered to be useful and many workers have

found that their data fitted these isotherms. De Haan and Zwerman (1976) have used a

simplified sorption equation for specific conditions, based on the Langmuir and Freundlich

equations:
Q=K�O [2.6]

where Kd, expressed as L kgJ, is the distribution constant corresponding to the slope of

the isotherm, and Co is the equilibrium concentration of the adsorbing compound once

adsorption has been established. The distribution coefficient (Kd) is a useful parameter for

comparing the sorptive capacities of different soils or materials for any particular ion (when

measured under the same experimental conditions):

amount sorbed per unit weight of soil (mg kg-I)
[2.7]KJ-----

amount in solution per unit volume of liquid (mg L-1)

Recently this partition coefficient (Kd) has been used to predict movement of dissolved

solutes in soils and assess environmental impacts (Sheppard et al., 1987; Sheppard and

Evenden, 1988; Thibault et al., 1990; Sheppard and Thibault, 1991). The Kd model

assumes sorption is independent of the concentration of the element in the liquid phase
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(Sheppard et at, 1987). A negative slope implies that sorption is dependent on the element

concentration in liquid phase. In this case, the nonlinear Freundlich isotherm, which

describes the first-order solid to liquid concentration relationship is a better sorption model

than Kd.

Affinity ofadsorbentsfor different metals The relative affinity that a given metal

cation has for a soil adsorbent depends in a complicated way on soil solution composition.
However, for a first approximation, the selectivity of a soil for an adsorptive metal cation

can be rationalized in terms of inner-sphere and outer-sphere surface complexation and

diffuse-ion swarm concepts (Sposito, 1989). For the inner-sphere surface complexes in

which no molecule of the bathing solvent (water) is interposed between the surface groups

and the ion or molecule it binds, the electronic structures of the metal cation and surface

functional group are important, whereas for the diffuse-ion swarm only the metal cation

valence and surface charge should be critical to determining adsorption affinity. The outer

sphere surface complexes, in which at least one molecule of the solvent comes between the

functional group and the ion, are usually electrostatically bonded and are the equivalent of

the cation exchange reaction. They are less stable than inner-sphere complexes, which are

equivalent to the specifically adsorbed and organically chelated metal ions.

As a rule of thumb, the relative affinity of a soil adsorbent for a free metal cation

will increase with the tendency of the cation to form inner-sphere surface complexes. For a

series of metal cations of a given valence, this tendency is correlated positively with the

ionic radius. The relative adsorption affinity can be established based on ionic radius:

Hg2+ > Cd2+ > Zn2+» Ba2+ > Sr2+ > Ca2+ > Mg2+» Cs" > Rb+ > K+ > Na+ > Li+.

For transition metal cations, however, ionic radius is not adequate as a single predictor of

adsorption affmity, since electron configuration plays a very important role in the

complexes of these cations. The relative affinities of these divalent metals tend to follow

the order: Cu > Ni > Co > Fe> Mn (Sposito, 1989).

16



The order of selectivity for metals also differs with adsorbent materials and in the

case of hydrous oxides, variations also occur for different oxide minerals. The selectivity
of soil constituents for divalent metals generally follows the order: montmorillonite: Ca >

Pb > Cu > Mg > Cd > Zn (Bittel andMiller, 1974); Cd = Zn > Ni (Pulls and Bohn, 1988);

illite: Pb > Cu > Zn > Ca > Cd > Mg (Bittel and Miller, 1974); kaolinite: Pb > Ca > Cu >

Mg > Zn > Cd (Bittel and Miller, 1974) and Cd> Zn > Ni (Pulls and Bohn, 1988); Fe

hydrous oxides: ferrihydrite - Pb > Cu > Zn > Ni > Cd > Co > Sr > Mg (Kinniburgh et al.,

1976), haematite - Pb > Cu > Zn > Co > Ni (Mackenzie, 1980), goethite - Cu > Pb > Zn >

Co> Cd (Forbes et al., 1976); mineral soil: Pb > Cu > Zn > Cd> Ca (Harmsen, 1977);

peat: Pb > Cu > Cd = Zn > Ca (Bunzl et al., 1976).

The relative selectivity for metal cations can be largely explained in terms of the

Lewis hard-soft acid-base principle (Pearson, 1963, 1966; Mattigod et al., 1981). This

principle groups the metal ions (Lewis acids) and ligands (Lewis bases) into 'hard', 'soft',

and 'borderline' categories. The theory stated that the hard Lewis acids prefer to react or

complex with hard Lewis bases, and soft acids prefer soft bases. The term 'hard' indicates

a high electronegativity, low polarizability and small ionic radius and 'soft' implies the

opposite of these. Softer cations in soil solution tend to replace harder cations. Hard

Lewis acids include: (H+), Li+, Na+, K+, Cs+, Mg2+, Ca2+, Sr2+, Ti4+, Cr3+, Mn3+,

Fe3+, C03+. Soft Lewis acids include: Cu+, Ag+, As+, Cd2+, Hg2+. Borderline metals

include: Fe2+, Cr2+, Cu2+, C02+, Ni2+, Zn2+, Pb2+. Water is a very hard base, clay

minerals behave as soft bases and Fe oxides are hard bases. Consequently, clay minerals

show a preference for Cd, relative to Zn or Ni, which are comparatively hard and are

preferentially adsorbed by Fe oxides, which are harder bases (Pulls and Bohn, 1988). The

siloxane detrigonal cavity adsorption sites on montmorillonite are harder than the hydroxy

functional groups on the edge of kaolinite crystals which show a preference for the soft

acid Cd2+ (Pulls and Bohn, 1988).
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The presence of complex-forming ligands in the soil solution complicates the

prediction of relative metal cation adsorption affinity. Generally, if the ligand has a high

affinity for the metal and forms a soluble complex with low affinity for the adsorbent, the

presence of the ligand will decrease the metal adsorption. However, if the soluble complex
ofmetal-ligand has a high affmity for the adsorbent or the adsorbed ligand has a high

affinity for the metal, the presence of the ligand will enhance the metal adsorption. If the

ligand has a low affinity for the metal and the adsorbent, the presence of the ligand has little

effect on the adsorption of the metal (Sposito, 1989). It is apparent that the prediction of

selectivity sequences formetal cations in soil solutions will depend on quantitative
information about the different pathways to adsorption for each metal-ligand combination.

2.2.3 Key Factors Controlling Bioavailability
Soil pH

The soil reaction is the dominant factor controlling the chemical behavior ofmetals

and many related processes in the soil. Most authors have found that the bioavailability of

metals to plants in polluted soils decreases as the pH is increased either by liming or

applying calcareous sludges. Page et al. (1981) reported that the Cd content of Swiss

chard leaves increased 2 and 4 fold when the soil pH was reduced from 7.4 to 4.5.

Jackson and Alloway (1991) found that liming 18 different heavily sludged soils from pH
5 to 7 reduced the Cd content of cabbages grown on them by an average of 43% and the Cd

content of lettuce by an average of 41%. Street et al. (1977) found that the Cd

concentration in maize plants was decreased more than 70% when the soil pH was

increased from 5.7 to 7.8. Tadesse et al. (1991) showed that increasing the pH of the soils

for both sludge and inorganic salt (as sulfate salts) treatments generally decreased the tissue

concentration of Zn, Cu, Cd and Ni. Bingham et al. (1986) reported that the uptake of Cd

by rice decreased when the pH was increased from 5.5 to 7.5, and that wheat showed a

similar response. Andersson and Nilsson (1974) found that the addition of CaO to soils
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reduced the uptake of Cd by fodder rape due to both an increase in pH and to competition
between Ca2+ and Cd2+ ions. The increased activity of Cd2+ with decreasing pH, is partly
due to the dissolution of hydrous oxides and their co-precipitated metals, and reduced

adsorption on colloids due to a decreased pH-dependent negative charge. Findings

presented by Gamble (1986) showed that sorption ofmost metals increased greatly when

pH increased from 2.4 to 5.8.

Unlike most other authors, Pepper et al. (1983) did not find that liming reduced the

uptake of Cd by silage maize on either a silt loam or a fine sandy loam. Lubben and

Sauerbeck (1991) reported that liming decreased only the Cd, Zn and Ni content in spring
wheat, but no significant changes in uptake were found for Cu, Pb and Cr. Jackson and

Alloway (1991) found that liming did not reduce the Cd and Zn concentrations in peeled

potato tuber. Although the fmdings are not all consistent, in most cases, it is generally
found that manipulation of soil pH is the most effective and rapid method of controlling the

bioavailability of heavy metals in soils (Davis, 1984; Jackson and Alloway, 1991).

Because of the importance of soil pH, along with CEC, in the availability ofmetals to

crops, federal and state regulations in U.S. strongly emphasize that the pH of the solid

waste and soil mixture should be 6.5 or greater at the time of each solid waste application

(USEPA, 1989b). For soils with a background pH of less than 6.5, the pH of the solid

waste and soil mixture is adjusted to and maintained at 6.5 or greater whenever food-chain

crops are grown.

Speciation

Total analysis may give information concerning possible enrichment of the soil with

heavy metals, but formost elements it is not a sufficient criteria for estimating their

biological effects. Instead it is the chemical species or form of a metal in soil and sediment

that determines bioavailability and behavior in the environment.

Speciation of heavy metals in soils can be defined in number of ways: functionally

defined (e.g., plant-available species); operationally defined (e.g., by sequential
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fractionation); and as specific chemical compounds (e.g., methyl mercury) (Kersten and

Forstner, 1989). Metal speciation can also theoretically be determined by thermodynamic

calculations (Sposito and Page, 1985). Most recently, Beveridge et al.(1989) and Slavek et

al. (1990) used different types of ion exchange resins to study the lability of heavy metals

in sediment. They stated that introduction of different types of ion exchangers, which will

yield a different system pH and/or cation affmity and simulate the field conditions, should

allow sub-division of the total metal content of a soil/sediment into a number of labile and

nonlabile fractions.

Sequential extraction schemes have been used extensively (Stover et al., 1976;

Tessier et al., 1979; Shuman, 1985; Rappaport et al., 1988; Rauret et al., 1989; Sims and

Kline, 1991; Ramos et al., 1994). The procedure of Tessier et al. (1979) is the most

widely used speciation scheme (Calvet et al., 1990; Pardo et al., 1990; Vicente-Beckett et

al., 1991). Generally, these schemes use a sequence of reagents of increasing reactivity in

the dissolution process. These reagents are known to provide a means by which to identify

plant-available forms of heavy metals in soils (Lake et al., 1984; Kheboian and Bauer,

1987; Martin et al., 1987). The total metals in soils are partitioned into fractions defmed as

soluble, exchangeable, adsorbed, organic-bound, precipitated, oxide-bound, occluded and

residual, and the metals in these fractions correlated with plant concentrations or uptake.

Depending on physicochemical characteristics of the soil, and the nature and

concentration of the metal, the deviation between the results obtained by different speciation

methods may be considerable. For example, Tills and Alloway (1983), using liquid

chromatography, found that the free ion Cd2+ predominated in soils polluted from several

different sources, with neutral species, such as CdS04 or CdC12, present in increasing

amounts where the pH was greater than 6.5. Only around 13% of the total Cd in the soil

solution was found to be organic-complexed. Dudka and Chlopecka (1990), using

sequential extraction, found that in sludged light loam soils, 40% of the total Cd was

associated with minerals as residual fraction, 18% was bound to hydrous oxides, 14% was
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held by organic matter, and only 15% was easily mobile as water soluble fraction. Mullins

and Sommers (1988), using GEOCHEM, predicted that 55% of the Cd would be present

as free metal ions in the solution of a soil sludged 5 years previously. The application of

sludge tended to increase the organic and carbonate fractions (Sposito et aI., 1982). They

found that at the highest rate of sludge application, the predominant forms of Cd were

associated with carbonate. Bolton and Evans (1991) using SOILCHEM, predicted that

humic acid and chloride complexes dominated the aqueous chemistry of Cd in landfill

leachate. These results indicate that different methods of determining metal speciation can

indicate quite different distribution patterns in soils, making the comparison of results from

different methods very difficult.

Chromium may exist in a number of oxidation states, but the most stable and

common forms are Cr (ill) and Cr (VI). Chromium (VI) exists as an anion, and is more

readily extracted from soils than Cr (lIT) and is considered the more toxic form. Chromium

(ill) on the other hand, is much less mobile and adsorbs to particulates more strongly. The

solubility of Cr (lIT) decreases above pH 4 and above pH 5.5 complete precipitation

occurs. Chromium (VI), with its high positive reduction potential, is a strongly oxidizing

species, and in the presence of soil organic matter Cr (VI) is reduced to Cr (ill) (Bartlett

and Kimble, 1976a,b; Grove and Ellis, 1980; Bartlett and James, 1988). Reduction is

more rapid in acid than alkali soils (Cary et al., 1977a,b). Thus in the majority of soils, the

relatively insoluble and less mobile Cr (ill) form predominates and it generally occurs as

insoluble hydroxides and oxides (Cary et al., 1977a,b; Grove and Ellis, 1980). In sludge

amended soils, very stable organic complexes account for the extremely low availability of

the element. However, complexing Cr (ITI) with soluble organic ligands maintain Cr (lIT)

in solution and enhance its mobility (James and Bartlett, 1983a, b).

By comparison to Cd and Cr, the speciation of Ni is much simpler. The hydroxy

complex NiC03°, NiHC03+ and Ni2+ ions are the major forms in the soil solution above

pH 8, while in acid soils Ni2+, NiS04° and NiHC03+ and organic complexes are
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important (Sposito and Page, 1985). Using sequential extractions, Hickey and Kittrick

(1984) found that over 50% ofNi in soils may be associated with the residual fraction and

about 20 % in the Fe-Mn oxides fraction, with much of the remainder bound up with the

carbonate fraction and only a small proportion in the exchangeable and organic fractions.
In sludge-amended soils the organic fraction assumes a greater importance and soluble Ni

is composed largely of organic and inorganic complexes (Dudley et al., 1987).
In contrast to work on the identification of the sources and assessment of the total

content of soil Pb, our knowledge of speciation of Pb in soils is limited because of its

relative insolubility in soils (Tyler, 1981). However, certain soil factors (e.g, low pH,

organic ligands) are known to promote both Pb uptake by roots and Pb mobility in soils

(Stevenson andWelch, 1979). Tills and Alloway (1983), using liquid chromatography
fractionation, found that Pb is mainly in a cationic form with some organic complexation.
In calcareous soils neutral complexes were dominant, together with some cationic Pb

species. Similarly, Gregson and Alloway (1984) reported that part of the Pb in heavily

polluted soils was present as a high-molecular-weight organo-Pb complex, and the

proportion represented by this form was greater in soils of higher pH.

Organic Matter

Soil organic matter is a very important adsorptive medium for heavy metals in all

soils, therefore, an important factor for controlling heavy metal bioavailability. Organic
matter is of importance in the transportation and accumulation ofmetallic ions known to be

present in soils and waters as chelates of various stability, and in supplying these ions to

plant roots. The ion exchange equilibrium has been extensively studied for determining the

stability constant ofmetallo-organic complexes in soils (Schnitzer and Khan, 1978;

Takamatsu and Yoshida, 1978; Lindsay, 1979; Norvell, 1991). Generally, metal-fulvic

acid complexes with lower stability constants are more readily soluble and thus more

available to plant roots than metal-humic acids. The selectivity of an organic ligand for a

metal ion is determined by its stability constant. The stability constants of chelates with
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metals tend to be in the following order of decreasing stability: Cr3+ > Fe3+ > Hg2+ >
Cu2+ > Ni2+ > Pb2+ > Zn2+ = Cd2+ > Fe2+ > Mn2+ (Lindsay, 1979). Carboxyl groups

playa predominant role in metal binding in both humic and fulvic acids.

Soluble low molecular weight organic molecules produced during the microbial

decomposition of organic residues in the soil form soluble complexes with the heavy
metals. These complexes are more mobile, less readily adsorbed by soil particles and,

possibly, more readily taken up by plants than free metal ions (Yamada et al., 1984; Neal

and Sposito, 1986). Therefore the soluble organic molecules in soil can reduce free metal

ions in solution and their complexation can increase the bioavailability and mobility of

metals in soils, particularly Cd, Cu, Mn, Ni, Pb and Zn (Elliot and Denneny, 1982; Garnett

et al., 1985; Senesi and Sposito, 1987).

The ability of simple organic acids to solubilize heavy metals may be of importance
in their cycling. Simple organic compounds released from plant roots into the rhizosphere

might significantly change not only the pH, but also the solubility of heavy metals in the

rhizosphere. Rashid (1979) calculated that each gram of amino acids occurring in

sediments may mobilize 4 to 440 mg of various metals, showing the highest affinity to Ni

and Co, and the lowest to Mn.

Sewage sludges contain large amounts of organic matter, and their decomposition
will produce soluble organic compounds which will affect heavy metal bioavailability.

Dudleyet al. (1987) found that the soluble organic compounds from sewage sludges
tended to decrease with time in a 30-week investigation. This means that the effect of

organic matter on metal bioavailability from sludge will be less pronounced over long
times.

Hydrous Oxides and Carbonates

Hydrous oxides of Fe and Mn are important adsorbents of metals in soils. Alloway
et al. (1985) showed that a frequently waterlogged soil with lower hydrous Fe and Mn

oxide contents had a lower adsorptive capacity and relatively higher available Cd
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concentrations than a freely drained soil. Kuo et al. (1985) found that the hydrous Fe

oxide content of soils (along with pH and total metal content) was an important parameter
in the prediction of metal uptake by Swiss chard. Brown et al. (1989) found that a

decreased redox potential caused by short-term flooding led to a marked increase in Ni and

Cd availability in naturally enriched mineral soils, but no such increase occurred in sludged
soils, presumably because the effect of organic matter overcame that of hydrous oxides. It
seems that hydrous oxides have high capacity to adsorb metal ions and reduce the

bioavailability and mobility ofmetal ions in soils.

The hydrous oxides of Fe, Mn and Al are thought to be the main soil constituents

involved in the specific adsorption ofmetals in soils. Brummer (1986) gave the order for

specific adsorption as Hg > Pb > Cu » Zn > Ni > Cd, while others have presented metal

ion affinities for the oxide surface in the following orders: Cu > Pb > Zn > Co > Cd

(Forbes et al., 1976).

Heavy metals may coprecipitate with carbonates and be incorporated in their

structure, or may be sorbed by oxides that were precipitated onto the carbonates or other

soil particles. Several workers have found that Cdmobility and bioavailability is restricted

in calcareous soils (Cline and O'Connor, 1984; Davis, 1984; Homann and Zasoski, 1987;

Alloway et al., 1988). This is likely due to a combination of chemisorption (Papadopoulos
and Rowell, 1988), precipitation of CdC03 (Christensen and Tjell, 1984) and competition
with Ca2+ ions for absorption sites on plant roots. Most mechanisms which regulate the

heavy metal behavior of carbonates are related to the soil pH. For example, CdC03,

CU2(OH)zC03, and Zns(OH)6(C03h are likely to occur in neutral or alkaline soils polluted
with these metals (Jenny, 1986; Kabata-Pendias and Brummer, 1991). These findings

help to explain the decreased mobility and plant availability normally found when acid soils

are limed.
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2.2.4 Guidelines for Regulatory Limits in Soils

Increasing concern about heavy metal pollution of soils and crops in relation to

human health has lead to, or is leading to, the establishment of guidelines for the protection
of present and future populations from the adverse effects of pollution. Most of the

emphasis to date has been on the disposal of sewage sludge, but the principle involved
could apply to other metal-containing materials deposited on agricultural lands. Because of

the difficulties in predicting the metal bioavailability and long-term effects in the field,

guidelines controlling the application of sewage sludge and other wastes must take into

account not only the important factors of composition and application rate, but also the

possible long-term changes in availability to plants and mobility in the soil/hydrological
system.

Generally, guidelines for disposal of sewage sludge have been developed as

follows (Commission of the European Communities, C.E.C., 1986):
1. By restricting the heavy metal concentrations in the sludge being applied to the soils.

2. By restricting the amount of pollutant metal that can be added over a period of time.

3. By defining a maximum permissible concentration of heavy metals in the soils.

4. By controlling the heavy metal contents of foodstuffs.

5. By a combination of these, combined with restrictions related to soil characteristics,

land use and crop type (USEPA, 1993).

Many countries agree on the need for guidelines to control the pollution of

agricultural soils, but the great range of approaches and permissible limits is surprising.
Some complications of these disparate regulations have been reviewed by Webber (1992).
The currently adopted international and Canadian guidelines for soil quality, sludge quality
and metal loadings to soils are presented in Table 2.3. Detailed Canadian information is

presented in Table 2.4. There is no unanimity which metal should be regulated and what

concentrations are acceptable. In general, Cd, Cr, Cu, Hg, Ni, Pb, and Zn are the most

widely regulated and the acceptable concentrations vary.
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Table 2.3 Heavy metal guidelines for land application of sludge (from Webber, 1992
and USEPA, 1993).

Metal C.E.C* FRG* France Scotland Austria Canada USA**

1. Maximum permissible total metal concentrations Ceiling "Clean"
(mg kg-I dw) in sludge acceptable for use on agricultural land cone. cone,

Cd 20-40 20 20 20 10 20 85 39

Cr -- 1200 2000 800 500 -- 3000 1200

Cu 1000-1750 1200 1000 1000 500 -- 4300 1500

Hg 16-25 25 10 7.5 10 5 57 17

Ni 300-400 200 200 250 100 180 420 420

Pb 750-1200 1200 800 800 500 500 840 300

Zn 2500-4000 3000 3000 2500 2000 1850 7500 2800

2. Maximum metal loadings (kg ha-l) Annual Cumulative

Cd 1.3-6.3 6.3 3.8 -- -- 4 1.9 39

Cr -- 125 250 75 -- -- 150 3000

Cu 75-300 200 200 100 -- -- 75 1500

Hg 2.3-3.5 4.8 2.3 0.75 -- 1.0 0.85 17

Ni 13-125 63 63 38 -- 36 21 420

Pb 10-625 125 125 140 -- 100 15 300

Zn 175-550 550 550 175 -- 370 140 2800

3. Maximum permissible total metal concentration (mg kg-l dw) in a ¢cultural soils
Cd 1-3 3 2 1.6 3 1.6 --

Cr -- 100 150 80 100 120 --

Cu 50-140 100 100 60 100 100 --

Hg 1-1.5 2 1 0.4 2 0.5 --

Ni 30-75 50 50 40 50 32 --

Pb 50-300 100 100 80 100 60 --

Zn 150-300 300 300 150 300 220 --

* C.E.C.- Commission of the European Communities; FRG - Federal Republic of Germany
**USA: Cannot be used on land if anyone level is exceeding the ceiling concentration; If all metals are

below the "clean" levels, there is no limit to the sludge use; Pollutant concentration in sludge must be
known and when loading rate has been reached for anyone metal, sludge use will cease.
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Table 2.4 Heavy metal guidelines for agricultural utilization of sludge in Canada (from
Webber, 1992).

Metal Maximum acceptable metal concentrations (mg kg-l dw)

--------------- in sludge --------------- ----- in soil ----

Canada ON* BC QB Canada ON QB
As 75 170 75 10 14 14 7.5

Cd 20 34 20 10 1.6 1.6 2

Co 150 340 150 50 -- 20 15

Cr -- 2800 -- 500 120 120 --

Cu -- 1700 -- 600 100 100 --

Hg 5 11 5 5 0.5 0.5 0.5

Mo 20 94 20 20 4 4 2

Ni 180 420 180 100 32 32 18

Pb 500 1100 500 300 60 60 50

Se 14 34 14 14 1.6 1.6 1.4

Zn 1850 4200 1850 1750 220 220 185

Metal Maximum acceptable loadings to soils (kg ha-l)

Canada ON BC AB SK MB NS

As 15 14 15 -- 12 0.85 9

Cd 4 1.6 4 0.8-1.5 1.2 1.1 1

Co 30 30 30 -- 30 1.4 19

Cr -- 210 -- 50-100 100 205 130

Cu -- 150 -- 100-200 120 45 95

Hg 1 0.8 1 0.2-0.5 0.4 0.15 0.5

Mo 4 4 4 -- 4 <2.8 2.5

Ni 36 32 36 12-25 30 4.8 20

Pb 100 90 100 50-100 80 60 55

Se 2.8 2.4 2.8 -- 2 0.15 1.5

Zn 370 330 370 150-300 300 225 200

* Values are for aerobically digested sludges and dewatered anaerobically digested sludges.
Abbreviations: ON, Ontario; BC, British Columbia; QB, Quebec; AB, Alberta; SK, Saskatchewan; MB,

Manitoba; NS, Nova Scotia.
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In the U.S., 10 trace metals have been regulated for the use or disposal of sewage

sludges. In addition, soil pH and CEC are taken into account for disposal standards

(USEPA, 1993). For example, if soil pH;?: 6.5, the maximum rates for Cd are 5, 10, and

20 kg ha-l for soils with CEC < 5, 5-15 and> 15 cmol kg+, respectively. If soil pH < 6.5,

the maximum rates of Cd are the same for all soils (5 kg ha+). The new 1993 sludge rule

of the EPA allows for widespread liberal use if the pathogen aspects are complied with.

The new rule encourages addition of organic carbon to soils which is urgently needed for

soil improvement. The permissible levels of heavy metals may be too high, however,

because EPA obviously did not fully consider the interactions which occur when more than

one metal is at high levels simultaneously, especially after 40 years of use when

decomposition releases some of the heavy metals. Threshold toxicity levels of heavy
metals in plants can shift up or down when more than one heavy metal is in excess

simultaneously (Wallace and Berry, 1983). This may destroy the simplicity of the new

EPA sludge rule.

The heavy metal guidelines for agricultural use of sewage sludges in Canada vary

from province to province. Canadian federal guidelines (Table 2.3) are comparable with

the more conservative international guidelines. The maximum permissible heavy metal

concentration in agricultural soils is similar to the highest background concentration for

soils (Table 2.2).

2.3 Heavy Metals in Plants

2.3.1 Uptake by Plants

The various steps and processes that occur between the weathering of stable metal

fractions and plant uptake are shown in Figure 2.2. In general, plants readily take up the

species of heavy metals that are dissolved in the soil solution in either ionic or chelated and

complexed forms (Mengel and Kirkby, 1987). Metal ions (M'!") in the soil may either

diffuse to a root surface through the soil solution, provided there is a concentration
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Figure 2.2 Major processes operative in the transfer of heavy metals (Mn+ represents
any heavy metal cation that can participate in the process illustrated) from the
soil to the plant root (modified from Tisdale et al., 1984).

gradient, or be involved in ion-exchange between a clay particle and a root in contact with

the clay particle. Movement of the metal ions into the root occurs either by passive

diffusion through the cell membrane, or by the more common processes of active transfer

against a concentration gradient and an electrochemical potential. The transfer of a metal

ion from the soil to the root surface can be by either proton exchange or assisted by a

carrier, usually an organic chelating agent. Roots and associated microorganisms are

��-=... ,- --.�, ... --'-
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known to produce various organic compounds which are very effective in releasing the

trace metals from firmly fixed species in soils.

Although Cd is a nonessential element for metabolic processes, it is readily

absorbed by plants. In all cases a linear relationship between Cd in plant materials vs. Cd

in the growth medium is reponed (Kabata-Pendias and Pendias, 1992). Although an

appreciable fraction of Cd is taken up passively by roots, Cd is also absorbed metabolically

(Smeyers-Verbeke et al., 1978). Short-term kinetics (Cutler and Rains, 1975) of Cd2+

sorption, transit across the root cortex and entry into the metaxylem and conducting xylem
vessels of the transpiration stream closely resemble those of both Ca2+ (Drew and

Biddulph, 1971) and Zn2+ (Rathore et al., 1970). In each case, the following features

characterize the process as primarily passive: rapid influx and attainment of a plateau,

concentration and pH dependency, susceptibility to exchange desorption by similar ions,

and relative insensitivity to metabolic inhibitors. However, mechanisms for the long

distance transport of Cd2+ in the plants have not been presented to date, and Cd most likely

would be transported by carrier mechanisms similar to those of Zn translocation.

Cunningham et al. (1975) reponed that increased Cd2+ treatment progressively suppressed

the proportion of Cd translocation to epigeal pans of young leaves and that Cd was

localized mainly in roots, with lesser amounts in stem nodes, petioles, and major leaf

veins. Consideration of anion concentrations, pH, and electrophoretic behavior led Tiffin

(1972) to conclude that Cd in soybean xylem exudate was bound to rapidly exchanging

ligand(s), forming complexes of low stability and of net negative charge.

A low rate ofCr uptake by plants from the soluble fraction of this metal is related to

the mechanism of uptake by roots. The barrier to Cr transport appears to lie within the

mechanism of entry to the xylem. Bollard (1983) reported that Cr3+ and Cr042- are taken

up by two different mechanisms. Root tissues are not capable of stimulating the reduction

of Cr3+ to readily soluble Cr2+, which is the key process in Fe absorption by plants

(Tiffin, 1972; Cary et al., 1977a,b). The form most available to plants is cr6+, which is
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the most unstable form under normal soil conditions. There are reports on the easy

absorption of Cr042- anions by plant cells (Starich and Blincoe, 1983) but this adsorption
is depressed by S042-. Nevertheless, the mechanisms of absorption and translocation of

Cr in plants seem to be related to those of Fe, which is reflected in a fairly stable Cr/Fe ratio

in plant tissue (Cary et al., 1977a,b). Plants that tend to accumulate Fe also accumulate Cr.

Tiffin (1977) concluded that Cr is transported in plants as anion complexes which have

been identified in the extracts of plant tissues and in xylem fluid. Due to a low solubility,
Cr3+ compounds are not translocated through cell membranes (Tobin et al., 1984).

Cataldo et al. (1978a) studied in detail the absorption and forms ofNi in soybean

plants. These authors showed that when Ni is in the soluble phase, it is readily absorbed

by roots. Nickel uptake by plants is positively correlated with Ni concentration in solutions

and the mechanism is multiphasic. The rate of accumulation of Ni2+ by plants is dependent
on its concentration in soil solution and the transfer ofNi2+ from root to shoot is regulated

by the root. These authors also reported that over 90% of Ni in root and leaf tissues of

soybean is associated with the soluble fraction (Cataldo et al., 1978b). The soluble and

translocated forms ofNi are thought to be citrate complexes (Brookes, 1987). In spinach,
Ni-EDTA complexes added to soils appeared as Ni-EDTA in the plant; even when Ni was

taken up as a positive ion it was promptly complexed and appeared in plant extracts as

neutral and negative complexes (Willaert and Verloo, 1988). In xylem exudates from

soybean plants, a number of anionic and cationic Ni complexes have been found and the

major Ni-containing component was identified as a tripeptide (Cataldo et aI., 1987).

There is general agreement that only a small proportion of the Pb in soil is available

for uptake by plants. Tjell and coworkers (1979) used 210Pb as a tracer in rural Denmark

and showed very low uptake (1-10% of total Pb in soil) of Pb into grass from soil. Data

from Karamanos et al. (1976), where the uptake of both stable Pb and 210Pb by alfalfa and

bromegrass was investigated, yielded only 9 to 19% assimilation of soil Pb into plant
tissues. McNeilly et al. (1984) found an even lower Pb uptake rate (0.1 to 0.3%) by
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ryegrass growing in soil labelled with 210Pb and similar values were calculated for data

from Solgaard et al. (1978), andWilson and Cline (1966) for cereals. It seems that plants
are only able to take up Pb from soils to a very limited extent.

Zimdahl and Koeppe (1977) and Hughes et al. (1980) extensively reviewed the

findings on Pb absorption by roots and concluded that the mode ofPb uptake is passive
and that the rate of uptake is reduced by liming and by low temperature. Zimdahl and

Koeppe (1977) cited an alternate hypothesis to explain the Pb uptake from soil, in which

Ph is not taken up directly from soil by plant roots, but rather is sorbed from dead plant

materials accumulated near the soil surface. They also stated that the main process

responsible for Pb accumulation in root tissue is the deposition of Pb, especially as Pb

pyrophosphate, along the cell walls. Malone et al. (1974) identified the deposits in cell

walls outside the plasmalemma as Pb precipitates and Ph crystals.

Crops differ in their ability to take up, and accumulate heavy metals. Marked

differences occur between species and even varieties within a species. Kim et al. (1988)

reported that for 12 different food crops grown in the greenhouse on six sludged soils, the

leaf concentrations of Cd varied up to 19 times between the lowest and the highest crops.

The difference in Cd content of the lowest and the highest crops grown on the same soil

containing 10 mg kg! Cd exceeded 100 times; the lowest concentration was in rice plants,

Sudan grass, and clover, and the highest was in spinach and turnip (Bingham and Page,

1975; Chaney and Hornick, 1977). Similarly, Davis and Carlton-Smith (1980) found that

leafy vegetables accumulated much more Cd than other crops (Fig. 2.3). The species

which accumulated the most Ni were: sugar beet> ryegrass > mangold > turnip; and for

Pb: kale> ryegrass > celery. In general, Cd tends to accumulate in the leaves and so is

more of a risk in leafy vegetables grown on contaminated soils than in seed or root crops

(Alloway et al., 1990). Alloway et al. (1990) showed that the uptake of Cd by crops

decreased in the order: lettuce> cabbages> radish> carrots.
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Figure 2.3 Cadmium concentrations in edible parts of different crops grown in the same

soil (from Davis and Carlton-Smith, 1980).

The uptake ofmetals by plants grown in small pots containing soils spiked with

soluble metal salts may gready exceed uptake under field conditions ( Cunningham et al.,

1975; de Vries and Tiller, 1979; Page et al., 1987; Naylor et aI., 1987). De Vries and

Tiller (1979) found the uptake of Cd by lettuce and onion bulbs grown in pots to be 6 and

25 times greater, respectively, than when grown in the same soils in the field. This is

probably due to differences in microclimate and soil moisture, and to the roots of container

grown plants growing solely in contaminated soil, whereas those of field-grown plant may

reach down to less contaminated soil. These results indicate that phytotoxicity criteria

based on small pot experiments with spiked metal salts appear to overestimate the hazard of

metals in the field.

2.3.2 Accumulation and Translocation Within Plants

The accumulation and distribution of heavy metals in plants varies considerably for

each metal, and plant species. Cadmium and Ni are classified as highly mobile and highly

accumulative while Cr and Pb are slighdy mobile with low accumulation potential (Chaney
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and Giordano, 1977; Cottenie et al., 1982; Kabata-Pendias and Pendias, 1992).

Generally, the mobile metalj, are accumulated to a greater extent and distributed more

uniformly through the plant than the slightly mobile ones which are accumulatedmainly in

the roots, old leaves and sheaths.

The accumulation and distribution ofCd within plants is quite variable and clearly

illustrates its rapid transpon frorn roots to tops and, in particular, to leaves (Figure 2.4).

Bingham and Page (1975) found much higher Cd concentration in the leaves than in the

roots for four root crops (turnip, radish, table beet and carrot), and that some leafy

vegetables (e.g., spinach, cUrly cress, lettuce) accumulated much more Cd than other crops

in the edible tissue. MacLean (1976) showed that Cd was present in higher concentrations

in the roots than in other organs of oats, soya bean, timothy grass, alfalfa, maize and

tomato, but none of these is grown for the consumption of its roots. However, in lettuce,
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Figure 2.4 Distribution of Cd in corn plants grown in a soil with 15 mg kg-l Cd (from
Kabata-Pendias and Pendias, 1992).
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carrot, tobacco and potato, Cd contents were highest in the leaves (MacLean, 1976). In

soybean plants, 2% of the accumulated Cd occurred in the leaves and 8% in the the seeds

(Cataldo et al., 1981).

Many researchers have found lettuce to be the greatest accumulator of Cd among

food crops (Adriano, 1986). Bingham and Page (1975) found the following trends in Cd

accumulation in the leaf: spinach> turnip> curly cress> tomato> lettuce> table beet :>

Swiss chard > radish> cabbage> carrot> maize> soybean » squash > wheat> field bean

> Sudan grass> rice. It may be concluded that the Cd in plants is very mobile, readily
translocated and accumulates in various organs of crop species at relatively low soil

concentrations of the metal. There are, however, marked differences in the concentration

of Cd found in plant tissue that depend upon the tissue or organ, and plant species.

Regardless of the form of Cr that the plant is exposed to, most of the Cr taken up

remains in the root tissue; for example, Skeffington et al. (1976) observed a 100 times

decrease in concentration ofCr across the hypocotyl in barley seedlings exposed to Cr3+ or

cr6+ and in nine different crop plants 98% of either Cr3+ or Cr6+ absorbed by the plant
was retained in the roots (Lahouti and Peterson, 1979). Even exposing plants to

organically complexed Cr has failed to increase sorption of the element relative to inorganic
Cr3+ or Cr6+. Moreover, translocation within the plant is not increased by supplying Cr in

the form of organic acids (Cary et al., 1977a,b). Uptake of Cr from soils treated with

K2Cr04 by different plant species indicates that the leaves of cereal crops are less effective

in accumulating Cr than leafy vegetables. It seems that the availability of soil Cr to plants is

very limited and the small amount of Cr taken up by plants remains largely in the roots.

Nickel is readily taken up by plants from soils until critical Ni concentrations in

plant tissue are reached (Kabata-Pendias and Pendias, 1992). Within the plant, Ni is

considered to be a relative mobile element, and Cataldo et al (1978a) suggest that it behaves

in a similar fashion to Cu and Zn. In soybean, during vegetative growth, Ni was found to

accumulate mainly in leaves, but during senescence a considerable fraction was mobilized
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to seeds. Oat grains accumulated more Ni than straw while all other trace metals are

usually accumulated more in cereal straw.

Lead is not readily absorbed and accumulated by plants. Zimdahl and Koeppe

(1977) reviewed this topic and showed that in spite of several statements in the literature on

the small effect of soil Pb on concentrations of Pb in plant tissues, plants are still able to

accumulate Pb from soils to a certain extent. Apparently most of the Pb in soil is

unavailable to plant roots. Wilson and Cline (1966) found that only 0.003 to 0.005% of

the total Pb in soils may be taken up by plants. The translocation of Pb from roots to tops

is greatly limited, and as Zimdahl and Koeppe (1977) described, only 3% of the Pb in the

root is translocated to the shoot. Kabata-Pendias and Pendias (1992) also found that the

majority of Pb absorbed by corn plants grown in the soil with 300 mg kg-l Pb was

accumulated in roots. It can be stated that most of the Pb in soils is unavailable to plant
roots and the transfer from roots to shoots is very limited.

2.3.3 Interaction Between Metals and Other Elements

Interaction between metals and other elements may be both antagonistic and

synergistic. Interactions between major elements and heavy metals as summarized in Table

2.5 clearly show that Ca, P, Mg, S, and K are the main antagonistic elements against the

absorption of several heavy metals. Some synergistic effects, however, have also been

observed. The most important interactions between macronutrients and heavy metals for

practical application are the antagonistic effects of Ca and P on Cd, Pb and Ni. Calcium

cations are able to replace Cd2+, Pb2+ and Ni2+ in the physiological function and thus the

heavy metal absorption by plant may be inhibited by an excess of Ca2+ ions and vice versa.

Phosphate is known to reduce the effect of Pb toxicity due to the ability of P to form

insoluble Pb phosphate in plant tissues, as well as in soils.

Several elements are known to interact with Cd in both element uptake by plants

and in biochemical roles. Cd-Zn interactions are commonly observed, but findings appear
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Table 2.5 Interactions between major elements and trace metals in plants (modified from
Kabata-Pendias and Pendias, 1992).

Major element
Ca

Mg
P

K

S

N

Antagonistic elements
AI, Cd, Co, Cr, Cu, Fe, Mn, NI, Pb, Zn

AI, Cr, Mn, Ni, Zn

AI, As, Cd, Cr, Cu, Fe, Ha, Mn, Ni, Pb, Zn

AI, Ha, Cd, Cr, Mn

As, Fe, Mo, Pb, Zn

CuandMn

Synergistic element
Cu, Mn andZn

AlandZn

AI, Cu, Fe, Mn and Zn

Fe

Cu, Fe, and Mo

contradictory, since both depressing and enhancing effects have been reported. Kitagishi

and Yamane (1981) explained the observed synergism in rice plants in terms ofZn

competition for the Cd adsorption sites in the soil, resulting in an increase in Cd solubility,

and in Cd translocation from the roots to tops. Wallace et al. (1980) reported a high Cd

accumulation in roots of plants at a high Zn level. However, Lagerwerff and Biersdorff

(1972) showed antagonism between these cations in the uptake-transport process. It may

be stated that the ratio of Cd to Zn in plant media controls the occurrence of synergism and

antagonism between these cations. Chaney and Hornick (1977) suggested that the Cd/Zn

ratio in plant issues should be limited to 0.01.

Cd-Cu, Cd-Mn and Cd-Ni are also reported as both antagonistic and synergistic in

the uptake by roots. The inhibitory effects of Cu, Mn and Ni on Cd absorption is reported

most often. Cataldo et al (1983) observed that the absorption of Cd2+ by plant roots and its

transfer from root to shoot were inhibited by the presence of Cu2+, Fe2+ and Zn2+ and

suggested that these metal ions are absorbed using the same carrier sites.

Excessive levels of Cr in soil decreased concentration of almost all major nutrients

in tops and of K, P, Fe and Mg in roots (Turner and Rust, 1971). An antagonistic

interaction between Cr and Mn, Cu, and B has also been reported by Turner and Rust
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(1971), and this can be related to interferences both within the soil medium and in the plant
tissues.

The interaction between Ni and other metals, Fe in particular, is believed to be a

common mechanism involved in Ni toxicity. Cataldo et al. (1978a) found that the

absorption of Ni by soybean roots and Ni translocation from roots to shoots was inhibited

by the presence of Cu, Zn and Fe. The excess ofNi is believed to cause an actual Fe

deficiency by inhibiting the translocation of Fe from roots to tops. Khalid and Tinsley

(1980) concluded that the Ni/Fe ratio has shown better relationship with the toxic effect of

Ni than the Ni and Fe concentration in plants.

The interference of Pb with other metals has been reported only for Zn and Cd.

The stimulating effect of Pb on Cd uptake by plant roots may be a secondary effect of the

disturbance of the transmembrane transport of ions. The Zn-Pb antagonism adversely
affects the translocation of each element from roots to tops.

Wallace andWallace (1994) reviewed the toxic interactions of heavy metals on

plants and concluded that threshold toxicity levels for heavy metals actually can shift up or

down when more than one heavy metal is in excess. Most likely multiple heavy metal

toxicity is involved with sequentially additive effects on plant toxicity.

2.3.4 Toxicity in Plants

Heavy metal toxicity in plants occurs when a metal ion has accumulated in the plant
tissue to a level affecting optimal growth and development of the plant. This is termed

phytotoxicity. Excessive concentrations of both essential and non-essential metals result in

phytotoxicity. The extent of plant injuries usually is related to the amount of toxic element

accumulated in the plant (Bould et at, 1984). The source of the metal and the method of

cultivation are not expected to affect this relationship. Ideally, one should select the plant
tissue in which the metal elicits toxicity as the target tissue for evaluating its effect on plant

growth or yield. Carlson et al. (1975); Loneragan et al. (1987); Poschenrieder et al.
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(1989), Kabata-Pendias and Pendias (1992), have shown that metals may induce

phytotoxicity by:

(1) Altering the plant water relations, thereby causing water stress and wilting

(2) Increasing permeability of the root cell plasma membrane, thereby causing roots to

become leaky and less selective in extraction of constituents from the growth media

(3) Inhibiting photosynthesis and respiration

(4) Adversely affecting the activities ofmetabolic enzymes

Toxic concentrations of heavy metals in plant tissue are very difficult to establish

because plants that experience varying degrees of phytotoxicity exhibit a variety of

symptoms during the course of growth and differing levels of injury can result (Prokipcak
and Ormrod, 1986). In early stages of plant growth, a phytotoxic effect is diagnosed when

a departure from normal growth is observed. This includes growth retardation or abnormal

morphological developments, such as leaf chlororis, necrosis, stunted roots and shoots,

and is dependent on the extent and duration of exposure. If the early symptoms of

phytotoxicity persist through maturity, yield reduction is imminent. Ultimately, yield
reduction is the most important measure of phytotoxicity for agronomic species, since it

affects the profitability of crop production. Abnormal morphological symptoms are

precursory symptoms of yield reduction, and they may also be used as the reference point

in developing the phytotoxicity standard. However, the symptoms of phytotoxicity or

yield reduction may not be unique to a particular heavy metal and by themselves are

inadequate to attribute a plant injury toxicity to specific metals. For example, environmental

factors associated with growing plants, such as nutrient deficiency, water and salinity

stress, disease, and pesticide exposure, etc., produce similar visual symptoms and also

result in yield reduction (Bould et al., 1984). It appears that the best available

experimental data for establishing phytotoxicity are from those experiments where plant

were grown on media treated with only one single metal element.
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In order to positively confirm an incidence ofmetal toxicity, Chang et al (1992)

pointed out that one must make sure that: (1) a potentially phytotoxic metal has accumulated

in the plant tissue; (2) the observed abnormalities are not due to other disorders; (3) the

biochemical mechanisms that cause the metal to be harmful to the plant are observed during
the course of growth.

The toxic concentrations of heavy metals in plants presented in Table 2.6 give very
broad approximations of possibly harmful concentration ranges in plants. Visible

symptoms of heavy metal toxicity vary for each species and even for individual plants, but

the most common and nonspecific symptoms of phytotoxicity are chlorotic new leaves and

leafmargins, and brown, stunted roots (Table 2.7). Food plants which tolerate relatively

high concentrations of toxic metals without toxic symptoms are likely to create a greater

health risk than those which are more sensitive and show definite symptoms of toxicity.
For some metals, potentially dangerous levels may be reached in the plant food diets of

animals or humans without any evidence of deleterious effect on plants. This is especially
so for Cd and Pb, for which plant toxicity occurs above the concentration considered

undesirable for human intake. The reverse is true for Zn, Cu and Ni. This provides a

built-in safety mechanism for the latter elements.

Table 2.6 Critical concentration of some heavy metals in plant tissue
(mg kg-1 dw) (Kabata-Pendias and Pendias, 1992).

Metal For 10% yield loss
In sensitive plant species General plant species

Cd 5-10 10-20

Cr 1-2 1-10

Cu 15-20 10-30

Ni 20-30 30-40

Pb 30-60 50-300

Zn 150-200 100-500
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Table 2.7 General effects of trace element toxicity on common plant species (Kabata
Pendias and Pendias, 1992).

Metal Symptoms Sensitive crop

Cd Brown margin of leaves, chlorosis, reddish veins and Legumes, spinach,
petioles, curled leaves, and brown stunted roots radish, carrots, oats
Severe reduction in growth of roots, tops, and number
tillers (rice). Reduced conductivity of stem, caused by
deterioration of xylem tissues

Cr Chlorosis of new leaves, necrotic spots and purpling
tissues, injured root growth

Cu Dark green leaves followed by induced Fe chlorosis, Cereals, legumes
thick, short, or barbed-wire roots, depressed tillering spinach, citrus

Ni Interveinal chlorosis (caused by Fe-induced deficiency) Cereals
in new leaves, gray green leaves, and brown and
stunted roots and plant growth

Pb Dark green leaves, wilting of older leaves, stunted
foliage, and brown short roots

Zn Chlorotic and necrotic leaf tips, interveinal chlorosis Cereals, spinach
in new leaves, retarded growth of entire plant, and
injured roots resemble barbed wire

2.4. Prediction of Bioavailability in Polluted Soil Environments

2.4.1 Soil Analyses

A good routine soil test for plant-available elements should: (i) extract all or a

consistent proportion of the plant available forms, (ii) correlate well with plant response in

a wide range of soil types, (iii) be cheap, rapid, reproducible and adaptable to routine

analysis, (iv) be suitable for extraction of several elements, (v) extract sufficient amounts of

the analyzed elements to permit analysis (Bray, 1948; Soon, 1992). Every effort to

develop a new technique for soil testing must reconcile the general accepted criteria.

A variety of extraction procedures for heavy metals are commonly used because no

single method has been found to be suitable or adequate for a range of soil types and for all
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metals. The common extractants for assessing heavy metal bioavailability in soil include (i)

water and neutral salts, e.g., dilute CaCh, 0.5 M Mg(N03h, 1M N1-4 acetate, (ii) dilute

acid, e.g., 0.5 M acetic acid (pH 2.5), (iii) mineral acid, e.g., 1M HN03, 0.1 M HCI, (iv)

chelating reagents, e.g., 0.OO5M diethylenetriaminepentaacetic acid (DTPA) (pH 7.3) and

ethylenediaminetetraacetic acid (EDTA) (0.01 to 0.05 M, pH 4 to 9). Such methods have

been borrowed or adapted from those originally developed for identifying soil deficient in

the plant micronutrients. A logical question is: are such methods suitable or adequate for

testing soils with high concentrations of heavy metals?

It is generally accepted that the prediction of trace metal uptake by plants is best

achieved by analysis of soil solution or something closely related to it (Kabata-Pendias and

Pendias, 1992). The difficulty with this approach lies in the need to separate the

appropriate solution, to know which particular ionic species to measure (Sposito and

Bingham, 1981), and to analyze the low concentration involved. Although this approach

may be of chemical interest, the difficulties may limit the agronomic value of soil solution

analysis, except for Cr (VI) and Hg for which sensitive analytical methods are available and

for which potential movement and toxicity in groundwater are of concern.

The conventional approach of using a chemical extractant has proven to be a useful

guide to soil-crop management practices. Solutions of dilute acids, complexing agents, and

salts have been commonly used for soil testing ofmetals in both deficient and toxic

situations. Dilute extractants such as water and neutral salts are usually too weak to

remove a substantial amount of a metal, or to provide an estimate of the buffering or

replenishment ability of the soil. However, they may provide an estimate of the availability

and perhaps of the amount retained on exchange sites (Risser and Baker, 1990).

Experiments have indicated that neutral salts extractants are the best means available for

predicting the bioavailability of Cd (Alloway et al., 1985; Sanders et al., 1987; Jackson and

Alloway, 1991). Conversely, strong extractants such as mineral acids may change soil

conditions greatly and dissolve soil minerals so that the extracted amount of a metal has
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little relationship to that portion of the soil metal removed by plants (Palmer and Kucera,

1980). For those metals that are complexed by chelating agents, soil extraction by a strong

chelate may remove a larger quantity of metals than a crop, but still closely represent plant

uptake of metals from soils.

Chelate-based soil tests have been employed to evaluate bioavailability for all the

toxic metals, but with varying success. For Cd, Ni and Pb (Haq et al, 1980; Sadiq, 1983;

Rappaport et al., 1988; Adams and Kissel, 1989), encouraging results have been found

using the standard DTPA method, especially when additional soil properties are

considered. Norvell (1984) modified the DTPA soil test for acidic and metal-rich soils.

The DTPA solution was buffered at pH 5.3 instead of 7.3 and a 5: 1 solution/soil ratio was

used instead of the original 2: 1. In comparison with other extractants such as 0.005 M

HEDTA, NTA and EGTA solutions, the modified DTPA solution proved more effective in

removing metals from the two soils. EDTA is used as the official soil test in the U.K. and

was found to correlate with the uptake ofmetals by ryegrass (Sanders et aI., 1986; Fujii

and Corey, 1986). The mineral stability and slow kinetics of Cr dissolution and the relative

instability ofHg-chelates lessens the utility of chelate soil tests for these two metals. Soon

(1992) suggests that acid ammonium oxalate is one of the better extractants for Cr.

The DTPA soil test was originally developed to identify insufficient levels of Cu,

Mn, Fe and Zn in near neutral and calcareous soils. With a 1:2 solution ratio, the capacity

ofDTPA to complex each of the micronutrients is about 550 to 650 mg kg-I soil in

agricultural soils, this capacity is more than adequate because only about 5% of the

chelating sites would be occupied by the fourmicronutrients for typically calcareous soils.

However, the efficiency of the extractant declines rapidly even before saturation is

achieved. For highly contaminated soils, the capacity may be overloaded. In some

situations, the original DTPA test may fail either because ofmetal overloading (chelating

sites oversaturated by metal ions), or because some metals such as Pb and Cu are present in
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plant tissues only within a narrow range of concentration and may not reflect the labile pool
in the soil.

The differences between the chelate-extracted quantity and plant uptake might also

in part be accounted for by soil conditions, root-soil contact, and extent of root exploitation
of the soil profile (Risser and Baker, 1991). Plant roots generally exploit a smaller portion
of the soil volume than an extraction solution but the portion of the soil in close contact

with plant roots may be substantially depleted. More information is needed about the

effective soil volume which directly affects uptake of heavy metals by plant roots, the

environmental factors influencing the equilibria in controlling both the concentrations in soil

solution near the root-soil interface and also the rate of supply to the interface.

It can be concluded that none of the existing procedures are suitable for soils with a

wide range in properties, e.g. texture, organic matter and pH, and for extraction of several

metals. Usually, an extractant suitable for one metal and one kind of soil is frequently
much poorer for others. Therefore, there is an urgent need for developing and

standardizing methods for extracting heavy metals from polluted soils.

2.4.2 Plant Analyses

Plant analysis presents another type of approach in determining the available heavy

metals in soils as well as defining the plants own metal load, which is important when the

plant is ingested as food. This technique is based on the concept that the content of a

particular metal in the plant is greater the higher the availability in the soil. There is a basic

relationship between the content of a non-essential metal in plant and the growth or yield of

the plant (Figure 2.5). From Figure 2.5 it can be seen that there is no deficiency effect with

low concentrations of the non-essential metal; plant growth or yield is not affected until the

upper concentration limit (critical level) is reached, after which toxicity occurs and becomes

more severe until the lethal dose is reached.
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Figure 2.5 Typical dose-response curve for non-essential metals (redrawn from
Bowen, 1979).

Plant analysis involves field sampling, sample preparation, digestion, elemental

determination in the laboratory and result interpretation. Considerable care is required

when sampling, handling and assaying plant tissue if a plant analysis is to be a useful

diagnostic tool. Failure to follow prescribed procedures anywhere in the process can lead

to erroneous results, and then, faulty conclusions. The procedures for proper cleaning,

drying, milling and storing plant tissue have been fairly well established (Jones and Case,

1990). For organic matter destruction, there are essentially two decomposition procedures:

1) wet acid digestion and 2) high temperature dry oxidation, frequently referred to as wet

and dry ashing, respectively. The appropriate method will depend on the elements sought
in the analysis, nature of the plant material, difficulty with dissolution, acceptable degree of

recovery, required sensitivity, and availability of a laboratory to access a particular method

(Munter et al., 1984).

Wet ashing is the destruction of organic matter by high temperature acid digestion.

The common acids used are H2S04, HN03, and HCI04 or their combination. Nitric acid

is usually included in most digestion mixtures, with the addition of H2S04 to raise the
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digestion temperature, or the addition ofHCI04 or 30% H202 to speed and complete the

digestion. Sulfuric acid as a component in the digestion mixture is not recommended when

digestion of plant tissue high in Ca and Pb is concerned. Relatively insoluble CaS04 may

be formed which will lower the Ca determination and possibly lower other elements by

coprecipitation, such as PbS04. If B is one of the elements to be determined in the plant
tissue digest, the dry ash procedure is recommended (Wikner, 1986) since this element can

be partially or almost entirely lost by volatilization during wet oxidation. In most instances,

the method of organic matter destruction is selected on the basis of personal preference. By
using multielement analytical instruments, such as the rcp emission spectrometer, an

analyst can quickly and easily assay a plant ash or digest for most of the metals.

A tissue test is an assessment of the elemental content of the aqueous solution taken

from fresh tissue with procedures that are usually carried out in the field using special

testing techniques. The ability to perform tissue tests in the field is considered by some to

be a significant advantage in terms of immediate test results, as is the low cost compared to

that for a laboratory-conducted plant analysis. However, most of the tissue tests are not

entirely quantitative, and give only the qualitative evaluation. Considerable practical

experience is required before one can feel confident when making an interpretation based

on such a test result.

2.4.3 Ion Exchange Resins as Ion Extractors from Soils and Plant Tissue

Conventional estimates of plant available nutrients have employed chemical

extractants (See section 2.4.1). Despite their widespread use, chemical extractants are not

well understood in terms of their mode of action and selectivity (Curtin et al., 1987).

Furthermore, they are limited in their ability to accurately measure bioavailable nutrients

because they are operationally defined by the chemical extractant used and they only

measure static pools (Adrams and Jarrell, 1992). Anothermajor disadvantage is that they
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may mobilize nutrient forms other than those that are truly plant available (Logan and

Chaney, 1983; Menon et al., 1989).

Employment of ion exchange resins to quantify labile soil nutrients constituted a

majormethodological breakthrough (Amer et al., 1955). Originally, resin beads were

added to a soil suspension and subsequently recovered by sieving. Later on, resin beads

were placed in bags made of a suitable fabric (Sibbesen, 1977) to avoid problems of

separation from soil following extraction. Ion exchange resin in membrane form was first

used by Saunders (1964). He found that the anion exchange membrane could predict P

availability as good as resin in the bead form. Most of the research on ion exchange resins

was focused on soil phosphorus, and high correlations ofresin-P and P-uptake or crop

yields have been reported by many authors (Smith, 1979; Van Raij et al., 1986; Fixen and

Grove, 1990; Saggar et al., 1990; Schoenau and Huang, 1991a; Abrams and Jarrell, 1992;

Qian et al., 1992, Cooperband and Logan, 1994). Resins were also successfully used to

characterize K release kinetics from soils and minerals (Arnold, 1958; Martin and Sparks,

1983; Havlin and Westfall, 1985) and Nand S availability ( Scott et al., 1960; Carlyle and

Malcolm, 1986; Searle, 1988; Schoenau and Huang, 1991b). Several attempts have also

been made to develop resin-based multielement extraction procedures for routine analysis

of soils (Van Raij et aI., 1986; Somasiri and Edwards, 1992; Qian et aI., 1992).

Most of the resin methods developed so far are batch techniques in which a soil

suspension is shaken with the resin and have been evaluated primarily as alternatives to

chemical extraction soil test methodologies. Although it was a major improvement over

chemical extraction methods, batch resin extraction proved inadequate to predict the

bioavailability of diffusion controlled elements because it did not account for rate

phenomena like diffusion (Abrams and Jarrell, 1992; and Yang et al., 1991a). Therefore,

the missing variable in existing P bioavailability indices is a measure of the effective P

diffusion rate through soil.
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Several studies have attempted to include the diffusion parameter in nutrient

bioavailability measurements under field conditions with resin-filled nylon bags or capsules

(Sibbesen, 1977, 1978; Binkley and Matson, 1983; Krause and Ramlal, 1987). However,

diffusion through the soil is confounded by diffusion across the bag and into the resin.

More recently, Skogley et al. (1990) and Yang et al., (1991a, b) have promoted the use of

mixed cation and anion exchange resin in a rigid porous capsule under saturated soil paste

conditions. Their studies demonstrated that the capsules absorbed nutrients for long time

periods and that the principal mechanism of sorption was equilibrium ion exchange

(nonselective or nonligand bond) with a large capacity exchanger. Diffusion across the

capsule is still a confounding parameter in this system; in addition, diffusion through a

saturated paste is quite different than through an undisturbed soil. Another problem with

this procedure for routine analysis is the long time required to extract measurable amounts,

usually 2 to 3 days.

The movement of a nutrient ion from the soil solid phase to a plant root is a

dynamic process. Nutrients in soil solution reach the root surface by means of mass flow

and diffusion processes through water-filled spaces in the soil matrix, and also directly by

root interception and contact. Because only a small fraction of the soil volume occupied by

roots is contacted by the plant root, root interception accounts for only a small portion of

the nutrients available to plants. Mass flow can account for a large portion of certain

nutrients (e.g., nitrate) which contact root surface. The process of diffusion is responsible

formoving the majority of ions to the plant root where they can be taken up by the plant

(Barber, 1984). The diffusion of solutes in soils depends on the concentration gradient,

soil water content, and the extent to which interaction with soil surfaces retard movement

(see section 2.2.2.1). Processes of uptake and release of nutrients in the soil-solution-root

system are selective and based on equilibria or gradients established when plant roots

absorb nutrients from solution (Yang and Skogley, 1992). A method that allows
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simulation of uptake by roots as influenced by multinutrient dynamics would provide a

more accurate description of the kinetics of nutrient supply to roots.

In the 'soil.solution.resin' system, ions are transferred by (i) release from soil

particles, (ii) diffusion through stationary 'films' around soil particles to the resin surface,

and (iii) adsorbed by the resin. 'Bulk diffusion' kinetics probably govern steps (i) and

(iii), but there may also be chemical reactions at the adsorbing sites on the soil and the

resin. The criteria for accepting the diffusional mechanism in the soil:water:resin system,

are: (i) 'film diffusion' or 'first order' chemical reactions at the soil surface, if the logarithm

of the fraction of the total ions adsorbed by the resin varied linearly with time (Amer et al.,

1955; Moser et al., 1959),

-log (1 - M1IMoo) = kt [2.8]

where M, is the quantity of ions adsorbed by resin (j.lg cm-2) at time t, Moo is the quantity at

equilibrium and k is a constant, and (ii) 'bulk' or 'particle-diffusion' process, if ions

adsorbed by the resin varied linearly with (time)l/2 (Cooke and Hislop, 1963;

Vaidyanathan and Talibudeen, 1968), assuming the concentration at the resin: soil

boundary to be zero,

Mt = 2C1(Del;r)112 t1l2 [2.9]

where C1 is the initial concentration of diffusible ions in the soil.

If 'film diffusion' or 'chemical reaction' is the rate-controlling step at the

resin:solution interface, the ion concentration in the soil solution will affect the rate of

adsorption by the resin. This would not be the case when a 'particle diffusion' mechanism

operates (Vaidyanathan and Talibudeen, 1970).

Vaidyanathan and Nye (1970) reported that the termM, (t)-Jl2 was constant with

time (up to l00h), indicating a constant boundary concentration through time. However,

they concluded that their resin-paper method did not provide an accurate enough measure of

the diffusion coefficient to be of any practical value. They found the inability to measure a

labile P fraction to use as the concentration term a primary difficulty in solving forDe·
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Abrams and Jarrell (1992) assumed that over short time periods the interface concentration

remains near zero (C2 = 0), and simplified Eq. [2.9] into the bioavailability index, C12De.

(C]2De) = (Mt/t)(1CI4) [2.10]

They used the integrated term, C12De, as an index ofbioavailability, combining both the

diffusion coefficient and an estimate of the labile concentration. However, defining C1 and

separating De from the bioavailability index is a complicated issue. Menon et al. (1990)

used Fe-oxide impregnated filter papers as an in-situ test for P. This method is limited,

however, to solutes adsorbed onto Fe-oxides surfaces.

In general, most studies have assumed that the resin behaves as an infmite sink;

once nutrients are adsorbed to the resin, they are not desorbed (Sibbesen, 1978; Krause

and Ramlal, 1987; Yang et al., 1991a). However, this may not be true for measuring

nutrient flux under field conditions. Ion exchange membranes hold promise for in-situ

measurements of nutrient flux because they do not possess the diffusion problems of resin

filled nylon bags or capsules. Their essentially two-dimensional structure ensures more

surface area will be in contact with the soil; therefore, more exchange sites will be available

for sorbing nutrients than for resin-filled bags. When the soil's buffer power is known, it

is easier to calculate the volume of soil interaction with the planar surface than a three

dimensional surface (Van Rees et al., 1990). Moreover, resin-filled bags and capsules,

because they represent three-dimensional spherical structures, could have two diffusion

coefficients: a surface De and an internal De. If the internal De is slow relative to the

external De, or if diffusion in the resin is the rate-limiting step, all the resin inside the bag

may not interact with ions in soil solution. This may be problematic if resin-exchangeable

nutrients are calculated on a per gram of resin basis or if resin bags are not left in contact

with the soil long enough to overcome diffusion limitations (Bhadoria et al., 1991).

Another advantage of using two-dimensional membranes is that they do not alter the

soil structure to the extent that bags do, their two-dimensional nature ensures maximum

surface area available for ion sorption, tight contact between membrane surface and the soil
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and a single diffusion coefficient from soil solution to the membrane surface. This is an

important consideration for reducing diffusion errors associated with irregular contact

between soil and resin (Vaidyanathan and Nye, 1966; Barraclough and Tinker, 1981).

Using ion exchange membranes as an in-situ estimate of bioavailability, including both the

diffusion parameter and an estimate of the labile concentration, would be of particular
interest in the undisturbed soil system.

Ion exchange membranes may be an efficient and effective means of removing or

adsorbing bioavailable metals from a medium, such as soil. Anion exchange membranes

saturated with chelating agents may have a selective ability to adsorb metal ions, similar to

the action of plant roots. Being a weak: acid, the chelating agent can be easily adsorbed on

strong anion exchangers. Development of such methods could permit environmental

monitoring for predicting the potential toxicity and mobility of heavy metals in the

environment.
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3. MATERIALS AND METHODS

3.1 Methodology Development

A series ofpreliminary experiments with standard solutions and five soils from

Saskatchewan were carried out in the laboratory to develop and optimize the procedures for

using ion exchange resins to extract heavy metals from soil.

3.1.1 Ion Exchange Resin Membranes

Ion exchange membranes are ion exchange resins produced in sheets rather than in

the conventional form of beads or granules. The membranes were originally produced for

electrodialysis processes, water treatment, food processing, pharmaceutical, and metal

refining and synthetic chemical industries (BDH, 1988). For soil testing purposes, these

membranes preserve all the advantages of ion exchange resin beads, while eliminating

many of the disadvantages. For example, they allow faster regeneration and easier

separation between soil and resin than ion exchange resin beads. Because the membranes

are generally composed ofmore resin and less polytetrafluoroethylene matrix, they offer a

much higher capacity than traditional ion exchange beads as well as a better potential for

direct contact between resin and testing matrix. The membranes are available in various

forms and sizes which can be cut to fit the requirements of specific applications.

The ion exchange membranes used in this study are: (1) cation exchange resin

membrane (CEM), BDH product no. 55165; (2) anion exchange resin membrane (AEM),

BDH product no. 55164 and (3) chelating ion exchange resin (CHEM), Bio-Rad product

no 343-0037. The first two types ofmembranes, the CEM and AEM, have a basic

Structure of polystyrene cross-linked with divinylbenzene (Figure 3.1) made "cation

permeable" or "anion permeable" by chemical treatment. Sulphonic acid (-S03-) and

quaternary ammonium (-NR3+) groups are attached to the membrane to form cation and
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Figure 3.1 Structure of ion exchange membranes and DTPA
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Figure 3.1 Structure of ion exchange membranes and DTPA
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anion exchange membranes, respectively. High selectivity is one of the most important

characteristics of an ion exchange membrane. For example, a CEM with active -S03-H+

groups will only adsorb cations and an AEM with active -N+R3CI- will only adsorb anions.

For electrodialysis, a CEM will only allow cations to pass through and an AEM will only

allow anions to pass through. This is the basis of ion permeable membrane processes.

Ion exchange membranes manufactured by BDH also have other preferred
characteristics such as high mechanical strength (Table 3.1). Some of the physical and

chemical characteristics of the three different membranes are listed in Table 3.1. The

CHEM is composed of uniformly dispersed particles of chelating ion exchange resin in a

polytetrafluoroethylene (PTFE) membrane, and contains styrene divinylbenzene copolymer

resin particles with paired iminodiacetate ions which act as chelating groups in binding

polyvalent metal ions. This membrane is classed with the weakly acidic cation exchange

resins by virtue of its carboxylic groups and acts as a cation chelating resin at pH � 4.0,

while at very low pH, the resin acts an anion exchanger (BIO-RAD, 1988). It is claimed to

have high selectivity for polyvalent over monovalent cations in aqueous solution.

Table 3.1 Physico-chemical characteristics of the three membranes used in this study
(compiled from BDH, 1988 and Bio-Rad, 1988).

Characteristics CEM AEM CHEM
(BDH) (BDH) (Bio-Rad)

Thickness (nun) 0.11-0.14 0.15-0.17 0.30-0.40

Strength (kg cm-2) 4-7 3-4 1-2

Resistance (Ohms cm-2) 3.0-4.5 2.7-4.2 4.7-6.1

Retains Cations Anions Polyvalent cations

Exchange capacity (mmole cm-2) 0.01 0.01 0.03

Functional group -NR3+ -S03- Iminodiacetate

Re-use

Chemical stability

> 500 times > 500 times < 5 times

------------- pH 1-14; methanol; 1 N NaOH --------------
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anion exchange membranes, respectively. High selectivity is one of the most important

characteristics of an ion exchange membrane. For example, a CEM with active -S03-H+

groups will only adsorb cations and an AEM with active -N+R3Cl- will only adsorb anions.

For electrodialysis, a CEM will only allow cations to pass through and an AEM will only

allow anions to pass through. This is the basis of ion permeable membrane processes.

Ion exchange membranes manufactured by BDH also have other preferred

characteristics such as high mechanical strength (Table 3.1). Some of the physical and

chemical characteristics of the three different membranes are listed in Table 3.1. The

CHEM is composed of uniformly dispersed particles of chelating ion exchange resin in a

polytetrafluoroethylene (PTFE) membrane, and contains styrene divinylbenzene copolymer

resin particles with paired iminodiacetate ions which act as chelating groups in binding

polyvalent metal ions. This membrane is classed with the weakly acidic cation exchange

resins by virtue of its carboxylic groups and acts as a cation chelating resin at pH S; 4.0,

while at very low pH, the resin acts an anion exchanger (BIO-RAD, 1988). It is claimed to

have high selectivity for polyvalent overmonovalent cations in aqueous solution.

Table 3.1 Physico-chemical characteristics of the three membranes used in this study
(compiled from BDH, 1988 and Bio-Rad, 1988).

Characteristics CEM
(BDH)

AEM CHEM
(BDH) (Bio-Rad)

0.15-0.17 0.30-0040

3-4 1-2

2.7-4.2 4.7-6.1

Anions Polyvalent cations
0.01 0.03

-S03- Iminodiacetate

> 500 times < 5 times

Thickness (mm)

Strength (kg cm-2)
Resistance (Ohms cm-2)

0.11-0.14

4-7

3.0-4.5

Retains

Exchange capacity (mmole cm-2)
Functional group
Re-use

Chemical stability

Cations

0.01

-NR3+
> 500 times

------------- pH 1-14; methanol; 1 N NaOH --------------
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To fit the requirement for soil extraction and burial, membrane sheets (12 x 12 em

for CEM and AEM; 30 x 30 em for CHEM) were cut into 2 em x 6 em rectangular strips.
This provided 12 strips per CEM and AEM sheet and 75 strips per CHEM sheet. This 24

cm2-strip surface (two sides) can be conveniently fit inside 50 mL centrifuge tubes used for

the extraction and elution, and gives an exchange capacity of 0.24 mmole per strip for CEM

and AEM, enough to extract metals from 2-5 g of general contaminated soil. For highly
contaminated soil, more strips are needed for each extraction.

3.1.2 Soil Suspension Extraction

Extraction ofmetal cations in soil suspension was performed by extracting the metal

cations from 2 g soil « 2 mm) using a 24-cm2 membrane strip in 20 mL deionized water.

The mixture of soil, membrane, and deionized water was placed in a 50 mL centrifuge

tube. The extraction was then carried out using an end-over-end shaker for 1 h at room

temperature. The reasons for selecting these parameters are discussed in section 4.1.

3.1.3 Burial

The 24-cm2 resin membrane strip was buried in a soil sample (70 g) in a 16 dram

plastic vial in the lab. For convenience in burial applications, the 24 cm2 membrane strips

can be mounted into a plastic inserter device, or applicator (Figure 3.2). After burial of the

membrane, the soil was saturated with deionized water. The buried membranes were

allowed to remain in the soil for 1 h before retrieval. The optimal parameters for the AEM

DTPA burial are discussed in section 4.1.

3.1.4 Elution and Regeneration

Following extraction, the membrane strip was removed from the soil-water

suspension or soil, and washed free of soil with deionized water. The membrane was then

shaken with 20 mL of IN HCI for 2 h on an end-over-end shaker (200 rpm). Optimization
of parameters is discussed in section 4.1. After elution, the membrane was washed with

deionized water and may be regenerated for reuse.
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Figure 3.2 Schematic diagram of using resin membrane in soil burial as
a) membrane alone or b) in applicator.
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3.1.S Determination of Metal Concentration in the Eluent

Metal concentration in the eluent was determined by atomic absorption

spectrophotometry (AAS) using a Perkin Elmermodel 3100. In all cases, an impact bead

was used to enhance the detection sensitivity. The operating parameters are given in Table

3.2. Sensitivity is defmed as the concentration of an element that will give a reading of

0.0044 absorbance units above a blank. Detection limit is defmed as the elemental

concentration corresponding to three times the standard deviation of 10 readings taken from

the standard blank. It gives the concentration that can be distinguished from the

background with over 99% certainty. The low end of the optimal concentration range is 10

times the detection limit and the upper end is at the top of the linear range. The units used

to express the quantity of metal extractable from soil by a buried resin membrane are ug of

adsorbed metal per cm2 of membrane surface with burial time clearly indicated.

Table 3.2 Operating parameters for Cd, Cr, Ni and Pb in AAS with impact bead.

Cd Cr Ni Pb

Optimum cone. range, llg/mL 0.02-2 0.1-3 0.04-5 0.3-5

Sensitivity, ug/ml. 0.016 0.041 0.042 0.03

Detection limit, IlglmL 0.002 0.013 0.004 0.03

Wavelength, nm 228.8 357.9 232.0 283.3

Air-acetyle flame conditions Oxidizing Reducing Oxidizing Oxidizing

3.1.6 Selection of Optimal Resin Membrane Form

To evaluate the most suitable chemical forms of ion exchange membranes for heavy

metal extraction, various types of ion exchange membranes were evaluated for their ability

to extract heavy metals from standard solutions containing 10 ug mL-1 of Cd, Cr, Ni and

Pb and using soil spiked with 40 ug s' of Cd, 160 ug g! of Ni, Cr and Pb.

Strips of CEM or CHEM were presaturated with 0.5 M NaHC03 (pH 8.5) to

convert the membrane to the Na+ form. This procedure was conducted by placing
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approximately 100 resin strips in 300 mL of the saturating solution overnight or by shaking
in the solution for 1 h. Sodium was chosen as the counterion because it was not expected
to be a confounding cation in the soil solution of the study soils. In addition, the

membrane's affmity for Na+ relative to other cations is low, ensuring its replacement with
other cations in the soil solution (BDH, 1988).

The cation exchange membranes (CEM) were found to adsorb more than 90 % of

the total metals (Cd and Ni as sulphate salts, Cr and Pb as chloride salts) added to the

standard solution and the coefficients of variation (CV%) among replicates was below 5%

(Table 3.3). However, when CEM was directly buried into soil at saturation for 1 h, only
trace amounts ofmetals were adsorbed by the CEM membranes, with much higher

variability. Therefore, CEM did not appear suitable for extracting metal cations in a soil

burial application.
The chelating membrane (CHEM) worked well in standard solution for one or two

uses with more than 90 % recovery of the metal added to the solution (Table 3.3).

However, when reused repeatedly, the membrane shrunk and its adsorption capacity for

some metals was greatly decreased. In addition, the CV% between replicates was usually

higher than 10 %. In a soil burial, the CHEM absorption capacity for metals was very low

and the CV% was even higher than for CEM (Table 3.3). The poor performance of the

CHEM membranes in practice, i.e. clumsy to handle, poor replication, and short life

expectancy (could not be regenerated after three to five extractions) restricted its potential

use. Similar results have been reported for use of CHEM in extracting the micronutrient

metals Cu, Zn, Mn and Fe (Tejowulan, 1994). The counter ions adsorbed on the CEM and

CHEM membrane are held by ionic bonds, and thus may be easily exchanged with metal

cations in standard solutions. However, in soil most of the heavy metals in soil solution

may be present as soluble complexes with organic compounds and other ligands, with

cationic forms tightly
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Table 3.3 Means and coefficients of variation (n=3) for heavy metals extracted by
different types of resin membrane from standard solution and in soil burial.

Membrane type ---------------------- Metal extracted -----------------------

Cd Cr Ni Pb
mean CV% mean CV% mean CV% mean CV%

From 10 J1g mir! standard solution (J1g mL-i)t
AEM-DTPA 2.7 1.9 <DL* 9.1 1.2 8.6 1.5
(% recovery) (27) (none) (91) (86)
CEM 9.9 0.2 9.1 1.3 9.0 0.2 9.4 0.7
(% recovery) (99) (91) (90) (94)
CHEM 9.4 11 7.3 13 9.7 15 9.8 18
(% recovery) (94) (73) (97) (98)

One h soil burial at saturation (J1g metal cm-2)
AEM-DTPA 0.37 4.6 0.31 3.1 10.1 1.3 25.8 2.3

CEM 0.09 19 <DL* 0.23 12 0.38 15

CHEM 0.07 82 0.02 125 0.21 35 0.39 62

DTPA (Ilg g-l) 16.3 2.9 7.1 2.0 68.6 0.3 26.0 0.9

* <DL - less than detection limit.
tConcentration in 20 mL 1 N HCI eluent solution recovered from 20 mL standard solution.

sorbed on the solid phase. In addition, other cations, such as Ca, Mg and Na in soil will

compete for the exchange sites on the membrane. In order to be extracted, the binding

strength of the metal to the soil must be overcome, and the CEM and CHEM appear to be

relatively ineffective in this regard.

The approach used to extract heavy metals from soil using AEM was to saturate the

AEM with chelating agent. AEM saturated with chelating agent (i.e. diethylenentriamine

pentaacetic acid - DTPA) was produced in the laboratory. The AEM membranes were

saturated with DTPA by soaking AEM in a 0.01 M disodium DTPA chelating agent

solution overnight (12 h). The membranes thus produced are referred to as AEM-DTPA.

The amount ofDTPA attached to the AEM was 1.25 umol cm-2 ofmembrane surface,

which is about 10% of the exchange capacity of the AEM.
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The AEM-DTPA membranes adsorbed less metals from standard solution than

CEM and CHEM (Table 3.3). However, AEM-DTPA adsorbed more metals in soil burial

than CEM and CHEM. The measurements using AEM-DTPA were also highly

reproducible (CV < 5%) and the membranes are reusable. In the AEM-DTPA

configuration, disodium DTPA molecules are loosely attached to the AEM membrane by

electrostatic attraction. In the soil, the Na ion on the chelating agent functional groups may

be readily exchanged with metal ions from metal complexes as well as those held by
covalent bonds on soil particles. This characteristic of the laboratory-developed AEM

DTPA membrane allows the AEM-D1PA to extract more metal cations than CEM or

CHEM membrane from soil. Therefore AEM treated with DTPA (AEM-DTPA) was

chosen as the optimal membrane type for the extraction of bioavailable heavy metal in soil

burial. A flow diagram for the AEM-DTPA burial procedure and chemical principle is

shown in Figure 3.3 and 3.4.

3.2 Adsorption Mechanism Study

It is postulated that the AEM-DTPA membrane will behave as either a sink or

exchanger for heavy metals depending on the intrinsic exchange capacity of the membrane,

the time in contact with the soil and the soil's retention capacity for heavy metals.

Throughout the literature, ion exchange resins are described as infinite sinks (Sibbesen,

1978; Skogley et aI., 1990; Yang et al., 1991a,b; Skogley, 1992; Lee and Zheng, 1993),

probably because their exchange capacities remained large over the study period or the soil

retention capacities were low enough to minimize competition for ions between the resin

and soil solid phase. In general, the rate of ion sorption is limited by the rate of desorption

or dissolution in the case of agitated systems, and limited by pore and film diffusion in the

case of in situ resin placement (Yang, et al., 1991 a). The objective of this thesis

component was to study the kinetic behavior of the AEM-DTPA membrane in relation to

heavy metal sorption.
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If ion exchange between soil and resin membrane can be expressed through

diffusion equations, the amount of ion (Q) moved from soil to the resin membrane over a

given distance (x) during a specific time (r) under steady state can be expressed as

dQldt = aFldx [3.1]

where F is flux of the ion (umol cm-2 s-I). Negative chemical concentration gradients

(dC/dx) are developed with distance from the membrane due to ion sorption by resin

membrane or TOOt. Based on the premise that ions move by diffusion to the resin

membrane, diffusion parameters can be determined by Fick's law

F = -De(acldx)

whereDe is the effective diffusion coefficient (cm-2 s-I).

Assumptions to be tested for diffusion characteristics include linear concentration

[3.2]

gradient and linear equilibrium adsorption at the interface between resin membrane and soil

solution. Results of ion accumulation by the resin membrane can be applied to the above

described characteristics to test how well the results fit theoretical models of diffusion.

This is done by analyzing the relationships between Q vs. t and Q vs. x and by measuring

nutrient fluxes to the resin membrane.

3.2.1 Equilibrium Isotherms for Free Metal Cations

A series of 50-mL centrifuge tubes each with one strip ofAEM-DTPA, was filled

with 20 mL of deionized water containing 0,5, 10,20,40 ug mL-1 of Cd, Cr, and 0,2.5,

5.0, 10,20, 100 ug mL-1 of Ni and Pb separately and adjusted to two pH levels (pH 4.5

and 5.8). The tubes were then shaken on an end - over - end shaker at 23±2°C for 24 h.

Each treatment was performed in duplicate. At the end of the equilibration period, the

AEM.DTPA membrane was recovered and rinsed thoroughly with deionized water. The

pH of the solutions was measured using a Beckman pH meter after the removal of the

membrane. The metals adsorbed by the membranes were removed by elution in 20 mL of
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IN HCI for 2 h, and the metal ions in the eluent and remaining in the equilibration solution

were analyzed using atomic absorption spectrophotometry.

3.2.2 Kinetic Studies

Soils: Three top soils (0-15 em) belonging to the Chemozemic order, representing

a clay loam, a loam and a loamy sand soil texture were used in this study (Table 3.4). The

soils were air dried and passed through a 2 mm sieve. Each soil received 20 mg kg! of

Cd, Cr, Ni and Pb in solution form. The spiked soils then were air dried, and mixed in a

soil mixing machine for 0.5 h. Aftermixing, the soils were watered to field capacity and

incubated for one week. The soils were air dried and passed through a 2 mm plastic sieve

again before use.

Table 3.4 Characteristics of the three soils used in the kinetic study.

Soil Texture* pH CEC O.C.**
(1:2 H2O) (cmol- kg-I) (%)

Brown (Haverhill) CL 7.1 27.2 1.55

Dark Brown (Weyburn) L 6.9 20.1 2.05

Dark Brown (Biggar) LS 7.1 13.5 2.20

* CL - Clay loam; L - Loam; LS - Loamy sand
** O.C. - Organic carbon.

Burial: The AEM-D1PA membranes (2x6 em) were placed in vials containing

approximately 70 g (air-dry) of the metal-treated soils for periods of 0.25, 1,6, 12,24,48,

and 120 h. After inserting the membranes, the soils were saturated with deionized water.

After removal from the vials, the membranes were cleaned with deionized water and eluted

with 1 N HeI. The metal concentration in the eluents was determined by AAS. The

amount ofmetal accumulated on the membrane was plotted against burial time.
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3.2.3 Heavy Metal Flux from Soil to the Membrane

An experiment was set up to study heavy metal (Cd, Cr, Ni, Pb) flux from soil to

the surface of the AEM-DTPA membrane, by measuring the metal concentration gradients

in soils adjacent to the membrane after burial. A schematic of the soil extraction system is

shown in Figure 3.5. Two soils (Table 3.5), a sandy loam (Dark Brown, Asquith

Association) and a clay loam (Black, Keatley Association), each spiked with 40 mg kg-l of

Cd as CdS04, 320 mg kg-l of Cr as CrCI3, 20 mg kg! ofNi as NiS04 and 20 mg kg-l of

Pb as PbC12, were used in this experiment.

Membrane
disc

Figure 3.5 Schematic of the planar metal-extraction system (A and B are

cylinders of saturated pastes of the same soil ).

Two capped cylinders, A and B, were filled with equal amounts of saturated soil.

Then an AEM-DTPA membrane disc (68 mm in diameter) was placed in between A and B.

The entire unit was secured with rubber bands and equilibrated at 23±2°C for 24 h. After

24 h, the two cylinders were carefully separated. A wood plunger was used to push the

soil cores out a measured distance. Five successive l-rnm thick layers were sliced from A

and B cylinders of the membrane-soil interface using a thin nylon thread. A sixth layer was

sliced from the outer face of the soil core in the same manner to represent bulk soil that had

65



not been influenced by the diffusion to the membrane. Each soil slice was air dried,

weighed, and analyzed for the specific metal concentration using the membrane suspension

extraction technique (suspension extraction, see section 3.1.3) and analyzed for pH using

1:2 soil:H20 with a pH meter.

The membrane discs removed from between the cylinders were washed with

deionized water and eluted with 40mL of 1 N HCI for 2 h. The eluent was analyzed for

the specific metals by AAS.

3.3 Growth Chamber Experiment

It is important to determine the level of metal contamination above which crop yield

and quality, and animal or human health may be affected. A plant growth experiment in a

controlled environment was carried out to provide information on the relationship between

the extractable levels of heavy metals in the soil, and uptake of these metals by oats

(cereal), radishes (root crop) and lettuce (leafy vegetable) and their toxicity to the plant

The results of such studies can provide a guide to the possible effects of soil contamination

with these metals and the effectiveness of the resin membrane method in predicting

bioavailability. The results obtained with oat, radish and lettuce may have some relevance

for cereal, root and leafy vegetable crops in general.

3.3.1 Experiment Design, Set up, Maintenance and Harvest

Soils: Two soils (a sandy loam from the Dark Brown soil zone, Asquith

Association and a clay loam soil from the Black soil zone, Keatley Association) were

collected from the Saskatchewan agricultural region to represent a light (low clay content)

and heavy (high clay content) textured soil with low levels of the heavy metals concerned

(Table 3.5). Soil samples collected from the field were air-dried, and passed through a 2-

mm polyethylene sieve. The air-dried soil was spiked with four levels of each metal: 0, 5,

10,20 mg kg-! added Cd as CdS04, and 0,40,80, 160 mg kg-! added Cr as CrCI3, Ni as
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Table 3.5 Some properties of the two soils used in the diffusion and growth chamber
experiment.

Soil Texture* pH O.C CEC Clay
(1:2) (%) cmol kg-1 (%)

7.5 2.3 14.6 18.9

8.3 3.0 34.7 44.6

Total concentration (mg kg-I)

Asquith (Dark Brown) SL

Keatley (Black) CL

Cd Cr Ni Pb

Asquith
Keatley

0.25

0.45

21.7

46.8

8.3

27.2

4.8

19.3

* SL - Sandy loam; CL - Clay Loam

NiS04, and Pb as PbCh in solution form, air-dried again, and then mixed in a mixing

machine for 0.5 h. The well mixed samples were then watered to field capacity, and

incubated for two months. The 2 months incubation was intended to ensure ample time for

the added metals to homogenize and equilibrate within the soil. After incubation, the soils

were air dried and passed through a 2-mm plastic sieve again before placing into pots.

Experiment design and maintenance: The experiment was a factorial design, with

four levels of each metal: 0, 5, 10,20 mg kg-1 added Cd, and 0,40,80, 160 mg kg-l
added Cr, Ni, and Pb. The spike rates of each metal were decided based on the realization

that the highest rate of each metal added to soil will create phytotoxic effects on most crops

grown in the controlled environment growth chamber (Purves, 1977a). Each treatment

was replicated three times. Five hundred grams of spiked soil was placed in a plastic pot.

Eight oat seeds (Avena sativa sp. c.v. Cascade) and five radish (Raphanus sativus L. C.v.

Cherry Bell) and lettuce (Lactuca sativa L. C.v. Slobolt) seeds were seeded into each pot

separately and thinned to four plants for oat, three plants for radish and one plant for lettuce

after establishment of the seedlings. Macro- (120 mg N, 40 mg P, 200 mg K, 80 mg Ca,
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30 mg S and 5 mg Mg/ kg soil) and micro-nutrients (5 mg Fe, Mn, 4 mg Zn, 3 mg Cu, 1

mg B and 0.6 mg Mo / kg soil) were added to each pot to ensure that nutrient deficiency did
not hinder plant growth. The amount of sulphate added to soil with different rates of Cd

and Ni is well below the minimum toxic level (>1500 mg kg-I in solution). All pots were

watered once a day to keep soil moisture at about 85-90 % offield capacity. The growth
chamber temperature was set at 25°C daytime (16 h) and 12°C at night (8 h). Oats were

allowed to grow to maturity, radish for 30 days and lettuce for 40 days.
Harvest: At harvest, the radish plants were divided into leaves and edible bulbs.

Fibrous roots were cut away and discarded. The leaves and bulbs were then carefully
washed with distilled deionized water. The lettuce leaves were cut above the soil surface,

and washed carefully with distilled deionized water. Oats were cut 5 mm above the soil

surface, and manually separated into grain and straw after drying. The harvested plant
materials were dried at 6Q°C for one week, weighed for dry matter yield (DMY)
determination and ground to < 425 11m in a Cyclone™ grinder with a special micronutrient

head prior to wet digestion.

3.3.2 Soil and Plant Analyses

Soil analyses: Most soil properties were determined using procedures outlined by
Carter (1993). Soil pH was determined in 1:2 soil: water suspension after shaking for 0.5

h on a reciprocating shaker, using a Beckman pH meter; organic carbon was determined by
a modifiedWalkley-Black procedure; soil cation exchange capacity by leaching a barium

(Ba) saturated soil sample with 1 M NI40Ac and determining Ba by AAS; particle size

analysis by the pipette method. Membrane extractable metals were determined by the

procedure of soil burial using raw membranes as described in Section 3.1.4.

Total soil metal content was determined using the microwave dissolution procedure

(Warren et al., 1990). A 0.5 g ovendried (105°C) sample «425 11m) was weighed into a

120-mL Teflon PFA vessel and 5 mL concentrated HN03 and 2 mL 48% HF were added.
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The soil samples were digested using a CEM Microwave Digestion System Model MDS-

8lD (CEM Corporation, Mathews, NC), using 20 min. at 100% power, 10 min. at 50%

power and fmally 10 min. at 100% power. After the digestions were completed, and the

pressure inside the vessels was reduced to atmospheric pressure, the samples were

removed from the turntable. The digested samples were washed and diluted to 50 mL with

deionized water. The sample solutions were analyzed by AAS.

DTPA-extractable metals were extracted according to the method developed by

Lindsay and Norvell (1978). The DTPA extracting solution contained 0.005 M DTPA,

0.01 M CaCh, and 0.1 M triethanolamine (TEA). The pH of the final solution was

adjusted to 7.3±O.05 with dilute HCI. Ten gram air-dried soil and 20 mL DTPA solution

were placed into an acid washed 125 mL conical flask and shaken (6 em stroke, 120 cycles

min.il) at 23±2°C for 2 h. The resulting extracts were filtered through Whatman No. 42

filter paper prior to determination ofmetal concentration by AAS.

Plant analyses: The ground plant samples were digested in sulfuric acid-peroxide

using a temperature controlled digestion block and analyzed by AAS for heavy metal

concentration (Thomas et al., 1967). For tissue testing, lettuce and radish leaf samples

were taken just before harvest, while samples of oat leaves were taken at the heading stage.

Samples of plant tissue of approximately 5 g were taken from the fourth to sixth leaves of

each plant using plastic scissors. The 5 g fresh plant samples were then cut uniformly into

small pieces of approximately 5 x 5 mm using plastic scissors and placed into a 125 mL

plastic bottle along with 50 mL of deionized water and one AEM-DTPA membrane strip

(2x6 em). The mixture of the tissue sample, water and membrane was then shaken on a

side-by-side shaker (200 rpm) for 1 h. Following the extraction, the residual leaf tissue

was dried for 48 h at 60°C and weighed. The membranes were removed from the bottle,

cleaned with deionized water, and then eluted with 20 mL IN HCI for 1 h in an end-over

end shaker. The eluent was analyzed using AAS for individual metals.
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Accuracy of the analyses for total content was checked using certified soil and plant

reference materials. The results were satisfactory compared to the recommended values

(Table 3.6). In most cases, the values determined by the methods in this study were not

significantly different from the recommended values.

Table 3.6 Recommended values and values determined by methods in this experiment
for the four reference soil samples* (SO-1 to SO-4) and three reference plant
samples! (NBS-1572, 1573, 1575).

Sample# Recommended value (mean±SE) Determined value§ (mean±SE)
Cd Cr Ni Pb Cd Cr Ni Pb
-------------------------------------- mg kg-l ----------------------------------

SO-1 0.15±0.09 160±15 94±6 21±3 0.14±0.10 156±S 92±S 22±4

SO-2 O.IS±O.ll 16±2 12±4 21±3 0.19±0.12 14±4 1l±5 23±5

SO-3 0.14±0.OS 26±3 16±3 14±3 0.15±0.OS 25±2 15±4 16±2

SO-4 0.42±0.12 61±5 26±3 16±3 0.45±0.13 59±4 24±S 17±4

NBS-1572 0.03±0.01 0.S±0.2 0.6±0.3 13.3±2.6 0.03±0.02 1.0±0.3 0.6±0.5 15±2

NBS-1573 3.0 4.5±0.5 na� 6.3±0.3 2.S±0.3 4.8±0.6 2.8±0.7 7.4±0.5

NBS-IS75 <0.5 2.6±0.2 3.5 10.S±0.5 0.38±0.1O 2.4±0.3 3.S±0.2 12±3

* The reference soil samples were from Land Research Institute, Agricultural Canada, and
the Canada Centre for Mineral and Energy Technology.
t The NBS plant samples were from U.S. Department of Commerce, National Bureau of
Standard, Washington, DC, 20234.

§ Mean of four replicates.
� na - not available.

3.4 Fractionation of Labile Metal Species in Soil

The introduction of different types of ion exchange membranes into a soil

suspension, which may yield a different system pH and/or cation affinity, may allow sub

division of the total metal content of a soil/sediment into a number of categories (Figure

3.6). The objective of this component of the thesis work was to determine if ion exchange

membranes can be used in fractionating metals in contaminated soils into various pools

which differ in theirmobility and potential bioavailability.
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Figure 3.6 Fractionation procedure for labile metals in soil.

Soil samples: Two sets of soil samples were investigated. The first group

consisted of two cultivated soils (a loamy sand and a clay loam texture) artificially

contaminated with different levels of heavy metals (0, 5, 20 mg kg-l of Cd as CdS04; 0,

40,80, 160 mg kg-l of Cr as CrC13. Ni as NiS04 and Pb as PbCI2). The second group

consisted of three soils contaminated with metals in the field: a soil sample from a zinc mine

spoil near Flin-Flon, Manitoba, with a high level of Ni, a Pb-contaminated soil from a

battery disposal site with extremely high levels of Pb and a Creosote contaminated soil

from a fence post processing site. The soil samples were air-dried, and passed through a 2

nun sieve. The cultivated soils were spiked with three levels of each metal in solution
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form, air-dried again, and then mixed in a mixing machine for 0.5 h. The well mixed

sample was then watered to field capacity, and incubated for 2 months. After incubation,
the soils were air dried and passed through a 2-mm polyethylene sieve again before the

fractionation experiment

Labile metal exchange studies: Cation ion exchange membrane (CEM) and anion

exchange membrane saturated with DTPA chelate (AEM-DTPA) were prepared in both H+

and Na+ forms to obtain the desired pH of the system (Figure 3.5). For the fractionation,

one membrane strip (6 x 2 em) and 1 g of soil sample were placed in a 50 mL centrifuge
tube with 25 mL deionized water, capped and its contents shaken overnight in an end-over

end shaker. After shaking, the membrane strip was removed from the centrifuge tube and

washed with deionized water to displace any adhering solids. The washed membrane strip
was then placed in a fresh tube, together with 25 mL of 1 N HCI, and shaken overnight.
The eluent was analyzed by AAS for Cd, Cr, Ni and Pb contents. After draining, the

membrane strip in the tube was eluted with a second 25 mL of 1 N HCI in order to assess

the effectiveness of the first elution.

The soil suspension left in the original tube was centrifuged and the supernatant

liquid was analyzed for the same group of elements by AAS as non-adsorbable, soluble

fraction. The pH of each membrane/soil suspension was measured using a Beckman pH
meter after removal of the membrane. Each treatment was repeated three times to check the

precision of the measurement. Blanks without soil samples were run to detect errors

attributable to metal contamination from the reagents and membranes.

3.5 Column Experiment for Monitoring Mobility

One concern surrounding metal contaminated sites is potential ground water

contamination by heavy metals in leachates. Laboratory results provide evidence that the

ion exchange membrane can accumulate heavy metals when buried in situ. Therefore, there

is a possibility that it can be used to monitor the mobility of heavy metals in a polluted soil
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environment. A leaching column experiment was carried out to determine how much metal

the membrane can accumulate and whether the membrane can: 1) stop heavy metals from

leaching out of the soil and be used to collect toxic metals from soil, and 2) be buried at

different depths for a period of time, and used to monitor concentration changes.

A 40 - em long and 7 - em diameter clear acrylic tube was used as a leaching column

(Figure 3.7). Tygon tubing was connected to the bottom of the column and a vacuum flask

used to collect leachate. One AEM-DTPA orCEM membrane disc (7 em in diameter) with

holes to allow water to pass through was placed at 15 em depth and another one at the

bottom of each column (Figure 3.7). A membrane filter paper was placed below the

bottom resin membrane to filter the leachate. The columns were filled with an

uncontaminated sandy loam surface soil (Asquith association Table 3.5) in the bottom 25

em (1.25 kg soil), and soil (0.6 kg) in the top 15 em of the column was mixed with 0.15

kg (equivalent of 400 t/ha, assuming 1 ha of soil to 15 em depth weighs 2000 tonnes) of

Saskatoon sewage sludge. DTPA - extractable and total content of some metals in the

sludge and the calculated amount ofmetals added to each column are presented in Table

3.7. The treatments were: no membranes (control), CEM membrane, and with AEM-

DlPA membrane installed. All treatments were replicated twice. Each column was

watered to field capacity (700ml deionized water for each column) at the beginning, then

60ml of deionized water was added to each column every day. Leachate was collected on

a daily basis for 10 days, acidified with HN03, and refrigerated at 4°C until analyzed.

After 10 days of leaching, the column was opened, and the membrane discs were

removed and washed free of soil with deionized water. Then the membranes were eluted

with 40 mL of 1 N HCI on an end-over-end shaker overnight. Leachates and eluents from

membrane discs were analysed by AAS for metal concentration.
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Figure 3.7 Schematic diagram of the leaching column

Table 3.7 Heavy metal concentrations in the sludge and the amount added to each
column at a sludge application rate of 400 tonne ha-1 (0.15 kg per column).

Metal Cd Cr Ni Pb Cu Zn

DTPA-extractable

Concentration (mg kg+) 0.56 0.17 2.46 13.6 21.3 103

Amount added (mg per column) 0.08 0.03 0.37 2.04 3.19 15.5

Total content

Concentration (mg kg+) 3.59 160 42.3 111 146 560

Amount added (mg per column) 0.54 24 6.35 16.6 21.8 84.0
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3.6 Data Presentation and Analysis

Soil and plant tissue analyses were conducted in triplicate and results presented are

mean values. Linear regression analysis was employed to examine the relationships
between variables. All replicated treatments were subjected to analysis of variance.

StatView SE + Graphics program (StatView SE + Graphics, 1988) was used in the

statistical analysis and a protected least significant differences (PLSD) test was used to

compare the means (Steel and Torrie, 1980). To make all pairwise comparisons ofmeans,

PLSD is used, in which an F-test of treatments is conducted and comparisons are made

only if F is significant. The critical tissue levels were determined at a prescribed percentage
of plant growth retardation.
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4. RESULTS AND DISCUSSION

4.1 General Extraction Conditions

4.1.1 Soil to Water Ratio

Soil to water ratio in a soil suspension extraction affects the amount of heavy metal

extracted from soil by the membrane strip (Table 4.1). With a constant soil weight of 2 g,

a smaller volume of deionized water increased the amount of heavy metals extracted. This

could be due to the preferential adsorption of lower over higher valency cations by soil

components in more concentrated solutions (Eaton and Sokoloff, 1935; Kelley, 1938). In

addition, less water relative to soil results in more direct contact between resin and ions

adsorbed on the surface of soil particles. These results are in agreement with the

suggestion made by Hamilton andWestermann (1991) that solution volume is an important

factor affecting contact between soil particles and resin during extraction. In the present

study, a volume of 20 mL of deionized water was chosen because it ensured complete

coverage of the membrane during extraction in a 50 mL centrifuge tube. The use of 2 g soil

with 20 mL deionized water was desirable because such a ratio was convenient for the

calculation of heavy metal concentration.

Table 4.1 Heavy metals extracted by AEM-DTPA at different ratios of soil to water.

Soil (g) : water (mL) Cd Cr Ni Pb

1: 20

1 : 15

1: 10

1:8

1 : 5

----------------------- mg kg! soil --------------------------
0.52 0.51 1.33 1.20

0.67 0.59 1.45 1.32

0.77 0.65 1.49 1.51

0.81 0.68 1.58 1.57

0.89 0.74 1.71 1.63
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4.1.2 Burial Time

The amount of Cd, Cr, Ni and Pb in Keatley soil with spike rate of 40 mg Cd, 160

mg Cr, 40 mg Ni and 40 mg Pb kg-I soil extracted by a membrane strip of 2 x 6 em size

increased when the burial times were progressively lengthened from 0.25 to 24 h (Table

4.2), indicating that the exchange capacity of the resin during the given extraction period
was in excess of the soil's capacity to release metal cations. Tejowulan (1994) examined

the effect of resin strip burial time on the amount ofmicronutrient metals extracted and

found that Cu and Mn adsorption to the membrane strip started to decrease after 48 h

burial, with Fe adsorption rate decreasing after 4 days and Zn after 6 days. This reflects

the differences in diffusion rate ofmetals from soil to the membrane surface and

competition between metals for exchange sites of the membrane (Tejowulan, 1994). A 1 h

burial time was selected as a compromise between speed and ensuring that a relatively large

amount of each metal is included in the measurement.

Table 4.2 Effect of burial time on heavy metals removed by AEM-DTPA.

Burial time (h) Cd Cr Ni Pb

0.25

0.5

1

6

24

-------------------------- �g/cm2 -----------------------

0.18±O.02t O.O4±O.OO O.32±O.OO 1.26±O.O6

0.22±O.OI O.07±0.OI 1.12±0.09 2.17±O.O8

O.2I±O.OI O.07±O.OI 1.84±O.OI 2.98±O.14

O.26±O.Ol O.II±O.OO 3.01±O.15 4.92±O.20

O.36±O.O3 O.14±O.OO 6.57±O.38 7.55±O.13

t Means of three replicates with standard deviations.
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4.1.3 Elution Time and Eluent Concentration

One N HCI was selected as the eluent because it was capable of nearly complete

stripping ofmetal ions from the resin membrane in I h (;;::92% from one elution) (Table

4.3). No significant differences were observed between I hand 2 h elution times with I N

HCI for the four metals studied (Table 4.4). Therefore, a I h elution time with IN HCI

was selected.

Table 4.3 Comparison of element recovery from membrane by three different
concentrations of HCI in I h shaking.

HCI % Recovery*
Cd Cr Ni Pb

74 78 89 85

92 93 98 96

94 95 99 97

0.5 N

1.0 N

2.0 N

* expressed as a percentage of the total amount on the resin.

Table 4.4 Heavy metals removed fromAEM-DTPA after I and 2 h elution with I N HCI.

------------------------------- Elution time -------------------------

Metal I ht 2 ht Difference

--------------- ug cm-2 ----------------

Cd 0.17±0.OI O.18±0.02 ns*

Cr 0.37±0.O2 0.35±0.03 ns

Ni 1.12±0.04 1.22±0.03 ns

Pb 2.26±0.26 2.34±0.17 ns

t Means of triplicate analyses, and standard deviations.
* ns - no significant difference at p = 0.05 between I and 2 h elution.
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4.2 Mechanism of Heavy Metal Accumulation by AEM-DTPA Membrane

4.2.1 Heavy Metal Adsorption Isotherms

Individual sorption isotherms were experimentally developed for the AEM-DTPA

membrane in two pH systems: pH 4.5 and pH 5.8 (section 3.2.1). Figure 4.1 shows the

sorption isotherms and Table 4.5 presents the coefficients for Langmuir adsorption
isotherms for adsorption of the four heavy metals by the AEM-DTPA membrane. The

sorption characteristics of each metal closely follow the Langmuir isotherm profile, with a

linear relationship between concentration and adsorption at low concentrations and an

asymptotic relationship at high concentrations. This reflects a high relative affinity of the

membrane surface for heavy metal cations at low surface coverage coupled with a

decreasing amount of the exchange sites remaining at higher concentrations. Secondly,

heavy metal adsorption by the membrane is influenced by pH, with lower uptake at lower

pH, which is principally the result of changes in the protonation of the DTPA on the

membrane surface. The adsorption ofNi and Pb by the membrane was less sensitive to pH

change possibly due to strong bonding (inner-sphere complexes) between these metals and

the functional groups. As pH increases, protonation decreases, with more negative charge

developed and the electrostatic attraction for a metal cation is enhanced. The maximum

adsorption capacity is in the order of Pb > Ni > Cd > Cr. This is explained by Pb having

the highest ionic radius, and the ionic radius being lowest for Cr3+ and cr6+ (Sposito,

1989). As a rule of thumb, the relative affinity of a soil adsorbent for a free metal cation

will increase with the tendency of the cation to form inner-sphere surface complexes. For a

series of metal cations of a given valence, this tendency is correlated positively with the

ionic radius. The metal cations with larger ionic radii will create a weaker electric field and

will be less likely to remain solvated in the face of competition for complexation by a

surface functional group. A larger ionic radius implies a larger spread of the electron

configuration in space and a greater tendency for a metal cation to polarize in response to
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Table 4.5 The Langmuir adsorption coefficientst for four heavy metals adsorbed from
solution by AEM-DTPA membrane at two pH levels.

pH = 4.5 pH = 5.8

K B r2 K B r2
Metal (mL Jlg-I) (ug cm-2) (mL Jlg-I) (Jlg cm-2)

Cd 10.5 13.3 0.992** 38.9 14.5 0.995**

Cr 8.9 3.6 0.988** 23.5 7.8 0.991 **

Ni 2.4 54.2 0.999** 3.1 63.3 0.992**

Pb 1.8 132 0.980* 2.0 140 0.998**

t Experimental data were fitted to Langmuir adsorption isotherm (2.4): C/Q = 1/KB + C/B,
where: C = equilibrium cone. ofmetal in solution (ug mL-I); Q = the amount ofmetal
adsorbed per unit area ofmembrane (ug cm-2); K = a constant reciprocally related to the

binding strength; B = maximum amount ofmetal that can be adsorbed (Jlg cm-2).
** Significant at p = 0.01 level; * Significant at p = 0.05 level.

the electric field of a charged surface functional group (Sposito, 1989). This polarization is

the necessary prerequisite for the distortion of the electron configuration leading to covalent

bonding. The relative affinity order of the AEM-DTPA membrane for these heavy metals

suggests that the adsorption of Pb and Ni by the membrane appears to be inner-sphere

complex (covalent bonding) and adsorption of Cd and Cr to be outer-sphere complex (ion

exchange).

The coefficient K (binding strength) and maximum adsorption, B, were higher at

pH 5.8 than at pH 4.5. These results are characteristic for chelating agents whose cation

exchange capacity is very low at pH < 3, then increases sharply as the pH rises from 3 to 5

and reaches a maximum adsorption capacity at pH > 6.0 (Sengupta and Sengupta, 1993).

The K value determines the magnitude of the initial slope of the isotherm, and increases

with higher pH. The maximum adsorption capacity of the AEM-DTPA is high enough to

provide sufficient exchange sites for metal cations diffused to the membrane surface within

limited burial times.
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4.2.2 Kinetics of Heavy Metal Adsorption by AEM·DTPA Membrane

Figure 4.2 shows the results of individual metal sorption studies with the AEM

DTPA for Cd, Cr, Ni and Pb, with metal uptake by the membrane buried in soil spiked

with 20 mg kg-l of each metal (see section 3.2.2) plotted against time. The amounts of

metal ions diffusing increased with time up to 24 h for Cd, Cr and Pb; there was a reverse

flow of these cations during further periods, when about 10 % of the AEM-DTPA

membrane exchange capacity had been exchanged. Amounts ofNi diffusing increased up

to at least 120 h and no reversal of flux was observed, Similar results were observed by

Vaidyanathan and Nye (1966), in which the Na adsorbed by resin membrane increased up

to 4 h and K up to 6 h and then there was a reverse flow of these ions occured during

further periods. However, the Ca ions adsorbed by the membrane increased up to at least

16 h and no reversal of flux was observed. The AEM-DTPA membrane removes different

amounts ofmetals from the three different Soils spiked with the same rate of metal. These

differences appear to be largely related to the organic matter content of the soil for Cr, and

to a lesser extent for Ni and Pb, with the greatest removal from the low organic matter

Haverhill soil, despite its higher clay content. Organic matter sorption is known to be a

dominant retention mechanism for Cr, and is also significant for Ni and Pb (Lindsay,

1979).

The reversal of flux of Cd, Cr and Ph from the membrane is probably due to other

cations (including Ni) entering the resin in later stages which will displace the metal ions

already diffused onto the resin. In addition, after prolonged burial, microorganisms may

produce substances in soils that are capable of forming strong metal-chelate complexes

(Chakrabarty, 1986). Natural chelates may compete with the chelates on the membrane for

metal cations andmay also have a capacity to destroy the efficiency of resin to adsorb metal

ions by simply blocking the adsorption sites. The membrane thus behaves as a dynamic

exchanger rather than an infinite sink for Cd, Cr and Pb. The dynamic nature suggests that
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the membrane system can better reflect the concentrations ofmetal ions in soil solution

rather than act as a long term metal accumulator.

During the early stages, the resin membrane provides a plane of constant

concentration of diffusate at the soil surface, assuming that the diffusate is adsorbed by the

resin very rapidly and ions are much more mobile on the resin membrane than in the soil.

If initially, the resin membrane does not contain the diffusate, the concentration at the

boundary between it and the soil surface will be zero, and for short times, fitted to Eq.

[2.9] can be simplified as

Mt r1/2 n1/2/2 = C1(De)1/2 [4.3]

which should be constant for a particular soil under the experimental conditions. The resin

sink may not maintain this zero concentration as the diffusate accumulates on it, andMt r

1/2 will decrease. Results from this experiment showed thatM, r1l2 remained constant up

to 24 h for Cd, Cr, and Pb and 120 h for Ni (Table 4.6). The long period for which Mt r
1/2 remained constant for Ni could be because of the high affmity of the resin for Ni.

Table 4.6 Soil metal cation movement into AEM-DTPA membrane

Burial Amount diffused (Mt)t Mt r112
time t (h) mmole x1()6 cm-2 Metal cation

-----------------------------------------------------------------------------

Cd Cr Ni Pb Cd Cr Ni Pb

0.25 2.3 5.6 2.3 6.5 4.6 11 4.5 12

1 3.7 8.8 5.8 10.0 3.7 8.8 5.8 10

6 8.3 21.1 17.0 21.3 3.4 8.6 6.9 8.7

12 11.9 30.0 25.4 30.0 3.4 8.7 7.3 8.7

24 17.0 42.2 39.3 42.6 3.5 8.6 8.0 8.7

48 12.4 35.4 50.2 31.9 1.8 5.1 7.3 4.6

120 6.8 29.9 71.4 15.5 0.6 2.7 6.5 1.4

t Sum of each metal from the three soils.
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Using Eq. [2.9], if the amount ofmetal cations varies linearly with (time)l/2, a

'bulk diffusion' process is indicated. The slope of the plot will be related to the soil buffer

power and C/. The amount of Cd, Cr and Pb diffusing to the AEM-DTPA membrane was

directly proportional to � t up to about 24 h (Figure 4.3). However, the amount of Ni

diffusing to the AEM-DTPA membrane was proportional to � t up to at least 120 h with

two phases (one slope up to 24 h and another up to 120 h). These results suggest that

adsorption of Cd, Cr and Pb by the AEM-DTPA membrane within 24 h was diffusion

controlled. In the case ofNi, up to 120 h , the adsorption process was still diffusion

controlled, although the adsorption became slower after 24 h. The loamy soil appears to

have higher buffer power than other two soils for Cd, Ni and Pb. However, the loamy

sand has higher buffer power for Cr due probably to the high affinity of organic matter for

Cr3+ (section 2.2.3). The loamy sand contains the highest organic carbon among the three

soils.

Since the mechanism of resin sorption is ion exchange or complexation (weak acid

and base membrane), the widely accepted analogy between plant roots and resin materials

is somewhat dubious. Although resin materials are more mechanistically similar to root

uptake than chemical extractants, it seems simplistic to assume that they would behave

solely as infinite sinks for ions.

It is expected that under differing soil mineralogical and chemical conditions, the

soil will compete more strongly or weakly with the resin materials for the labile species,

and the kinetics of metal sorption on both surfaces will be altered (Aharoni et al., 1991).

Moreover, the interaction is expected to be dynamic, as it reflects microsite fluctuations in

soil pH and organic acid activities. Krause and Ramlal (1987) also found that anion flow

to a resin could be reversed either by changes in soil pH or by plant root and microbial

uptake. Therefore, soil properties like mineralogy, retention capacity, and micro-biological

demand for different ions are expected to influence AEM-DTPA behavior in situ. The

dynamic exchange nature of the membrane metal sorption evokes a more complex

85
--_._.-. __ .-.---._--.,- �



1.0, 1.2

� r
HavorhUi

iii Haverhill
1.0 0 Weyburn

(;'
0.8 0 Weyburn N • Biggar• Biggar < 0.8<

EE 0.6u u
a a 0.6
� 0.4 2-

... 0.4"0
99

0.2 ..

0.2i ::::E

0.0 0.0
0 1 2 3 4 5 0 1 2 3 4 5

� t � t

2.0 500

4�
D0\ ---- Haverhill II Haverhill

--0- Weyburn N o WeyburnN 1.5 ---- Biggar < • Biggar< EE u 3
� Q
CI 1.0 2-

22-
J:l

Z Q.
.

1
. 0.5 ....

::::E::::E

00.0
0 1 2 3 4 50 2 4 6 8 1 0 1 2

� I�t
Time in h

Figure 4.3 Relationship between the amount ofmetal ions diffusing to 1 cm2 of resin membrane (Mt) and square root of time (�t)



interpretation of fluxes with time. Since sorption and desorption at the membrane surface

probably occur relatively rapidly, it is impossible to assess quantitatively the labile metal

flux pattern that results during the membrane burial period. AEM-DTPA adsorbed metals

represents an average value of all metal fluxes, both to and from the membrane, across the

sampling interval.

4.2.3 Heavy Metal Fluxes from Soil to Membrane

Figure 4.4 shows the change in AEM-DTPA extractable Cd, Cr, Ni and Pb

concentration with distance from the AEM-DTPA membrane surface. In all cases, a

negative concentration gradient exists. There is no significant difference in pH values in

soil from 1 to 5 mm away from the membrane surface (Appendix B). Regression

equations relating metal concentrations from 1 to 5 mm, as measured by AEM-DTPA

suspension method, to distance from the membrane disc and metal fluxes to the central

membrane disc are presented in Table 4.7. The larger coeffiCients for the linear component

of these equations than for quadratic indicates that concentration gradients had leveled off

prior to reaching the fifth soil layer (5 mm away), which is considered to be beyond the

influence of diffusion, and representative of the initial metal COncentration (Kauffman and

Bouldin, 1967; Yang et al., 1991a). The zone of depletion after 24 h burial appears to be

about 3 to 4 mm away from the membrane surface in these soils.

The fluxes ofmetals to the center-membrane disc were in the order of Ni > Pb > Cd

> Cr. The high initial spike rate of Cr and the low flux indicates that Cr is very immobile.

Nickel was the most mobile among the four heavy metals in this study. Fluxes of these

four metals to the center-membrane disc were in the order of 10-6 to 10-5 ug cm-2 s+, being

higher in the sandy loam soil than in the Keatley soil. Soil bUffering power is correlated to

ion exchange capacity and adsorption strengths of the exchange sites (Barber, 1984).

According to the equation [2.2], the Keatley soil with higher Clay content and buffering

powerwill result in lower effective diffusion coefficient than the Asquith soil. In most
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Table 4.7 Relationships between metal concentration in soils and distance from AEM
DlPA membrane surface and metal flux to the central membrane discj.

Equations! r2 Flux (to membrane) Soil metal spike
ug cm-2 s-1 x 1()6 rate (mg kg+)

Asquith soil

CCd = 0.01 + O.OIX - 0.OOIX2 0.993** 4.1 40

CCr = 0.02 + 0.02X - 0.OO2X2 0.981 * 0.14 320

CNi = 0.46 + O.09X - 0.017X2 0.995** 14.2 20

CPb = 0.19 + 0.09X - 0.OO3X2 0.997** 7.6 20

Keatley soil

CCd = 0.01 + O.OIX - 0.OOIX2 0.950* 4.3 40

CCr = 0.03 + O.OIX - 0.OOIX2 0.982** 0.11 320

CNi = 0.35 + 0.18X - 0.01X2 0.962* 11.8 20

CPb = 0.16 + 0.10X - 0.OO6X2 0.982* 5.4 20

§ Concentration (C) is determined by membrane-suspension method, in ug cm-2.
** Significant at p = 0.01 level; * Significant at p = 0.05 level.
t X = layer distance to membrane surface, in mm.

cases, metal concentrations up to 3 mm away from the surface were affected by the

membrane adsorption. Based on these results, the quantity of soil affected by the burial of

membrane of 2 x 6 em size, assuming a soil bulk density of 1.4 g cm-3 would be about 10

g soil. If the membrane is only buried for 1 h, a much smaller quantity of soil is depleted

ofmetal by the membrane.

The above results show that the AEM-DlPA membrane buried in situ accumulated

heavy metals from soil in a manner indicative of a diffusion-controlled process up to 24 h

for Cd, Cr and Pb and created a depletion zone similar to that around a plant root during

uptake. Following 24 h, the membrane behaved as a dynamic exchanger rather than as a

sink for these metals. In the case ofNi, the buried AEM-DTPA membrane behaved as a

sink up to at least 120 h.
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4.3 AEM-DTPA Burial to Predict Heavy Metal Bioavailability

The conventional DTPA soil test is considered a reliable method for estimating the

availability ofmicronutrient metal cations in neutral to calcareous soils (Lindsay and

Norvel, 1978; Leggett and Argyle, 1983; O'Connor, 1988). Furthermore, the same soil

test has proven useful for estimating metal availability in acid soils (Silviera and Sommers,

1977). Therefore, the DTPA extraction was used in the present study to evaluate the

capacity and reliability of the AEM-DTPA method in assessing the bioavailability of soil

heavy metals.

4.3.1 Cadmium

4.3.1.1 Relationship among ce spike rate, DTPA-extractable Cd and AEM

DTPA ca

Both DTPA- and membrane-extractable Cd reflected the relative Cd contamination

(spike rate) of soil (Figure 4.5). A large proportion (over 70%) of Cd added to the soils

was DTPA-extractable. This indicates that Cd added to soils as inorganic salt may remain

highly available to plants. One should note that, in the case of the metal extracted by

membrane, results are expressed as weight of metal removed per em? of strip surface per

unit time and are not quantitatively equivalent to DTPA-extractable metal which is

expressed as weight ofmetal per Unit weight of soil. The average coefficient of variation

(C.V.) of the AEM-DTPA membrane burial method for three replicate analyses was

typically $ 3.2 %. Individual data points (mean ± standard deviation) are presented in

Appendix C.

The amount Of Cd removed by AEM-DTPA membrane in 1 h burial was

significantly correlated with that relnoved by the conventional DTpA method (Figure 4.5).

The conventional DTpA aod AEM'DTPA methods both adsorb metal ioos by

complexation. However, the soil VOlume accessible to the DTPA extractant is much larger

than the soil volume affected by the buried AEM-DTPA membrane. In the AEM-DTPA
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resin method, only the amount of Cd that contacts with, and can diffuse to the resin, will be

adsorbed by the membrane.

4.3.1.2 Effect of added Cd on plant dry matter yield and Cd concentration

Added Cd had no significant effect on yield of radish and oats over the range of Cd

additions, whereas lettuce leaves were noticeably darker in color at the two highest

treatment levels (Table 4.8). Addition of 5 mg kg-I Cd significantly inhibited the growth of

lettuce in the sandy, low organic matter Asquith soil, whereas a spike rate of 10 mg kg-I
was enough to reduce yield in the Keatley soil. These results are consistent with the

fmdings that leafy vegetables are more sensitive to Cd toxicity and that the toxic effects are

more pronounced in light textured soils (Bingham and Page, 1975; MacLean, 1976; Purves

1977b). Soils with high organic matter and clay contents are able to complex and retain

more of the added metal, reducing toxicity of the metal. The variability ofDMY is

presented in Appendix D.

Cadmium concentration in all plant materials increased significantly with the Cd

spike rate for both soils (Table 4.8). Concentration of Cd in the leaves of radishes grown

in the spiked soils were several times higher than in the bulbs and Cd concentration in the

straw of oats higher than in the grain, and well above the safe limit for human

consumption. The maximum allowable limit of Cd in plant foodstuffs has been always

calculated on the basis of daily metal intake by a given population group, generally < 3 mg

kg-I of vegetables and < 0.25 mg kg-I for grain being acceptable (Kitagishi and Obata,

1981). Radish and lettuce leaves accumulated similar amounts of Cd. However, the

elevated level ofCd in radish leaves did not affect the dry matter yield. Application of 5 mg

kg-I Cd significantly reduced lettuce dry matter yield. These results indicate that radish is a

Cd tolerant crop and lettuce is a sensitive crop to Cd toxicity. Leafy vegetables are

considered to be a significant route of Cd supply to humans.
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Table 4.8 Effect of Cd added as CdS04 on dry matter yield and Cd concentration of
radish, lettuce and oats (average of three pots).

Spike rate (mg kg-I) 0 5 10 20

A:2gUilb 5Qil

DMY(g)/pot (radish) 2.8at 2Aa 2.5a 2.5a

Leaf conc. (mg kg-1) O.6a 23b 46c 66d

Bulb cone. (mg kg-I) O.3a 4.5b 8.6c I5d

DMY(g)/pot (lettuce) 3.5a 2.2b I.7bc 1.3c

Leaf cone. (mg kg-I) 1.0a 25b 32c 73c

DMY(g)/pot (oats) 15a 15a 13b 14ab

Straw conc. (mg kg-I) 1.3a 3.3b 4.Ib 8.8c

Grain cone. (mg kg-I) O.Ia OAb O.8c 1.7d

Keatley sQiI

DMY(g)/pot (radish) 3.0a 2.7a 3.Ia 3Aa

Leaf cone. (mg kg-1) 1.3a 28b 37c 68d

Bulb cone. (mg kg-I) O.3a 5.6b 8.0c 12d

DMY(g)/pot (lettuce) 4.0a 3.2ab 2.6b 1.5c

Leaf cone. (mg kg-I) 0.9a 23b 29b 59c

DMY(g)!pot (oats) 15a 15a 15a 14a

Straw conc. (mg kg-I) . 1.3a 2.9b 4.0c 6.2d

Grain conc. (mg kg-I) 0.2a 0.7b 0.8b 1.3c

t Values in each row followed by a different letter are significantly different at p = 0.05.
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4.3.1.3 Effectiveness of DTPA extraction and buried membranes for
predicting Cd concentration and uptake in plants

The relationships between Cd tissue concentration and total uptake by the three

crops and Cd spike rate, DTPA-extractable Cd, and membrane-extractable Cd in the soils

are given in Table 4.9 (plotted data are given in Appendix E). Cadmium concentration and

uptake by radish and oats, as well as Cd concentration in lettuce leaves was significantly
correlated with spike rate, DTPA-extractable Cd and AEM-DTPA-extractable Cd in 1 h

burial. The added Cd can be readily taken up by plants to produce quite high

concentrations in the plant without the appearance of phytotoxicity, so that an apparently

normal crop may be unsafe for human and animal consumption. For example, Cd

concentrations in oat and radish tissue are above the regulated "safe limit" (Sauerbeck,

1991), even though dry matter yield was not reduced (Table 4.8). The correlation

coefficient between Cd uptake by lettuce and spike rate and the two test methods was not

significant due to the large dry matter yield decrease as spike rate increased, in which case,

uptake is not a good indicator of bioavailability. Significant coefficients of determination

between the total plant uptake and concentration and the two test methods (Table 4.9)

indicate that both tests are suitable indicators of Cd bioavailability.

Table 4.9 Coefficient of determination (r2) for the relationships between Cd in plant and
Cd spike rate, DTPA-Cd and membrane-Cd in the soils.

Cd in plant Added rate DTPA-Cd Membrane-Cd

........................... r2 ............................

Radish bulb cone. 0.99** 0.99** 0.99**

Radish total uptake 1.00** 0.99** 0.99**

Lettuce cone. 0.98* 0.99** 0.98*

Lettuce uptake 0.75 0.73 0.77

Oat grain cone. 0.99** 1.00*** 0.99**

Oat total uptake 0.98* 0.99** 0.99**

*, **, Significant at the 0.05, 0.01 levels, respectively.
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4.3.1.4 Phytotoxicity threshold

The dry matter yield of lettuce was significantly decreased by addition of 10 mg Cd

kg-I for the Keatley soil and 5 mg kg-I for the Asquith soil. There was no yield decrease

of radish and oats from Cd addition. The cause-and-effect relationships between leaf tissue

concentration of Cd and percent growth retardation for lettuce was best described by a

quadratic exponential function model (Figure 4.6). Growth retardation is defined as the

percentage of growth reduction for plants grown on metal-treated substrates when their

total biomass is measured against that of a control in which no Cd was added (Chang et al.,

1992). If plant growth is enhanced by the presence ofmetals, the growth retardation is

assumed to be zero. From the equation in Figure 4.6, Cd concentration in lettuce leaf

tissue corresponding to 50,20, 10 % growth retardation (PTso, PT20 and PTlO) is

-
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Figure 4.6. Relationship between total Cd concentration in lettuce leaves and
growth retardation
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computed as 42, 14.5 and 7.5 mg kgJ, respectively. The DTPA-extractable and

membrane Cd corresponding to PTSO are 7 mg kg-l and 0.08 ug cm-2 for the light textured

soil and 11 mg kg! and 0.10 ug cm-2 for the heavy textured soil, respectively.

4.3.2 Chromium

4.3.2.1 Relationship among Cr spike rate, DTPA-extractable and AEM

DTPA Cr

Only a small amount of added Cr was extracted by DTPA and AEM-DTPA

membrane (Figure 4.7). For AEM-DTPA membrane buried in situ, if the burial time for

AEM-DTPA membrane is shorter than 1 h, the amount of Cr extracted by the resin was less

than the detection limit ofAAS. This confirms that the Cr added to soil was strongly

adsorbed and relatively immobile, especially in the heavy textured soil (Bartlett and James,

1988). The solubility of Cr3+ decreases above pH 4 and above pH 5.5 complete

precipitation occurs. Chromium (VI), with its high positive reduction potential, is a

strongly oxidizing species, and is readily reduced to Cr3+ in the presence of soil organic

matter (Bartlett and Kimble, 1976a,b; Grove and Ellis, 1980). Thus in the majority of

soils, the relatively insoluble and less mobile Cr3+ predominates. After the CrCl3 was

added to the soil, the Cr3+ will be transformed to relatively insoluble compounds such as

insoluble hydroxides and oxides (Cary et al., 1977a,b; Grove and Ellis, 1980). In

addition, Cr3+ binds tenaciously to negatively charged sites on clay minerals and organic

matter (Alloway, 1990).

The amounts of Cr extracted by the conventional DTPA and the AEM-DTPA

membrane methods were significantly correlated to Cr spike rate. The AEM-DTPA

membrane extractable Cr was also highly correlated with DTPA-extractable Cr (Figure

4.7). This indicates that both methods can predict the relative contamination of Cr in soil.
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4.3.2.2 Effect of added Cr on plant dry matter yield and Cr concentration

The effects of added Cr on dry matter yield of radish, lettuce and oat are shown in

Table 4.10. In this experiment the highest treatment level (160 mg kg+), corresponding to
determined levels ofDTPA-extractable Cr of greater than 0.3 mg kg! and ofmembrane Cr
of greater than 0.04 ug cm-2, produced a significant yield reduction in the three crops

grown on the Asquith soil. The corresponding concentration ofCr in radish, lettuce leaves

and oat straw is 4.9, 1.7 and 2.6 mg kg-I, respectively (see Appendix F). These levels are

similar to the critical concentration ranges (Table 2.9) of Cr responsible for 10% yield loss

reported by Kabata-Pendias and Pendias (1992). However, no significant effects were

observed on yield of the three crops grown in the heavy textured soil over the range of Cr

rates employed, although the Cr concentration in plant tissue was relatively high. This

suggests that soils with high metal binding capacity (high clay content) can reduce Cr

toxicity.

Lahouti and Peterson (1979) observed that 98% of Cr absorbed by nine different

crop plants was retained in the roots. However, in this experiment Cr concentration in

radish leaves was higher than in the edible bulbs and Cr concentration in oat grain higher
than in straw, indicating that Cr is quite mobile in these plants. The Cr concentration in

lettuce leaves was lower than in radish and oat plant tissue. The Cr concentration in the

edible parts of crops in this study was similar to the range reported in the literature. Barley
and wheat grains grown in soil with 7.5 mg kg-l acetic acid-extractable Cr had a

concentration of2.8 - 3.3 mg kg! (Webber, 1981). Generally, our findings are in

agreement with other investigations in that Cr is strongly adsorbed by the soil and only a

small amount is absorbed by plants.
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Table 4.10 Effect of added Cr as CrCl3 on Cr concentration and dry matter yield of
radish, lettuce and oats (average of three pots).

Spike rate (mg kg+) 0 40 80 160

Asquith soil

DMY(g)/pot (radish) 2.8at 3.Oa 3.2a 2.1b

Leaf cone, (mg kg-1) 1.8a 2.5ab 3.4b 4.9c

Bulb cone. (mg kg-I) 0.5a 0.9b 0.8b 1.8c

DMY(g)/pot (lettuce) 3.5a 2.7a 2.7a l.4b

Leaf cone. (mg kg-1) 0.8a 1.0ab 1.2b 1.7c

DMY(g)/pot (oats) 15a 15a 16a 13b

Straw conc. (mg kg-I) 2.lab 1.5a 2.5b 2.6b

Grain cone, (mg kg-I) 3.Oab 2.5a 3.4b 3.6b

Keatley soil

DMY(g)/ pot (radish) 3.0a 3.0a 3.5a 3.5a

Leaf conc. (mg kg-I) 2.1a 2.4ab 2.3ab 2.7b

Bulb conc. (mg kg-I) 0.8a 0.9a 0.9a 0.8a

DMY(g)/pot (lettuce) 4.0a 3.4a 3.2a 3.7a

Leaf cone. (mg kg-I) 0.9a 1.1ab 1.2ab l.4b

DMY(g)/pot (oats) 15a 15a 15a 15a

Straw cone. (mg kg-I) 1.3a 1.2a 1.6ab 2.0b

Grain cone. (mg kg-1) 2.7a 2.8a 3.0ab 3.7b

t Values in each row followed by a different letter are significantly different at p = 0.05.
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4.3.2.3 Effectiveness of DTPA and buried membranes in predicting Cr

concentration in plants and plant uptake

The relationships between Cr in the plant and DTPA-extractable and AEM-DTPA

membrane Cr was given in Table 4.11. Chromium concentrations in radish and lettuce

leaves are significantly correlated with Cr spike rate, DTPA-extractable and AEM-DTPA

membrane extractable Cr in the soil. Chromium concentration in oat straw was high in the

control and at the 160 mg kg-l spike rate in the Asquith soil (Table 4.10). Generally, both

the conventional DTPA method and the membrane burial method predict Cr bioavailability
for radish and lettuce very well in the two soils.

Table 4.11 Coefficient of determination (r2) for the relationships between Cr in the plant
and Cr spike rate, DTPA-Cr and membrane-Cr in the soils.

Cr in plant Added rate DTPA-Cr Membrane-Cr

.............................. r2 ........................

Radish leaf cone. 1.00*** 0.99** 1.00***

Radish total uptake 0.96* 0.97* 0.96*

Lettuce cone. 1.00** 1.00*** 0.99*

Lettuce uptake 0.89 0.90 0.86

Oat straw cone. 0.12 0.26 0.10

Oat total uptake 0.15 0.15 0.16

*, **, ***, Significant at the 0.05, 0.01, 0.001 levels, respectively.
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4.3.3 Nickel

4.3.3.1 Relationship among Ni spike rate, DTPA-extractable Ni and AEM
DTPA Ni

A relatively high proportion ofNi added to the soils was removed by DTPA and

AEM-DTPA membrane (Figure 4.8). About 80 % of added Ni was DTPA-extractable.

This suggests that Ni is less strongly fixed by soil components than Cr and behaves similar

to Cd, consistent with the high mobility ofNi observed in the metal flux experiment
(section 4.2.3). The amount of Ni extracted by both methods reflected the Ni spike rate

very well for both soils. The heavy textured, high organic matter soil (Keatley) adsorbed
more Ni and resulted in less extractable Ni than the sandy loam soil (Asquith). The

amount ofNi extracted by AEM-DTPA membrane in 1 h burial was significantly correlated
to the conventional DTPA extractable Ni.

The most important factor determining the distribution ofNi between the solid and

solution phases is pH, while factors such as the clay content and the amount of hydrous Fe

and Mn oxides in the soil are of secondary importance (Willaert and Verloo, 1988). The

higher amount of Ni extracted by both methods in the sandy loam soil than in the clay loam

soil can be explained by lower pH (see Table 3.6), low clay content and organic matter.

Sanders et al. (1987) found that the amount of extractable Ni in sewage-amended soils is a

function ofmetal loading, pH and CEC. Increased loading of Ni to a soil tends to enhance

the proportion adsorbed and the distribution coefficient ofNi increases in clays with high

CEC. In sludged-amended soil, soluble Ni is composed largely of organic and inorganic
complexes. In this experiment, the added Ni, as NiS04, is likely transferred to these

forms. The linear correlation between DTPA-extractable and AEM-DTPA membrane

extractable Ni and its correspondence to Ni spike rate suggests that the effect of the

chelating agent was relatively unchanged, whether it was dissolved in extracting reagents or

as the saturating agents for resin membrane.
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4.3.3.2 Effect of added Ni on plant dry matter yield and Ni concentration

The effects on dry matter yield of increasing Ni spike rate up to 160 mg kg-I in soil

are given in Table 4.12. The DTPA- and membrane extractable Ni reflect the rate ofNi

application. Dry matter yield response to Ni spike rate varied widely from crop to crop,

and soil to soil. Lettuce is more sensitive than the other crops, with lettuce dry matter

declining with increasing Ni spike rate on both soils, the decline starting at rates above 40

mg kg-I. Dry matter yield of radish and oats declined only at the highest treatment level in

the Asquith soil. With 160 mg kg-I Ni added to the sandy loam soil, radish growth was

almost completely inhibited. The critical toxic levels ofNi corresponding to 10% dry
matter yield reduction in radish, lettuce and oat leaf tissue in the Asquith soil were 35, 10

and 50 mg kg+, respectively, which are in the range of 20 - 40 mg kg-1 for 10% yield loss

reported in the literature (Kabata-Pendias and Pendias, 1992). Lettuce is the most sensitive

crop to Ni toxicity. Oat is a relatively tolerant crop to high levels ofNi, although the

toxicity symptoms were evident at high rates in this experiment. Sauerbeck and Hein

(1991) classified plant species for their Ni sensitivity as follows: 1) spring wheat, spring

barley, canola and mustard absorb only small amounts of Ni and do not show any toxicity

symptoms; 2) Spinach, lettuce, carrots and oats absorb medium amounts ofNi and may

sometimes show toxicity symptoms; 3) beans, radish and corn absorb high amount ofNi

and are severely damaged; 4) Ryegrass absorbs high amount of Ni but does not show any

toxicity symptoms.

All three crops grown in the Asquith soil showed symptoms of Ni phytotoxicity.
Radish leaves were small and reddish-brown, with the leafmargins curled inside. Lettuce

leaves showed chlorotic spots in the early stages which later extended to the whole leaf.

Oats showed high Ni levels in the form of pronounced interveinal chlorosis on new leaves.

It appears that the Asquith soil has low buffering and fixation capacity for metals and,

therefore, can tolerate less metal contamination than the Keatley soil before phytotoxicity
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Table 4.12 Effect ofNi added as NiS04 on Ni concentration and dry matter yield of
radish, lettuce and oats (average of three pots).

Spike rate (mg kg+) 0 40 80 160

Asquith soil

DMY(g)/pot (radish) 2.8at 2.9a 2.6a 0.3b

Leaf conc. (mg kg-I) 1.3a 11.5b 32.8c 229d

Bulb cone, (mg kg-I) 0.3a 14.7b 27.4c

DMY(g)/pot (lettuce) 3.5a 2.5b 2.2b 0.2c

Leaf cone. (mg kg-I) O.4a 11.0b 19.0c 365d

DMY(g)/pot (oats) 15a 15a 14ab lIb

Straw cone. (mg kg-I) 27.7a 35.7b 48.8c 72.4d

Grain cone. (mg kg-1) 71.6a 85.8b 112c 156d

Keatley soil

DMY(g)/pot (radish) 3.0a 3.1a 3.6a 3.3a

Leaf cone. (mg kg-I) 2.6a 6.2b 7.3b 11c

Bulb cone. (mg kg-1) 0.8a 8.4b 9.4b 15c

DMY(g)/pot (lettuce) 4.0a 3.2ab 2.6bc 2.1c

Leaf cone. (mg kg-I) 0.9a 4.7b 8.9c 16d

DMY(g)/pot (oats) 15a 15a 15a 14a

Straw cone, (mg kg-I) 25a 26a 31b 42c

Grain cone. (mg kg-I) 64a 67a 68a 91b

t Values in each row followed by a different letter are significantly different at p = 0.05.
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sets in. The results were consistent with the findings ofWillaen and Verloo (1988) and
Abdel-Sabour (1991) that high buffering and fixation capacity of the soil can protect plants
from Ni toxicity. The lower levels ofDTPA and membrane-extractable Ni in we heavy

ed hi h orzani il at eouivalenr sni -�lability oftextur g orgamc matter so at equivalent spike rates reflect the lower bioav�
a given Ni loading. The mechanism of Ni toxicity to plants is not well understo<Jd·
However, it has been reponed that high Ni concentration inhibits the photosyntbesis and

transpiration process in plants (Bazzaz et al., 1975).

Nickel is generally enriched in the reproductive plant parts (e.g. cereal grain >

straw; bean pods> bean leaves. This suggests a physiological relationship between the

transport of photosynthetic products and of Ni in the plant. The Ni content of oat grain in

this experiment was two times higher than in straw (Table 4.12). Similar resultS also have

been been published by Sauerbeck (1991) and Sauerbeck and Rein (1991). Lubben and

Sauerbeck (1991) reported that the content of Ni in wheat grain was up to 40 tirIles higher

than in the straw.

4.3.3.3 Effectiveness of DTPA and buried membrane in predicting Ni

concentration in plants and plant uptake

As with all other heavy metals, the total Ni content of soils does not indicate plant

availability, which depends on soil properties and on the Ni sources and forms. Table 4.13

compares the suitability of the conventional DTPA extractants and AEM-DTPA membrane

method to predict Ni bioavailability for three crops.

Nickel concentration and uptake by radish and lettuce and Ni concentration in oat

grain increased linearly with Ni spike rate, DTPA-extractable and membrane-Ni- Both

DTPA extraction and membrane burial can predict plant Ni concentration well (regression
coefficients are highly significant). It can be concluded that the ion exchange membrane

burial method is a good predictor for Ni bioavailability.
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Table 4.13 Coefficient of determination (r2) for the relationships between Ni in the plant
and Ni spike rate, DTPA-Ni and membrane-Ni in the soil.

Ni in plant Added rate DTPA-Ni Membrane-Ni

Radish bulb conc.

Radish leaf cone.

Radish total uptake
Lettuce leaf cone,

Lettuce uptake
Oats grain cone.
Oats total uptake

........................ r2 . ........................

1.00** 1.00*** 1.00***

0.96* 0.97* 0.96*

0.99** 0.99** 0.99**

1.00*** 1.00*** 1.00***

1.00*** 0.99** 1.00**

0.99** 0.99** 0.99**

0.44 0.48 0.50

*, **, ***, Significant at the 0.05, 0.01, 0.001 levels, respectively.

4.3.4 Lead

4.3.4.1 Relationship among Pb spike rate, D'I'Pa-extractable and AEM·

DTPA Pb

Both indices of Pb availability in soil, the DTPA extraction and membrane burial,

reflect Pb spike rate well (Figure 4.9). The strong linear relationship between the two

methods suggests that DTPA is an effective extractant for Pb, whether in solution or on the

resin membrane. A large proportion of the Pb added as PbCl2 was extractable in the

availability tests. When Pb is added to the soil in various forms, its reactions may differ

widely among soils. Indeed, opinion appears to differ as to whether Pb is a soluble or a

stable soil component. Tyler (1981) reported that Pb was the most stable metal in a forest

soil, while Stevenson and Welch (1979) observed that Pb moved from topsoil treated with

Pb-acetate into the subsoil, even though the soil was shown to have a high capacity for

binding Pb in nonexchangeable forms. This was attributed to the formation of soluble

chelate complexes with organic matter.
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4.3.4.2 Effect of added Pb on plant DMY and Pb concentration

The effect of increasing additions of lead as PbCh, to the two soils in which

radishes, lettuce and oats were grown in pots, on Pb concentration and dry matter yield is

given in Table 4.14. No obvious deleterious effects on the growth of radish, lettuce and

oats were observed where soluble Pb was added up to a level of 160 mg kg-I in the heavy
textured soil. This element, therefore, does not appear to be highly phytotoxic, even at

levels in the soil characteristic of heavy contamination. However, in the sandy loam soil,
the highest spike rate did significantly reduce dry matter yield of radish and lettuce.

The results in Table 4.14 indicate that there is no marked increase in translocation of

Pb to the aerial parts of the plants up to the highest levels studied. Lead concentration in

plant tissues did not markedly increase with increasing Pb concentration in soil except in

radish bulb. Similar results were reported by Purves (1977), Tjell et al. (1979) and
Karamanos et al. (1976). Only a small proportion of the Pb in soil appears to be available

for uptake by plants and most of the Pb adsorbed by plants accumulates in the roots (Rolfe,

1973). Lubben and Sauerbeck (1991) also reported that plants do not have a high
accumulation potential for Pb. The Pb contents in wheat grain and straw remained very

low and did not show any relationships with the soil content. Sauerbeck (1991) calculated

the transfer coefficients, where transfer coefficient (TC) = metal concentration in plant
divided by metal concentration in soil. Sauerbeck (1991) found that the TC is 0.01 - 0.1

for Cr and Pb, 0.1 - 1.0 for Ni and 1 - 10 for Cd. The TC values for Pb in this study from

0.04 - 0.2 for radish, 0.03 - 0.14 for lettuce and zero for oat, respectively. The results of

the present study confirm that the plants do not have a high accumulation potential for Pb,
and Pb in rhe plant is mainly retained in the roots. It would seem that the phytotoxicity of
Pb is not related to its uptake and accumulation in the plant, but instead to its effect on the

root itself.
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Table 4.14 Effect of Pb added as PbCl2 on Pb concentration and dry matter yield of
radish, lettuce and oats (average of three pots).

Spike rate (mg kg+) 0 40 80 160

Asquith soil

DMY(g)/pot (radish) 2.8abt 3.2a 2.8ab 2.3b

Leaf cone, (mg kg-I) 7.2a 9.8b 6.7a 5.4a

Bulb cone. (mg kg-I) 2.8a 5.5b 7.5c 8.7c

DMY(g)/pot (lettuce) 3.5a 3.0ab 3.0ab 2.3b

Leaf conc. (mg kg-I) 4.0a 4.3b 5.5ab 6.3a

DMY(g)/pot (oats) 15a 15a 16a 15a

Straw cone. <DLe <DL <DL <DL

Grain cone, <DL <DL <DL <DL

Keatley soil

DMY(g)/pot (radish) 3.0a 2.5a 3.2a 2.6a

Leaf conc.(mg kg") 12a llab 5.8c 7.7bc

Bulb conc.(mg kg+) 2.5a 4.3b 6.3c 6.8c

DMY(g)/pot (lettuce) 4.0a 3.1a 3.2a 2.9a

Leaf conc.(mg kg") 2.0a 2.5a 4.8b 6.3c

DMY(g)/pot (oats) 15a 15a 15a 14a

Straw conc. <DL <DL <DL <DL

Grain cone, <DL <DL <DL <DL

t Values in each row followed by a different letter are significantly different at p = 0.05.
a <DL = less than detection limit.
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4.3.4.3 Effectiveness of DTPA and buried membrane in predicting Pb

concentration in plants and plant uptake

The Pb concentration in radish bulbs and lettuce leaf were significantly correlated

with DTPA-extractable and membrane Pb (Table 4.15). Lubben and Sauerbeck (1991)

reported that the Pb contents in wheat grain and straw remained very low and did not show

any relationships with the soil content. Wilson and Cline (1966) showed that only 0.003 to

0.005% of the total Pb in soils may be taken up by plants.

Relatively little is known about factors which control the availability of Pb at the

root/soil interface. Zimdahl and Koeppe (1977) cited an alternate hypothesis to explain Pb

uptake from soil, in which Pb is not taken up directly from soil by plant roots, but rather is

sorbed from dead plant materials accumulated near the soil surface and in contact with the

growing plants. It has been reported that Zn and Cd can inhibit Pb uptake by plants

(Kabata-Pendias and Pendias, 1992).

Table 4.15 Coefficient of determination (r2) for relationship between Pb in the plant and
Pb spike rate, DTPA - Pb and membrane-Pb in the soil.

Pb in plant Added rate DTPA-Pb Membrane-Pb

......................... r2 .

Radish bulb cone. 0.88 0.92* 0.93*

Radish uptake 0.06 0.08 0.09

Lettuce leaf cone, 0.97* 0.97* 0.98*

Lettuce uptake 0.76 0.78 0.81

*, Significant at the 0.05 level.
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4.3.5 Plant Tissue Testing Using Resin Membrane

Before harvest,S g of fresh leaves of each crop was sampled from each pot and cut

into small pieces using plastic scissors (see section 3.3.2). The cut, fresh tissue samples

were extracted by placing them with an AEM-DTPA membrane in 50 mL of deionized

water for 2 h in a 100mL plastic bottle. The metal adsorbed on the membrane was eluted

with 20mL 1 N HCI by shaking in a centrifuge tube for 2 h and the metal concentration

determined by AAS.

Overall, the results showed that the AEM-DTPA method of tissue-testing worked

only for Cd and Cr in radish (Figure 4.10 and 4.11). Cadmium concentration in radish

tissue as extracted by AEM-DTPA was significantly correlated with total Cd concentration

in radish leaves. This suggests that AEM-DTPA tissue testing can predict the Cd

concentration and uptake in radishes. However, the Cd in lettuce and oat leaves was

undetectable when extracted by AEM-DTPA.
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Figure 4.10 Correlation between AEM-DTPA-Cd and total Cd in radish leaves.
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Chromium levels in radish tissue as extracted by AEM-DTPA were correlated with

total Cr concentration in radish leaves (Figure 4.11). The membrane tissue testing methods

did not work for Cr in the other two crops and the method was not able to predict Ni and

Pb concentration in any of the three crops tested. The inability of the resin membrane to

extract certain metals from plant tissue may reflect that the metal is held in plant tissue in a

form that cannot be dissolved in water and sorbed by the membrane.
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Figure 4.11 Correlation between AEM-DTPA-Cr and total Cr in radish leaves.

4.3.6 General Discussion

A good bioavailability index for metal pollution should have several characteristics,

including a high correlation with contamination rate, plant concentration, and toxicity. The

amounts of heavy metals extracted by anion exchange membrane pretreated with DTPA

were strongly correlated with spike rate, plant concentration and the conventional DTPA

extractable metals. Conventional soil extractions only measure soil nutrient pools, but not

the diffusion component of bioavailability. Buried membranes can allow the diffusion

component to be included.
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The potential advantages using AEM pretreated with chelating agents in soil burial

to predict metal availability are twofold: (1) it is based on fundamental chemical and kinetic

principles operative in metal movement and adsorption in the rhizosphere; and (2) it can be

measured in situ, and is simple and easy to use. Current preparation techniques for

laboratory analysis can radically alter the chemistry of the soil and subsequent metal

solubilities. Ion exchange membrane burial in situ can avoid such changes associated with

handling, drying and grinding soil samples.

The membrane method, however, requires extensive additional testing to assess its

general application. The method needs to be tested with a greater variety of soils and crop

species under field conditions. In addition, the effect of key soil factors, such as soil pH

and CEC on phytotoxicity thresholds should be evaluated as the thresholds will be plant

and soil specific. Therefore a wide range of soils and crop types need to be tested.

The vegetative and reproductive plant parts differ considerably in their heavy metal

contents. Cadmium and Cr are more concentrated in the straw and the leaves, whereas Pb

accumulated in the roots and Ni accumulated in grains. The edible bulbs of radish contain

somewhat more Ni and Pb than their leaves. The lower accumulation of Cd in grain than in

straw is particularly valuable, since its transfer into the food chain is thus minimized

(Sauerbeck, 1991). Plants usually are damaged long before the Ni contents in their edible

parts become critical for the consumers. Lead and Cr, finally, although rather high in some

soils, are not easily transferred from the soil to plants.

The phytotoxic levels of heavy metals differ widely from soil to soil and crop to

crop. For Ni and Cr, phytotoxic concentrations are important because plants usually get

damaged long before the contents in their edible parts becomes critical for the consumers

(Kabata-Pendias and Pendias, 1992). However, Cd and Pb levels in food stuffs could

well exceed the safe limit for human consumption without any phytotoxic symptoms.

Therefore the safe limits are more important than the critical levels for phytotoxicity.
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4.4 Fractionation of Labile Metal Species in Soil Using Resin Membranes

The previous study has shown that the resin membranes can be used as a suitable

index of degree ofmetal contamination in soils. The chemical forms or species of metals or

metal fractions are important to understanding their behavior. It is especially important that

measured fractions be environmentally significant in terms of bioavailability, toxicity and

transport. The sum of the concentrations of a given metal in the free ion state and in the

form ofmobile complexes is an important measure of bioavailability and toxicity

(Morrison, 1989). Among the methods available to determine this value, anodic stripping

voltammetry and ion exchange chromatography are probably the most widely accepted

(Figura and McDuffie, 1979, 1980; Smith and Chang, 1980). Cox et al. (1984) suggested

that Donnan analysis with ion exchange membranes can be used as a rapid means of

measuring metal speciation in natural water.

Ion exchange membranes, which will yield a different system pH and/or cation

affinity, depending on the nature of their functional groups and/or counter-ions, should

allow sub-division of the soluble metal content of a soil into a number of categories.

Recently, ion exchange resin was used to examine the lability of metals in sediments

(Beveridge et al., 1989; Slavek et al., 1990). The objective of this study was to examine

the use of resin membranes for the speciation of labile metals in soil.

4.4.1 pH of Exchanger/Soil Suspensions

Aqueous suspensions of the various soils were all slightly to moderately alkaline

(Table 4.16) and the pH values changed little when Nat-form carboxylate exchanger

(RCOONa, AEM saturated with disodium DTPA) was added. The introduction ofweak

acid CEM membrane (RCOOH, AEM saturated with DTPA) reduced the system pH

slightly in most of the soils, except in the sandy loam soil which decreased 2.5 units,

reflecting the limited buffering capacity due to a low content of clay minerals in this soil.

When the H+-form of sulphonate membrane (RS03H) was added, the decrease in
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Table 4.16 System pH (mean±SD, n = 6) in exchanger/soil suspensions (1 g of soil,
20 mL of deionized water and a membrane strip, 2x6 em),

Membrane type

Soil type

--------- Functional groups on membrane surface ---------

Resin absent RS03H RCOOH RCOONa RS03Na

Sandy loam (Asquith) 7.1±0.1 3.3±0.1 4.6±0.1 6.0±0.3 7.6±0.2

Clay loam (Keatley) 8.3±0.2 7.1±0.4 8.2±0.2 8.2±0.1 9.4±0.4

Zn mine spoil 7.6±0.1 S.7±0.1 7.1±0.1 7.1±0.0 8.0±0.1
(near Flin-Flon)

Battery disposal site 7.S±0.1 7.3±0.2 7.4±0.1 7.7±0.1 7.9±0.1
(Pb-contaminated)
Creosote contaminated 8.9±0.2 7.8±0.3 7.8±0.1 8.1±0.1 9.S±0.1
(Fence post processing site)

equilibrium pH was the greatest in the sandy loam Asquith and sandy soil from Flin Flon.

The pH changes in different membrane/soil suspensions were quite different, reflecting the

differences in the buffering capacity caused by variations in the amounts and nature of the

solid phase buffers involved in the system. The protons from the exchange membrane are

not enough to overcome the high buffering capacity of the clay loam soil, and did not cause

a significant change in the system pH. This suggests that the bioavailability ofmetals

added to a soil depends on the soil buffering capacity. In a soil with high buffering

capacity, fewer metals may remain in labile form than in a soil with low buffering capacity.

The addition ofRS03Na membrane resulted in a tan to brown colour of all

suspensions, which is attributed to humic acid solubilized in alkaline pH conditions. The

addition of Na to the system increases pH, causing organic matter hydrolysis and

solubilization. Sholkovitz and Copland (1981) studied the complexing and chelation of
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trace metals by organic ligands in natural waters, and concluded that solubilities of humic

acid complexes with trace metals are the reverse of those predicted from inorganic solubility

considerations. The solubility of these complexes increases as pH increases and with

precipitates forming at low pH (range 3 to 1).

Trefry and Metz (1984) used chemical buffer systems to examine metal ion release

within different pH ranges and in some respects the resin membrane study may be regarded
as a modification of their fractionation scheme. The membrane approach has the

advantage, however, of allowing distinction between labile and non-adsorbable forms of

ions. The sum of the concentrations of a given metal in the free ion state and in the form of

very labile complexes is an important indicator of bioavailability (Cox et al., 1984). By

using resin membranes of different types it was possible to examine "lability" over the pH

range of 3.0-9.5. Labile metal comprises free metal ion and metal that can dissociate from

the double layer from complexes or colloidal particles at different pHs and, hence, be

adsorbed by the membrane. As shown in Table 4.17, 4.18, and 4.19, the Cd, Cr and Ni

release was greatest at low pH (RS03H system) for the sandy soils but in the clay loam

soils, the metal release was greatest in the weak/acid and weak/base-chelating systems

(RCOOH and RCOONa).

In the sandy Asquith soils with low buffering capacity against pH, protons released

from the RS03H membranes may act similarly to a mineral acid, enhancing the dissociation

ofmetals from their complexes (metal-Sfla, -Cl+ and -C03) or colloidal particles (metal

colloids, Fe203, Mn02, humic acid, etc). In the soils with high buffering capacity, such as

the clays, the protons from the membranes will be neutralized by buffering components

(pH decreased only slightly), with very little metal dissolution occurring from the colloids.

Under circumstances of high buffering capacity, the ability to solubilize by chelation is

more important and the pH of the system does not affect chelation to any great extent

(Lindsay, 1979).
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4.4.2 Distribution of Metals in Fractions

4.4.2.1 Cadmium

The distribution of Cd among the various categories, for the nine soil systems

analyzed, is summarized in Table 4.17. The low pH labile Cd Contents of the sandy loam

Asquith soil were relatively high, and represented 60-75% of the added Cd. The H+

present in the low pH systems is thought to promote the displacement of loosely sorbed

surface species, and causes dissociation of inorganic complexes (CdS04, CdCI+ and

CdC03) and minerals (Fe203, Mn02, humic acid, etc). Over 6% of the added Cd is

present as weak acid labile, presumably as the salt of a weak acid. Only a small portion of

the added Cd was weak base labile or high pH labile. At high pH, in the presence of

particulate matter, the released metal ion can be resorbed as hydroxy species (Farrah and

Pickering, 1977) or else exist as stable complexes (i.e., Cd-humate). The distribution of

Cd in the Pb-contaminated soil is similar to the sandy loam soil, with low pH labile higher

than weak acid labile, which is, in turn, higher than high pH labile and weak base labile.

However, in the clay loam soil, the Cd distribution was quite different. Overall, a

lower proportion of Cd added was removed by the extractants in the Keatley soil. The

greatest Cd release was in the weak acid or weak base labile pool (AEM saturated with

chelating agents either in H+ or Na+ form). This demonstrates that the triaminepentaacetic

acid functional groups attached to the membrane can compete with complexing and sorbing

agents in the soil for the metals. In the Keatley soils, the RS03H membrane did not

provide enough H+ to change the system pH, and resulted in little dissociation of Cd from

this system as described in the previous section. In the high pH system, the soluble metals

remained in the stable complexed form or adsorbed on colloidal particles and were not

adsorbed by the membrane. The Flin Flon and creosote contaminated soils have a very

small amounts of soluble Cd.
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Table 4.17 Cadmium species distribution in soils (average of 3 replicates)

Labile Cd (mg kg+)

Soil Cd added RS03H RCOOH RCOONa RS03Na
(mg kg-I) (low pH labile) (weak acid labile) (weak base labile) (high pH labile)

Asquith 0 0.11 0.07 <DL <DL*

Asquith 5 4.1 0.57 0.43 0.19

Asquith 20 15.4 1.56 0.52 0.36

Keatley 0 <DL 0.09 0.29 <DL

Keatley 5 0.23 0.49 0.85 <DL

Keatley 20 0.80 1.73 1.90 0.03

Mine spoil (Flin Flon) <DL 0.21 0.09 <DL

Pb-contaminated 0.67 0.33 0.16 0.15
(battery disposal site)
Creosote contaminated <DL 0.22 <DL <DL
(fence post processing site)

Non-adsorbable (soluble) Cd (mg kg+)

Soil Cd (mg kg+) RS03H RCOOH RCOONa RS03Na

Asquith 0 0.03 0.02 0.01 0.05

Asquith 5 0.03 <DL 0.05 0.60

Asquith 20 0.05 0.05 0.31 0.75

Keatley 0 0.01 <DL 0.01 0.04

Keatley 5 0.08 <DL <DL 0.17

Keatley 20 0.16 0.14 0.10 0.52

Mine spoil (Flin Flon) <DL <DL <DL <DL

Pb-contaminated 1.52 8.77 7.71 0.27
(battery disposal site)
Creosote contaminated <DL <DL <DL <DL
(fence post processing site)

*<DL - Less than detection limit.
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Very little Cd was in the soluble non-adsorbable fraction (Table 4.17), except in the

RS03Na system, which dissolved a considerable amount of organic matter (brown colour).

Sodium released from the membrane results in hydrolysis of humic acid, which forms Cd

humates. These organic-Cd complexes are likely in anionic form and are not sorbable.

They are stable in solution and cannot be exchanged by Na+ from the membrane. There

were significant amounts of Cd remaining in the non-sorbable fraction in the Pb

contaminated soil, especially in the AEM-chelate system. This could be attributed to: (1)

extremely high Pb activity in all systems, which resulted in Pb occupying most of the

exchange sites on the membrane and (2) some release of the chelating agent from the

membrane to form soluble chelate complexes in solution.

4.4.2.2 Chromium

A similar trend to Cd was observed for the distribution pattern for Cr species in the

nine soil systems (Table 4.18). However, compared to Cd in previous section, average

release rates ofCr were much lower. Only about 1% of the added Cr in the sandy loam

soil was present as the low pH labile form. At this pH range, Cr3+ ions predominate and

are present as hydrated oxides (CrOH2+) mixed with Fe oxides (Cary et al., 1977a,b). As

the system pH increases, as in the weak: acid and weak: base system, Cr3+ partly or

completely precipitates as Cr(OH)3 or Cr(OH)4-, decreasing lability of Cr and adsorption

by the weak: acid and base membranes. None of the added Cr was present in high pH

labile fraction. In the clay loam soil, little of the added Cr was present in the low pH labile

fraction. A small amount of the added Cr was present in the weak: acid and base labile

fraction. The results indicate that the clay loam soil has a high capacity to adsorb the Cr

added and render it unavailable for plant uptake and leaching. The total amount of Cr in

both labile and non-adsorbable fractions was only about 1% or less of the total added Cr,

reflecting the strongly held nature of Cr in soil. This is consistent with the low mobility of

Cr noted in the heavy metal flux experiment (section 4.2.3). There was little ion exchange
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Table 4.18 Chromium species distribution in soils (average of 3 replicates).

Labile Cr (mg kg+)

Soil Cradded RS03H RCOOH RCOONa RS03Na
(mg kg-I) (low pH labile) (weak acid labile) (weak base labile) (high pH labile)

Asquith 40 0.45 0.25 0.15 <DL*

Asquith 80 0.86 0.43 0.29 0.05

Asquith 160 2.05 0.81 0.51 <DL

Keatley 40 0.11 0.18 0.15 <DL

Keatley 80 0.06 0.23 0.14 0.07

Keatley 160 0.06 0.27 0.23 0.09

Mine spoil (Flin-Flon) 0.27 <DL <DL <DL

Pb contaminated <DL <DL <DL <DL
(battery disposal site)
Creosote contaminated <DL <DL <DL <DL
(fence post processing site)

Non-adsorbable (soluble) Cr (mg kg-I)

Soil Cr (mg kg+) RS03H RCOOH RCOONa RS03Na

Asquith 40 0.09 0.08 0.02 0.17

Asquith 80 0.25 0.16 0.12 0.41

Asquith 160 0.41 0.44 0.35 0.72

Keatley 40 0.14 <DL <DL 0.99

Keatley 80 0.17 <DL <DL 1.31

Keatley 160 0.07 <DL 0.20 1.37

Mine spoil (Flin-Flon) <DL <DL <DL <DL

Pb contaminated 0.41 0.42 0.35 0.23
(battery disposal site)
Creosote contaminated <DL <DL <DL <DL
(fence post processing site)

* <DL - Less than detection limit.
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developed in the extraction system, therefore system pH changed very little. Chromium

was not detected in the three contaminated soils tested.

In contrast to the distribution of Cr in the labile pool, the greatest amount of non

adsorbable Cr was present in the RS03Na system, which could be attributed to the

dissolution of organic matter. Soluble non-adsorbable Cr was not detected in the mine

spoil near Flin Flon and the Creosote contaminated soils. There was soluble non

adsorbable Cr present in the Pb-contaminated soil. This could be due to the high amount of

Pb present in this soil which saturated the exchange sites on the membrane, leaving more

Cr in the solution.

4.4.2.3 Nickel

The distribution patterns ofNi were different from soil to soil (Table 4.19). In the

sandy loam Asquith and the FUn Flon soil, the greatest concentration ofNi was present in

the low pH labile fraction. This fraction includes Ni2+, NiS04° and some NiHC03+ plus

charged organic complexes which are thought to be labile (Sposito and Page, 1985). This

fraction of Ni in the Asquith soil represents about 4% of the added Ni. Over 2% of the

added Ni in the Asquith soil could be assigned as weak acid labile, which is most likely

released from sorption to clay minerals (Pickering, 1989) and carbonates. Only a small

amount of the added Ni was present as high pH labile and weak base labile fractions. At

high pH, the soluble organic compounds may form relatively stable organic complexes

(Schnitzer and Khan, 1979) with Ni in solution, which cannot be adsorbed by the resin

membrane. These Ni-organic complexes are susceptible to leaching. Therefore the soluble

organic molecules in soil can reduce free metal ions in solution and their complexation can

increase the mobility ofmetals in soils (Elliot and Denneny, 1982). The lowest labile Ni in

the Ni-contaminated mine spoil soil was found in the RS03Na high pH labile system,

suggesting that Ni toxicity problems in this soil may be reduced by liming.
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Table 4.19 Nickel species distribution in soils (average of three replicates).

Labile Ni (mg kg-I)

Soil Ni added RS03H RCOOH RCOONa RS03Na

(rng kg-I) (low pH labile) (weak acid labile) (weak base labile) (high pH labile)

Asquith 40 1.42 0.87 0.22 0.12

Asquith 80 3.77 0.95 0.35 0.37

Asquith 160 5.55 2.48 0.60 1.33

Keatley 40 0.10 0.57 0.50 0.02

Keatley 80 0.22 1.03 0.86 0.02

Keatley 160 0.38 2.66 2.08 0.05

Mine spoil (Flin-Flon) 111 95.6 43.6 15.1

Pb-contaminated 0.53 1.93 1.73 0040
(battery disposal site)
Creosote contaminated 1.47 1.53 1.33 0.60
(fence post processing site)

Non-adsorbable (soluble) Ni (mg kg+)

Soil Ni (mg kg+) RS03H RCOOH RCOONa RS03Na

Asquith 40 0.22 0.81 0.58 1.88

Asquith 80 0.22 1.56 0.70 2.66

Asquith 160 0.15 3.35 1.67 3.20

Keatley 40 1.18 0.67 0.63 1.76

Keatley 80 2.27 0.77 0.95 2.84

Keatley 160 1.75 0.59 0.98 7.37

Mine spoil (Flin-Flon) 8.20 3.53 lAO 5.87

Pb-contaminated 1.00 2.13 2.13 0.60
(battery disposal site)
Creosote contaminated <DL* <DL <DL <DL
(fence post processing site)

<DL - Less than detection limit.
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For the Keatley soil and the other two contaminated soils, the greatest amount ofNi

was present in the weak acid labile and weak base labile. This is due to the similar reasons

as for Cd and Cr. In the Keahey soil with high buffering capacity, most of the H+ on the

membrane was neutralized by soil components and resulted in little change in the pH of the

system. The DTPA attached to the membrane forms complexes with metals, in competition
with the adsorption sites on soil components.

The existence of a large soluble, but non-sorbable fraction (Table 4.19) supports
the idea of the formation of stable Ni complexes in soil solution, but detection of Ni ions in

the aqueous phase can also be attributed to incomplete cation exchange, i.e., cations

released from the matrix may successfully compete for exchange sites. In the RS03Na

system, the presence of soluble non-sorbable Ni is attributed to the dissolution of organic
matter and the consequent formation of soluble organic-Ni complexes.

4.4.2.4 Lead

The distribution patterns of Pb among the labile fractions were different from the

Cd, Cr and Ni. The largest amount of Pb was present in the weak acid labile fraction for

all nine soils (Table 4.20). Chelation is obviously important in rendering Pb

bioavailability. There was a very small amount of added Pb present in the high pH labile

fraction (see RS03Na values). At high pH, most of the lead in solution is associated with

hydrated Fe203 (Florence, 1982). For the Asquith soil, over 1% of the added Pb was

present in the low pH labile fraction, which is considered to contain Pb released during

dissolution of sparingly soluble salts (e.g., PbS04, Pb2(OH)2C03, PbC03), and half of

this can be assigned to the weak base labile fraction. The weak: acid labile Pb consists of

about 3% of the added Pb to the Asquith soil. In the Keatley soil, only a trace of Pb was

present in the low pH labile fraction. This indicates that CEM is not effective in removing

Pb from soils with high adsorption capacity. The AEM-chelate membranes (RCOOH and

RCOONa) adsorbed considerable amounts of Pb in the Keatley soil, which were related
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Table 4.20 Lead species distribution in soils (average of three replicates).

Labile Pb (mg kg-I)

Soil Pb added RS03H RCOOH RCOONa RS03Na
(mg kg-I) (low pH labile) (weak acid labile) (weak base labile) (high pH labile)

Asquith 40 0.47 1.25 0.28 0.08

Asquith 80 1.11 2.57 0.51 0.24

Asquith 160 2.63 5.29 1.20 0.44

Keatley 40 0.01 2.05 1.74 0.01

Keatley 80 0.04 3.93 2.45 0.02

Keatley 160 0.07 6.56 7.16 0.04

Mine spoil (Flin-Flon) 1.00 1.67 1.47 0.73

Pb-contaminated 107 2490 2494 51.8
(battery disposal site)
Creosote contaminated 1.33 17.5 0.53 14.8
(fence post processing site)

Non-adsorbable (soluble) Pb (mg kg-I)

Soil Pb (mg kg+) RS03H RCOOH RCOONa RS03Na

Asquith 40 0.90 0.60 0.40 1.10

Asquith 80 0.70 0.30 0.70 1.40

Asquith 160 1.10 1.10 0.80 2.10

Keatley 40 0.70 0.90 0.60 1.90

Keatley 80 0.70 0.78 0.90 5.20

Keatley 160 1.10 1.05 1.05 8.55

Mine spoil (Flin-Ron) 1.00 1.13 0.93 0.80

Pb-contaminated 19.9 4008 4877 8.20
(battery disposal site)
Creosote contaminated 0.40 1.00 0.53 0.80
(fence post processing site)
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to the amount of Pb added to the soil. It seems that the chelating agent attached to the

membrane can complex lead from relatively stable soil components, i.e., clay minerals,

carbonates. In addition, the chelating agent can selectively adsorb metal ions. The values

of Pb in both AEM-chelate systems (RCOOH and RCOONa) in the Pb-contaminated soil

suggest that the AEM-chelate membrane has extremely high adsorption capacity and affinity
for Pb, as shown in section 4.2.1.

There was a significant amount of Pb present in the soluble non-adsorbable

fraction, suggesting the importance of formation of Pb complexes (both inorganic and

organic). For the Asquith and Keatley soils, the largest soluble non-adsorbable Pb was

found in the RSD3Na system, again likely due to the dissolution of organic matter and the

formation of soluble organic complexes. For AEM-chelate systems (RCOOH and

RCQONa), the soluble non-adsorbable Pb could be present as chelate complexes formed

by the release of chelating agent from the membrane. Significant amounts of soluble non

adsorbable Pb present in the RS03H system indicates that Pb can be retained in solution as

non-sorbable inorganic complexes, which may be susceptible to leaching. The extremely

high amount of Pb in the soluble non-adsorbable pool in the Pb-contaminated soil in the

AEM-chelate systems (RCOOH and RCOONa) is difficult to explain, but could be due to

the release of chelating agent from the membrane.

4.4.3 Discussion

It has been shown that the metal contaminants in soils can be subdivided into a

number of operationally defined categories through equilibration with ion exchange resin

membranes of different types. Each category defmes the lability, potential bioavailability

and leachability of the metal within a given pH range. Low pH labile forms represent free

metal ions plus metals dissociated from inorganic complexes under low pH conditions

(S042-, C032- and Cl). This fraction constitutes the largest proportion of added metal in

poorly buffered (sandy) soils spiked with additional metal. Clearly, metal contaminated
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soils most likely to result in environmental damage are sandy textured soils subject to

acidification, although the production of chelating substances by roots and microorganism

may also mobilize considerable quantities of metal in heavy textured soils. Weak acid and

base labile forms represent all metals in the solution that can be complexed by the chelating

agent on the membrane, including free metal ions and metals from weak: metal-organic

complexes. This fraction was typically highest in highly buffered soils where metals are

held more tightly by the solid phase. High pH labile only represents the very labile metals,

mostly free ions in solution in the pH range where the solubility ofmost metals is the

lowest. This form of element "fractionation" is useful because it can predict the relative

availability and mobility ofmetals under different pH environments. It can be asserted that

the ion exchange technique is more selective than removal by chemical reagents or digestion
since it allows distinction between labile cations and non-adsorbable species. However,

dissolution of the soluble components of soils by this process may saturate exchange sites

to the extent that total transfer from solution to membrane surface may not occur under

conditions of high concentration.

4.5 Monitoring the Mobility of Heavy Metals in Leaching Columns

Land disposal of wastes containing heavy metals includes landfill, and land

spreading of incinerator ash and sewage sludge. One concern surroundingmetal

contaminated sites is potential ground water contamination by heavy metals in leachates.

Laboratory results provide evidence that the ion exchange membranes can accumulate

heavy metals when buried in situ. Therefore, there is a possibility that they can be used to

monitor the mobility of heavy metals in a polluted soil environment. A leaching column

experiment was carried out to determine how much metal the membrane can accumulate and

whether the membrane can: 1) stop heavy metals from leaching out of the soil and be used

to collect toxic metals from soil, and 2) be buried at different depth for a period of time, and

used to monitor the extent of metal leaching.
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4.5.1 Heavy Metal Concentration in the Leachates

Table 4.21 shows concentrations of metals in the leachates collected from the

control (no membrane), CEM and AEM-DTPA columns amended with Saskatoon sewage

sludge. The large concentrations of many metals in leachates during the first 1 to 2 days in

the control treatment illustrate that soluble metal salts are leached out quickly. Thereafter,

the concentrations ofmetals decrease sharply. However, metals continued to be leached in

low concentrations.

Installation ofAEM-DTPA in the columns increased Cd, Ni and Zn leaching from 7

to more than 10 times compared to control or CEM columns. The increased leaching of

these metals from AEM-DTPA columns may reflect the release of the DTPA reagent from

the membranes. The released chelating agent will form soluble organic metal complexes

which increases the mobility ofmetals. The evidence suggests that anion exchange

membrane pretreated with chelating agent cannot be used for metal retention in polluted soil

environment. In long term burial, the chelating agent may be released from the membranes

and appears to contribute to metalmobility and leachability.

It is noted that the Ni concentration in the leachate from the AEM-DTPA membrane

column continuously increased and was highest by the end of the experiment. It is

expected that Ni concentration in the leachate would keep increasing if the experiment was

extended beyond 10 days. This indicates that the DTPA had a considerable impact on

increasing Ni solubility in the soil, helping to explain why the AEM-DTPA membrane

burial behaves as a Ni sink, instead of a dynamic exchanger as for other metals. The

attached DTPA agent has a higher complexing power for Ni than soil does, and

continuously dissolves and adsorbs Ni. This is further confmned from the results in Table

4.21. After 10 days burial, the amount ofNi adsorbed by AEM-DTPA membrane was

much higher than other metals (Table 4.22).
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Table 4.21 Volume, concentration and total amounts of heavy metals in the leachates
from control, and columns containing CEM or AEM-DTPA membrane barrier.

Time Leachate volume (mL) Control column (�g L-l)
(d) Control CEM AEM-DTPA Cd Cr Ni Pb Zn pH

1 51.3 57.5 50.1 31 61 160 273 70 7.2

2 51.2 51.2 45.3 15 44 88 102 36 7.6

3 44.8 49.0 61.0 12 50 68 152 9 8.4

4 70.0 66.3 63.2 10 42 36 66 7 8.0

5 84.5 80.0 82.3 9 48 54 125 23 7.8

6 56.0 50.5 45.0 10 48 55 102 17 8.3

7 58.5 47.0 52.9 <DL* 20 47 93 11 8.2

8 55.7 53.8 46.1 <DL 18 52 44 13 8.3

9 67.0 42.9 38.6 5 21 51 27 10 8.2

10 55.7 39.1 49.6 6 12 57 31 9 8.3
------------ (mg per column) -----------

Total 595 524 548 5.6 21.6 38.2 58.4 11.8
------------------------------------------------------------------------------------------------------------

Time CEM column (ug L-1) AEM-DTPA column (�g L-l)
(d) Cd Cr Ni Pb Zn pH Cd Cr Ni Pb Zn pH

1 58 53 147 216 117 7.0 110 60 463 383 954 6.7

2 28 44 103 140 51 7.5 89 40 358 122 447 7.6

3 18 51 70 154 22 8.3 89 48 252 181 337 7.7

4 16 34 52 103 15 7.5 157 32 386 84 327 7.9

5 6 46 54 123 22 8.1 195 46 719 133 310 7.6

6 7 48 54 103 17 8.3 132 51 894 111 248 8.3

7 <DL 16 43 63 11 8.1 67 18 947 88 193 8.3

8 <DL 15 53 40 10 8.2 31 16 1056 55 153 8.2

9 4 15 49 31 8 8.3 19 18 1348 44 135 8.1

10 5 8 60 30 10 8.2 11 9 1643 29 90 8.2

------- mg per column ------ --------- mg per column --------

Total 7.8 19.4 39.3 58.2 15.8 56.6 19.9 487 70.1 184

*<DL = Less than detection limit.
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There was no significant difference for Cr and Pb concentration in the leachates

among CEM, AEM-DTPA and control treatments. This indicates that the chelating agents

do not greatly affect the solubility of Cr and Pb in soil, probably because of the strong

adsorption of these metals by the soil component.

The concentration of Cd in leachates, a metal of concern, decreased to less than

10 ug L-1 (the drinking water standard, USEPA, 1989a) and continued to decrease to trace

amounts after leaching for 7 days in the control and CEM columns. Similarly, concen

trations of Pb, another metal of concern in drinking water, decreased to about 30 ugVI

after leaching for 10 days in all treatments, which is lower than the drinking water standard

of 50 Jlg L-1. Concentrations of Cr decreased well below the drinking water standard of 50

ug L-l after leaching for 7 days in all treatments. Concentration ofNi decreased to about

the drinking water standard of 50 ug L-l after leaching for 4 days and then stabilized in the

control and CEM columns. AEM-DTPA membrane barrier in the columns increases the

leaching ofmost metals concerned except Cr.

Generally, pH of the leachate corresponded to metal concentration (Table 4.21).

The pH value in the leachate from the AEM-DTPA membrane column was lower than in the

leachate from CEM and control columns after leaching for one day. This indicates that the

chelating agent attached to the membrane results in slight acidification of the test medium.

However, after leaching for 6 days, pH in the leachates from all columns stabilized at about

8.3. This suggests that the increasing leaching ofNi from the AEM-DTPA column is

mainly due to the formation of soluble organic-metal complexes rather than the effect of

acidification. The solubility of organic-metal complexes increases slightly with increasing

pH (range 3 to 9.5) and with precipitates forming at pH below 3 (Sholkovitz and Copland,

1981). Rashid (1979) calculated that each gram of amino acids may mobilize 4 to 440 mg

of various metals, with the highest affinity for Ni, suggesting that the increased leaching of

Ni from the AEM-DTPA column is due to the release of the chelating agent from the

membrane.
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4.5.2 Heavy Metal Accumulated on the Membranes

In addition to promoting Ni leaching by chelate release, the AEM-DTPA membrane

was able to accumulate Ni (Table 4.22), and to a lesser extent Zn in the long term soil

burial. This suggests that AEM-DTPA could also be used to monitor the concentration

changes of these metals in polluted soil environments and ground water. None of the

membranes was able to accumulate significant amounts of Cd, Cr and Pb in long-term

burial. The evidence again suggests that anion exchange membrane pretreated with

chelating agent is only suitable for some metals, mostly for Ni, for long term monitoring

purposes. Both CEM and AEM-DTPA membrane accumulated very little Cd, Cr and Pb at

the end of the leaching due to the low concentration in the leachate (Table 4.21). Greater

accumulation ofNi on AEM at the bottom may reflect lower chelate release and/or

accumulation of chelatedNi released from above.

Table 4.22 Heavy metal accumulated by membranes in the columns.

Membrane Metal content [�g (lOcm)-2]
Cd Cr Ni Pb Zn

CEM at 15 em depth 0.09 0.06 0.21 0.08 0.31

CEM at 40 em depth 0.08 0.06 0.20 0.05 0.28

AEM at 15 em depth <DL* <DL 4.86 <DL 0.10

AEM at 40 em depth <DL <DL 23.73 <DL 0.54

*<DL = Less than detection limit.
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4.5.3 Summary

Neither CEM nor AEM-DTPA membrane could reduce metal leaching out of the

soil. Anion exchange membrane pretreated with DTPA increased the leaching of Cd, Ni

and Zn from the soil. This may be due to the release of chelating agent attached to the

membrane during the long-term burial. A small amount of chelating agent released from

the membrane will greatly increase the solubility and mobility of Ni in the soil. The

amounts ofmetals adsorbed by the AEM-DTPA membrane were proportional to the

concentration of these metals in the leachate. Therefore, AEM-DTPA membrane could be

used to monitor the concentration changes of these metals in polluted soils. After 10 day

leaching, metal concentrations in the leachates from high rate (equivalent to 400 tonne ha-1)

application of Saskatoon sewage sludge were below drinking water standards.
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5. SUMMARY AND CONCLUSIONS

The concerns surrounding heavy metal pollution in soil environments throughout
the world has dictated the need for the development ofmethods to quickly and accurately

assess the bioavailability of heavy metals in the soil and monitor the transfer from soil to

the food chain and ground water.

A new method was developed to extract bioavailable heavy metals from soil and

plant tissue using ion exchange membranes. The newly developed method involves the

creation of resin strips impregnated with chelating agent (DTPA) which have high

selectivity to adsorb polyvalent heavy metal cations in soil and plant tissue. Anion

exchange membranes were treated with DTPA to form a chelating cation exchange

membrane referred to as AEM-DTPA. Two procedures using the AEM-DTPA resin

membrane were developed: 1) a technique involving the extraction of polyvalent metal

cations in a soil or plant tissue-water mixture (suspension method), and 2) the extraction of

polyvalent metal cations from soils via direct in-soil burial (burial method).

The buried AEM-DTPA membrane accumulates metal cations from soil in a manner

indicative of diffusion-controlled phenomena. The changes in soil concentration vs.

distance were expressed by diffusion equations. The quantity of the four metals adsorbed

by the resin membrane from standard solution indicates that the AEM-DTPA resin

membrane has the highest affmity for Pb in aqueous solutions. However, when the AEM

DTPA membrane was buried in the soil, the chelating agent attached to the membrane

showed the highest affinity for Ni, due to the very strong adsorption of Pb by soil

components. Overall, the buried AEM-DTPA membrane accumulates heavy metals as

regulated by properties controlling metal diffusion through soils and the solubility in the

soil as affected by DTPA released from the membrane. This methodology provides a
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correct theoretical basis for soil bioavailability testing, one which relates to the biological
system.

The performance of the AEM-DTPA resin membrane burial was compared with

conventional DTPA extractants on two soils spiked with various levels of Cd, Cr, Ni and

Pb. Resin-extractable Cd, Cr, Ni and Pb were highly correlated with Cd, Cr, Ni and Pb

spike rate, DTPA-extractable Cd, Cr, Ni and Pb, as well as Cd, Cr, and Ni concentrations

in three representative crops (radish, lettuce and oats). In general, the correlations with

resin-membrane extractable metals had similar degree of determination to those for the

D1PA-extractable metals. Extractable Pb by both methods correlated significantly only
with radish bulb and lettuce leaf concentration, reflecting the limited ability of plants to

accumulate Pb.

The amount of metal accumulated during resin burial is a function of both initial

activity of the metal ions and the ability of the soil to replenish the metal ions. The

chelating agent attached on the surface of the resin membrane may closely resemble the

natural organic acids or chelates in the rhizosphere of a plant root, a zone of production of

organic compounds capable of carrying out chelation reactions. The potential advantages

of using AEM-DTPA membrane over the conventional soil test methods can be summarized

as follows:

i) it is based on fundamental chemical and kinetic principles, operative in metal

movement and adsorption in biological systems;

ii) high selectivity for heavy metal cation species;

iii) eliminates sampling, drying, grinding, sample extraction;

iv) avoids physico-chemical changes during the sample handling, and potential

for in situ use;

v) simple and easy to use; and

vi) the membrane is reusable and inexpensive.
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However, this new method also has some limitations. The release of the chelating

agent or the degradation of chelating agent by microorganisms could be a problem in long

term burial applications. In highly contaminated soils, the soluble components may

saturate the exchange sites on the AEM-DTPA membrane to the extent that total transfer

from solution to the membrane surface may not occur. In addition, hydrophobic

compounds such as oily wastes in some contaminated sites could block the exchange sites

on the membrane surfaces.

The diagnostic criteria for phytotoxicity (detailed information in Appendix F) of the

four heavy metals for the three representative crops grown on two soils (10% dry matter

yield loss) estimated by the AEM-DTPA membrane burial in situ and the conventional

methods are presented in Table 5.1.

Table 5.1 Diagnostic criteria for phytotoxicity of heavy metals (10% dry matter yield
loss).

Metal Crop DlPA Membrane Spike rate
mg kg-I J,1g (lOcm)-2 mg kg-I

Asquith soil

Cd lettuce 1.1 0.2 2
Cr radish 0.29 0.3 137
Cr lettuce 0.06 0.1 30
Cr oats 0.32 0.4 150
Ni radish 63 50 75
Ni lettuce 28 18 35
Ni oats 100 70 110
Pb radish 112 90 155
Pb lettuce 68 50 90

Keatley soil

Cd lettuce 2.3 0.3 3
Ni lettuce 41 22 64

134



The AEM-DTPA membrane was also tested for its suitability for routine plant tissue

testing. The AEM-DTPA tissue test successfully predicted Cd and Cr concentration in

radish leaves and correlated to Cd and Cr spike rate, but was not able to predict Ni and Pb

concentration in radish and all four metals in lettuce and oat tissue.

The results from the fractionation study showed that the metal contaminants in soils

can be subdivided into a number of operationally defined categories through equilibration

with ion exchange resin membrane of different types. Each category defines the lability ,

potential bioavailability and leachability of the metal within a pH range. Low pH labile

forms represent free metal ions plus metals dissociated from organic and inorganic

complexes under low pH condition. This fraction constitutes the largest proportion of

added metal in poorly buffered (sandy) soils spiked with additional metal. Clearly, metal

contaminated soils most likely to cause environmental damage are sandy textured soils

subject to acidification, although the production of chelating substances by roots and

microorganismmay also mobilize a considerable quantity ofmetals which is especially

important in soils of high clay and organic matter content. Weak acid and base labile forms

represent all metals in the solution that can be complexed by the chelating agent on the

membrane, including free metal ions and metals from weak metal-organic complexes. This

fraction was typically highest in highly buffered soils where metals are held more tightly by

the solid phase. High pH labile only represents the labile metals, mostly free ions in

solution in the pH range where the solubility ofmost metals is the lowest. This form of

element "fractionation" is useful because it can predict the relative availability and mobility

ofmetals under different pH environments. It can be asserted that the ion exchange

technique is more selective than removal by chemical reagent or digestion since it allows

distinction between "labile" cations and non-adsorbable species.

Neither CEM nor AEM-DTPA membrane could be used as heavy metal collector in

long term burial. Anion exchange membrane pretreated with DTPA increased the leaching

of Cd, Ni and Zn from the soil. This may be due to the release of chelating agent from the
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membrane during the long term burial. Since the soluble organic compounds have the

highest affinity for Ni, a small amount of chelating agent released from the membrane will

increase the solubility and mobility of Ni in the soil.

A good indicator of heavy metal bioavailability should have several characteristics,

including a high correlation with metal addition rate, plant uptake, and with existing

bioavailability indices. The AEM-DTPA membrane extractable metals were strongly

correlated with spike rate, plant concentration and the conventional DTPA-extractable

metals. The conventional DTPA or other chemical methods only measure nutrient pools,

but not the diffusion component of bioavailability. The membrane burial also allows the

diffusion component to be included. In addition, the method of AEM-DTPA membrane

burial is based on fundamental chemical and kinetic principles, operative in metal

movement and adsorption in the rhizosphere.

The membrane method, however, requires extensive additional testing to assess its

general application. The method needs to be tested with more soils and crop species under

field conditions. In addition, the effect of key soil properties, such as pH, CEC, organic

matter, and soil mineral composition on the adsorption behavior and phytotoxicity

threshold should be evaluated. Using AEM-DTPA membrane as a plant root simulator for

heavy metal bioavailability offers many possibilities as a research tool. Particularly, further

development and evaluation of resin membrane burial to study heavy metal dynamics in

sludge-and other waste-amended soils are encouraged, as well as its use in monitoring

heavy metal mobility in polluted soil environments.
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Appendix A Comparison ofDTPA-extractable, AEM-D1PA raw membrane and

applicator extractable metal levels in the spiked soils.

Treatment D1PA-ex. AEM-D1PA-ex. (Jlg/10 cm2)
Metal added (mg kg-I) (mg kg-I) Raw membrane Applicator

Sandy loam soil

Cd-O 0.14 0.08 0.07
Cd-5 3.94 0.40 0.23
Cd-lO 6.85 0.72 0.52
Cd-20 16.2 1.28 1.12

Cr-O <DL* <DL 0.03
Cr-40 0.11 0.09 0.11
Cr-80 0.17 0.21 0.18
Cr-160 0.34 0.39 0.27

Ni-O 0.91 0.90 0.84
Ni-40 32.5 23.5 25.0
Ni-80 63.4 44.6 44.8
Ni-160 139 110 103

Pb-O 0.46 0.24 0.30
Pb-40 30.6 25.5 29.5
Pb-80 64.7 47.5 44.3
Pb-160 113 87.3 86.0

Clay loam soil

Cd-O 0.14 0.04 0.03
Cd-5 4.39 0.42 0.23
Cd-10 7.98 0.79 0.47
Cd-20 18.0 1.41 1.21

Cr-O <DL* <DL 0.03
Cr-40 0.06 0.10 0.07
Cr-80 0.08 0.17 0.11
Cr-160 0.12 0.35 0.20

Ni-O 2.00 0.24 0.35
Ni-40 23.2 11.5 8.18
Ni-80 54.8 26.0 18.1
Ni-l60 96.2 49.7 38.8

Pb-O 1.45 1.43 1.94
Pb-40 33.2 28.7 28.8
Pb-80 61.3 64.2 55.9
Pb-160 106 114 121

* <DL - Less than detection limit.
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Appendix B pH values of the soil at different distance away from the membrane disc.

Metal Distance (rom) pH (1:1 H2O)
from membrane Sandy loam (Asquith) Clay loam soil (Keatley)

Cd 1 7.05 7.84

2 6.98 7.94

3 6.94 7.97

4 6.99 7.97

5 7.03 7.92

6 7.14 7.83

Cr 1 6.20 7.75

2 6.03 7.77

3 5.98 7.81

4 6.05 7.74

5 6.05 7.71

6 5.76 7.55

Ni 1 6.99 7.90

2 6.95 8.00

3 6.95 8.01

4 7.00 7.98

5 7.01 8.04

6 7.04 8.07

Pb 1 6.85 7.86

2 6.91 7.91

3 6.88 7.88

4 7.01 7.90

5 7.98 7.92

6 7.02 8.04
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Appendix C Levels of the four heavy metals extracted by conventional DTPA method

and AEM-DTPA membrane burial for 60,30,15 minutes.

C.I Sandy loam soil (Asquith) (means of triplicates with standard error)

Treatment DTPA-ex. AEM-DTPA-ex. (ug xlO/cm2)
Metal added (mg kg-I) (mg kg+) 60 min. burial 30 min. burial 15 min. burial

Cd-O 0.14±0.00 0.OS±0.04 0.06±0.01 0.04±0.01

Cd-5 3.94±0.13 OAO±O.OI OA3±O.OO O.24±O.OO

Cd-lO 6.S5±0.14 O.72±0.04 0.69±O.OI OA2±0.1O

Cd-20 16.2±0.4 1.2S±0.10 1.1S±O.15 0.S4±0.11

Cr-O <DL* <DL <DL <DL

Cr-40 0.11±0.00 0.09±0.01 <DL <DL

Cr-SO O.17±O.01 0.21±0.04 <DL <DL

Cr-160 O.34±0.01 0.39±0.01 <DL <DL

Ni-O 0.91±0.01 0.90±0.02 0.65±0.01 0.23±0.02

Ni-40 32.5±0.S 23.5±3.4 11.7±0.3 S.92±0.32

Ni-SO 63.4±0.4 44.6±3.0 21.3±0.4 20.S±0.6

Ni-160 139±5 1l0±1l 51.0±1.6 44.3±2.7

Pb-O 0.46±0.06 0.24±0.11 0.23±O.01 0.21±0.01

Pb-40 30.6±0.0 25.5±2.S 14.0±2.6 12.2±0.1

Pb-SO 64.7±0.5 47.5±6.5 22.1±2.6 22.9±1.2

Pb-160 113±2 S7.3±5.4 43.6±1.5 46.7±2.1

* <DL - Less than detection limit.
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C.2 Clay loam soil (Keatley) (means of triplicates with standard error)

Treatment DTPA-ex. AEM-DTPA-ex. (Jlg xlO/cm2)
Metal added (mgkg'") (mg kg+) 60 min. burial 30 min. burial 15 min. burial

Cd-O 0.14±0.00 0.04±0.00 0.02±0.01 0.02±0.00

Cd-5 4.39±0.16 0.42±0.OS 0.30±O.00 0.15±0.06

Cd-lO 7.98±0.13 0.79±0.03 0.59±O.00 0.37±0.04

Cd-20 lS.0±0.7 1.41±0.07 1.20±O.OS 0.S5±0.06

Cr-O <DL* <DL <DL <DL

Cr-40 0.06±0.00 0.1O±0.00 <DL <DL

Cr-SO O.OS±O.Ol 0.17±0.01 <DL <DL

Cr-160 0.12±0.01 0.35±0.00 <DL <DL

Ni-O 2.00±0.03 0.S4±0.11 0.61±O.10 0.32±0.00

Ni-40 23.2±0.7 11.5±0.6 6.S2±O.41 7.01±0.60

Ni-SO 54.8±3.5 26.0±1.1 16.3±2.0 13.0±0.2

Ni-160 96.2±7 49.7±2.9 26.1±2.6 23.S±0.4

Pb-O 1.45±0.07 1.43±0.22 0.62±O.13 0.62±0.1O

Pb-40 33.2±0.2 2S.7±1.4 20.4±0.3 16.7±0.S

Pb-SO 61.3±5.3 64.2±7.5 30.2±6.1 24.9±5.7

Pb-160 106±2 114±9 64.5±5.5 54.0±4.2

* <DL - Less than detection limit.
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Appendix D Dry matter yield (DMY) of the three representative crops grown in the

growth chamber.

D.I Radish and lettuce, means (g per pot) of 3 replicates with standard error.

Treatment

Metal added (mg kg-I)

------------ DMY of radish ----------

Leaf Bulb Total

DMY oflettuce

Leaf

Sandy loam soil (Asquith)

Cd-O O.77±O.O8 1.91±O.21 2.83±O.11 3.52±O.35

Cd-5 O.63±O.O4 1.63±O.23 2.40±O.23 2. 16±O.29

Cd-lO O.68±O.10 1.65±O.31 2.46±O.41 1.68±0.48

Cd-20 O.67±O.O8 1.66±O.22 2.47±O.27 1.29±O.48

Cr-O O.77±O.O8 1.91±O.21 2.83±O.11 3.52±O.35

Cr-40 O.75±O.O3 2.11±O.26 3.02±O.26 2.70±O.40

Cr-80 O.89±O.O5 2.11±O.18 3.18±O.25 2.67±O.49

Cr-160 O.72±O.12 1.23±O.32 2.11±O.45 1.42±O.22

Ni-O O.77±O.O8 1.91±O.21 2.83±O.11 3.52±O.35

Ni-40 O.69±O.O4 2.05±O.23 2.90±O.28 2.50±O.33

Ni-80 O.73±O.12 1.76±O.29 2.63±O.41 2.12±O.21

Ni-160 O.33±O.1O O.33±O.1O O.22±O.16

Pb-O O.77±O.O8 1.91±O.21 2.83±O.11 3.52±O.35

Pb-40 O.82±O.O5 2.19±O.26 3.19±O.22 2.99±O.28

Pb-80 O.90±O.17 1.73±O.11 2.78±O.18 2.99±O.31

Pb-160 O.86±O.O6 1.30±O.18 2.32±O.13 2.29±O.31
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D.I Continued.

Treatment ------------ DMY of radish ---------- DMY of lettuce

Metal added (mg kg-I) Leaf Bulb Total Leaf

Clay loam soil (Keatley)

Cd-O O.70±O.O4 2. 16±O.34 3.00±O.33 3.97±O.28

Cd-5 O.72±O.O7 1.86±0.41 2.73±O.44 3.21±O.15

Cd-lO O.88±O.O6 2.09±O.31 3. 13±0.40 2.64±O.O9

Cd-20 O.77±O.O5 2.45±O.22 3.37±O.37 1.50±O.26

Cr-O O.70±O.O4 2. 16±O.34 3.00±O.33 3.97±O.28

Cr-40 O.84±O.O3 1.98±O.46 2.95±O.58 3.38±O.21

Cr-80 O.75±O.1O 2.62±O.17 3.54±O.28 3.24±O.46

Cr-160 O.84±O.O3 2.51±O.36 3.51±O.42 3.70±O.13

Ni-O O.70±O.O4 2.16±O.34 3.00±O.33 3.97±O.28

Ni-40 O.74±O.O7 2.20±O.12 3.09±O.18 3.22±O.19

Ni-80 O.89±O.O5 12.59±O.40 3.64±O.36 2.62±O.45

Ni-160 O.76±O.O9 2.42±O.O4 3.33±O.13 2.14±O.18

Pb-O O.70±O.O4 2. 16±O.34 3.00±O.33 3.97±O.28

Pb-40 O.69±O.12 1.69±O.52 2.53±O.66 3.10±O.34

Pb-80 1.00±O.O4 2.06±O.29 3. 19±O.40 3.23±O.39

Pb-160 O.82±O.20 1.64±O.50 2.57±O.52 2.87±O.75
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D.2 Oats, means (g per pot) 3 replicates with standard error.

Treatment

Metal added (mg kg-I)

-------------------- DMY of oats -------------------

Straw Grain Total

Sandy loam soil (Asquith)

Cd-O 3.61±O.O6 11.7±O.4 IS.3±O.3

Cd-S 3.37±O.16 11.2±O.4 14.S±O.6

Cd-l0 3.01±O.29 1O.I±O.4 13.1±O.7

Cd-20 3.46±O.19 1O.7±O.2 14.2±O.3

Cr-O 3.61±O.O6 11.7±O.4 IS.3±O.3

Cr-40 3.43±O.22 11.3±O.3 14.S±O.6

Cr-SO 3.S6±O.OS 11.7±O.1 IS.6±O.2

Cr-160 3.06±O.O7 10.3±O.3 13.4±O.4

Ni-O 3.61±O.O6 11.7±O.4 lS.3±O.3

Ni-40 3.60±O.10 10.9±O.2 14.S±O.3

Ni-SO 3.40±O.34 1O.9±O.1 14.3±O.3

Ni-160 2.97±O.4O S.1±1.6 11.1±O.2

Pb-O 3.61±O.O6 11.7±O.4 lS.3±O.3

Pb-40 3.76±O.1O 11.3±O.2 lS.0±O.3

Pb-SO 4.0S±O.06 11.6±O.S lS.7±O.S

Pb-160 3.71±O.O9 11.0±O.2 14.7±O.3
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D.2 Continued.

Treatment

Metal added (mg kg-I)

-------------------- DMY of oats -------------------

Straw Grain Total

Clay loam soil (Keatley)

Cd-O 3.SS±O.02 1O.9±O.3 14.S±O.3

Cd-S 3.22±O.1O 11.3±O.1 14.S±O.2

Cd-lO 3.3B±O.27 11.3±O.2 14.7±O.S

Cd-20 3.20±O.OB 11.1±O.3 14.2±O.4

Cr-O 3.SS±O.02 1O.9±O.3 14.S±O.3

Cr-40 3.27±O.42 11.2±O.2 14.4±O.S

Cr-BO 3.61±O.O7 11.2±O.2 14.B±O.2

Cr-160 3.71±O.lB 11.3±O.1 lS.O±O.3

Ni-O 3.SS±O.02 1O.9±O.3 14.S±O.3

Ni-40 3.61±O.30 11.2±O.6 14.9±O.3

Ni-BO 3.7B±O.29 11.1±O.1 14.9±O.4

Ni-l60 3.06±O.13 10.9±O.6 14.O±O.B

Pb-O 3.S5±O.02 1O.9±O.3 14.S±O.3

Pb-40 3.66±O.23 11.3±O.3 lS.O±O.l

Pb-BO 3.7B±O.07 11.1±O.1 14.B±O.1

Pb-160 4.09±O.OS 10.O±O.6 14.1±O.6
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AppendixE

Relationship between metal concentration in plant and metal spike rate, DTPA-extractable

metal and AEM-DTPA membrane extractable metal from the spiked soils.
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Appendix F

Diagnostic criteria for phytotoxicity
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