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Abstract

Osté, L.A. 2001, Ir situ immobilization of cadmium and zinc in contaminated soils:
Fiction or fixation? Doctoral Thesis, Wageningen University, Wageningen, The
Netherlands, 126 pages.

It is generally assumed that a decrease in metat concentration in the soil solution reduces
metal leaching, and metal uptake by and toxicity to plants and soil organisms. In situ
immobilization is a soil remediation technique that aims at reducing the metal concentration
in the soil solution by adding a binding material to the soil. Application of this technique
requires understanding of underlying mechanisms and potential side effects.

Both laboratory experiments and model calculations have been performed to gain insight in
immobilizing processes. It is essential to quantify metal binding to natural organic matter. The
NICA-Donnan model was designed to calculate metal binding by organic materials, but
specific Zn parameters were not available due to a lack of analytical data. The Wageningen
Donnan Membrane Technique (WDMT) was thercfore further developed to measure free Zn
concentrations in humic acid solutions.

Many immobilizing materials increase the soil pH. This results in an increased negative
charge of soil particles, and hence in a decreased metal mebility. In some cases, the addition
of alkaline materials simultaneously increases the dissolved organic matter (DOM)
concentration in the soil solution, resulting in increased leaching of metal-DOM complexes.
We showed that alkaline soil amendments need to contain enough Ca to suppress the
dispersion of organic matter as induced by a pH increase. We also quantified the dispersion of
organic matier. It appeared that the Donnan potential of the organic maiter, as calculated by
the NICA-Donnan medel, correlated very well with the DOM concentration,

The addition of alkaline materials strongly decreased the metal concentration in Swiss
chard (Beta vulgaris L. var. cicla). In contrast, the uptake of Cd and Zn by earthworms
(Lumbricus rubellus and Fisenia veneta) was hardly influenced by the addition of alkaline
materials. Another experiment showed that the addition of MnQ,, which did not affect soil
PH, resulted in a decreased Cd concentration in the earthworm tissue. Apparently, next to
dermal uptake, pH independent Cd uptake via the intestine was an important uptake route, Cd
uptake by earthworms could be estimated by a soil extraction with 0.1 M triethanolamine and
0.01 M CaCl, buffered at pH 7.2.

Keywords: beringite, cadmium, DOC, DOM, earthworms, immobilization, leaching, lime,
manganese oxides, metal binding, metal uptake, organic matter partitioning, pH, soil
contamination, remediation, sorption, Swiss chard, zeolites, zinc.
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CA

CEC
CLIN
DGT
DOC
DOM
ECOSAT
FAAS
FAU
FIAM
FSHA
GFAAS
ICP MS
ICP OES
ISE
[Me™ Tow
MOR
NICA
NICA-Domnan
NOM
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PZC

RZ
RMSE
SOC
SOM
TEA
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WHC
WTB

Cyclonic ashes (also called: Beringite)

Cation Exchange Capacity

Clinoptilolite

Diffuse Gradients in Thin-films

Dissolved Organic Carbon

Dissolved Organic Matter

Equilibrium Calculation program On Speciation And Transport
Flame Atomic Absorption Spectrometry
Faujasite-type zeolite

Free Ion Activity Model

Forest Soil Humic Acid

Graphite Furnace Atomic Absorption Spectrometry
Inductively Coupled Plasma with Mass Spectrometry
Inductively Coupled Plasma with Optical Emission Spectrometry
Ion Specific Electrode

Free metal concentration in pore water
Mordenite-type zeolite

Non [deal Competitive Adsorption

NICA combined with an electrostatic Donnan model
Natural Organic Matter

Potentially mobile fraction of the soil organic matter
Point of Zero Charge

Coefficient of determination

Root Mean Square Error

Soil Organic Carbon

Soil Organic Matter

Triethanolamine

Total Organic Carbon

Wageningen Donnan Membrane Technique

Water Holding Capacity

Water Treatment Biosolids
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Stellingen

I. Het immobiliseren van cadmium en zink in (matig) zure gronden is praktisch onmogelijk

zonder de pH van de bodem te verhogen.

Dit proefschrift

2. De grote bijdrage van de darmopname resulteert in een klein of verwaarloosbaar effect

van immobiliserende stoffen op de accumulatie van cadmium in regenwormen.

Dit proefschrift

3. De kolomproef zoals beschreven in NEN 7343 is ondeugdelijk om de uitloging van

metalen uit verontreinigde grond onder praktijkcondities te schatten.

Nederlands Normalisatie Insticuut. 1995, NEN 7343: Uitlogingskarakteristieken van vaste
grondachtige en steenachtige bouw- en afvalsteffen. Uitloogtesten. Bepaling van de uitloging van

anorganische componenten uit granulaire materiolen met een kolomproef. |¢ ed. NNI, Delft.

4. lemand die is aangewezen ap water dat verantreinigd is met kaper en/af lood, kan dit

het beste innemen in de vorm van koffie,

Impelliceeri, C.A., H.E. Allen, G. Lagos, and M.J. McLaughiin. 20090, Removal of soluble Cu and Pb
by the automatic drip coffee brewing process: Application to risk assessment. Human and

ecological risk assessment 6:313-322.




5. Bij het huidige budget voor waterbodemsanering is het milieu meer gebaat bij het storten

van veel dan het reinigen van weinig baggerspecie.

Advies en Kenniscentrum Waterbodems (AKWA). 2000. Verwerking van baggerspecie.

Basisdocument voor besluitvorming. Rijkswaterstaat, Utrecht.

6. Er zijn veel overeenkomsten tussen het gevoerde overheidsbeleid ten aanzien van de

veestapel en het autopark, maar een heilige koe blijkt moeilijker te ruimen.

7. Een hoog percentage medewerkers dat dichtbij het werk woont, is positief voor de

werksfeer,

8. Topprestaties — bijvoorbeeld in de sport, maar ook in de wetenschap ~ kenmerken zich

primair door schoonheid en niet door maatschappelijk nut.

Stellingen behorende hij het proefschrift “In situ immobilization of cadmium and zinc in contaminated

soils: fiction or fixacon?™

{ eonard Osté

VWageningen, augustus 2001.
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Chapter 1

Introduction

Soil contamination and remediation
Soil remediation policy in the Netherlands

Soil remediation policy has been developed since the contaminated site in Lekkerkerk was
found in 1980. From that moment, legislation was urgently needed, because Lekkerkerk
appeared to be only one of many contaminated sites in the Netherlands. To speed up
legislation, an Interim Soil Remediation Act was developed which came into operation in
1983. The idea that remediation would be a temporary activity was a second reason to
develop a temporary act. Within a number of years all contaminated sites would have been
cleaned up. The latter assumption appeared incorrect and after eleven years the Interim Soil
Remediation Act was incorporated in the Soil Protection Act.

Until 1997 both soil protection and remediation were based on the principle of
multifunctionality. In practice, a multifunctional soil should not exceed the target values for
contaminants. If a soil has to be remediated, the total content of a contaminant should be
reduced until the target value is reached. This policy encountered serious problems: social-
economic and planning processes stagnated due to the cost of remediation of contaminated
soils. As a result, the public basis for soil remediation decreased (Deelen and Roels, 1997)
and the Dutch parliament decided to change the remediation policy in 1997. The change had
three main objectives: 1) to realize cheaper soil remediation technologies, 2) to stimulate
private initiatives and cofinancing, and 3) to improve legislation and speed up procedures.
The new soil remediation policy is increasingly based on site-specific circumstances,
Functional remediation, active soil management, and integration of soil remediation in other
social-economic developments are the keywords of the new policy. Although the current
standards are still based on the total concentration of a contaminant in the soil, the new
approach provides better possibilities for so-called ‘mild remediation techniques’ that are
focused on risk reduction, even if the total contaminant concentration still exceeds the target

value.
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The need for less rigorous remediation techniques is most evident in large (moderately)
contaminated areas. Common techniques like excavation or extraction are physically and
economically impossible. Moreover, these areas are often used for agriculture and forestry or
designated as nature reserves. A thorough soil clean up would have adverse effects on the
ecosystem and soil fertility. Mild remediation techniques aim to reduce the negative effects of
contaminants, without damaging the essential properties of the soil. The Center for
Agriculture and Environment developed a strategy for farmers to prevent soil contamination
and to restore soil quality (Weckseler et al., 1995), They checked zll available techniques on a
number of criteria: environmental effect, cost, suitability for different contaminants, time
needed for remediation, possibilities for combination with other techniques, adaptability in
agricultural management, and suitability for different soil types. Considering these criteria,
only a few techniques appeared to be useful. Bio-remediation is a promising technique for
organic micro-pollutants, but metals are non-degradable. At the moment there are three
methods that can potentially reduce the toxic effects of heavy metals in contaminated soil: 1)
deep ploughing, 2) phytoremediation, and 3) chemical immobilization.

Deep ploughing can give a positive effect if only the upper layer of the soil is
contaminated, but there are a few prerequisites. The underlying soil, which is to be mixed
with the topsoil, must have a considerable fertility and binding capacity for heavy metals.
Furthermore, the “dilution factor’ must be high enough to eliminate harmful effects, and the
contaminated soil should not be mixed with soil below the ground water level.

Much attention has been paid to phyto-extraction. The technique is simpie and elegant.
(Hyper) accumulating plants are grown and the plants, containing a high metal concentration,
are removed. The processing of the plants is essential to include in this approach. Ideally, the
plants can be used for energy or fiber production. The largest problem of phyto-extraction is
the duration of the treatment. (Brooks, 1998). Many hyperaccumulating plants are small
plants. Even if the metal concentration is high, the total uptake of metals per hectare is limited
(Emst, 1996). Genetically modified plants and optimization of environmental conditions may
improve the efficiency.

In sity immobilization decreases the metal concentration in the soil solution by adding a
substance which strongly increases the binding capacity of the system. The total concentration
in the soil remains the same, but toxicity and uptake of metals are often related to the soil
solution concentration. We consider immobilization the most promising technique for

treatment of large areas that have been moderately contaminated with heavy metals.
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Heavy metals

Heavy metals are metals with a density over 6000 kg/m® (Alloway, 1995). With exception
of iron, they belong to the group of trace elements, which means that the average
concentration in the earth’s crust does not exceed 1 g/kg. They become incorperated into
igneous rocks by isomorphous substitution. During natural weathering processes the
concentration of trace elements can change. However, contaminated soils are not naturally
formed. Human activities introduce heavy metals into the environment. The primary sources
are mining activities, including the mining of metal ores, but also fossil fuels and phosphate
ores (Lexmond and De Haan, 1984). These activities result in redistribution of heavy metals.
Metals are sometimes added to the soil with a certain goal, e.g. pesticides and fertilizers, but
often soils are contaminated by solid waste, aerial deposition or contaminated water.

Metals occur in different species in the soil, Metal uptake by and toxicity to plants is
weakly related to the metal content in the soil, The availability is related to the free ionic
concentration at the biotic surface and the metal flux towards the surface to replenish the ions
that have been taken up (Van Leeuwen, 2000). The metal flux is determined by the medium:
water content, soil properties, and the lability of metal complexes in solution. The
incorporation of all (kinetic) processes is very complicated. Often a good correlation is found
between the free ionic concentration in the soil solution and uptake or toxicity. This is known
as the Free Ton Activity Model or FIAM (Morel, 1983, Parker et al., 1995).

Cadmium

Two metals are studied in this thesis: cadmium and zinc. Cd is a relatively rare metal (in
average soils ca. 0.5 mg/kg), and no biological function of Cd has been found. Main sources
in soils are phosphate fertilizer, sewage sludge, and atmospheric deposition from industries.
Concentrations in contaminated soils rarely cause acute toxicity to plants; long-term
accumulation in mammals is the most important effect. Cd can cause kidney dysfunction and
skeletal deformations. A notorious example of Cd toxicity is the ’itai-itai’-disease in Japan
just after the second world war, Cd contaminated rice and drinking water combined with
deficiencies of Ca, vitamin D, and protein, led to the death of 65 elderly mothers (Alloway,
1993).

Vegetable food is obviously the main route of Cd intake. Therefore, the Dutch Cd
standards conceming food products are very low (Warenwet, 2000). Crops can exceed the

food standards below the Dutch intervention values for soils.
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Zinc

Zn is an essential trace element for humans, animals and higher plants. Zn acts as a
catalytic or structural component in numerous enzymes involved in energy metabolism and in
transcription and translation (Alloway, 1995). The natural concentration in soils is
approximately 100 times higher (ca. 50 mg/kg) than the Cd concentration. Zn, as well as Cd,
is relatively mobile in soils. Zn is introduced in soils by sewage sludge addition, atmospheric
deposition, manure, and agrochemicals. Plants are relatively sensitive to both Zn deficiency
and toxicity. In contrast to Cd, it is unlikely that crop consumption will produce Zn toxicity to
mammals. Hoskam et al. (1982) nevertheless described one example of Zn toxicity to foals in
the Kempen, but the problem ceased to exist from the moment that the aerial deposition of the
Zn factories decreased because of a change in the industrial process. Only the combination of

contaminated soil and aerial deposition can produce toxic Zn levels in vegetables.

Heavy metal contaminated soils

Widespread contamination is mostly caused by long-term input of relatively low amounts.
There ase different potential sources: aerial deposition, flooding by contaminated (river)water,
and the long-term spreading of waste, sludge, fertilizers and other products containing heavy
metals (Table 1.1).

Table 1.1: Surface arca and sources of heavy-metal contaminated land in the Netherlands (modified

from Landbouwadviescommissie milieukritische stoffen, 1991).

Area Source Surface arca (kin’)
The Kempen Aerial fallout from Zn factories 350

Loess soils Limburg Aerial fallout from Zn factories 200

Flood plains Contaminated river water and sediments 250

Harbor sludge soils Contaminated river water and sediments 5

Toemaakdekken Town refuse 180

Other agricultural soils  Various (e.g. fertilizer) 50

Total: 1,035

Later estimates of the contaminated area in the Kempen were smaller: 165 km?

(Nieuwkoop, 1993) and 150 km® (Technical Committce on Soil Protection, 1997).
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Nevertheless, it is a large area contaminated with Cd and Zn, due to the aerial fallout and

waste of Zn factories on both sides of the border between Belgium and the Netherlands.

The zinc industry in the Kempen

The zinc industry has its origin in the part of Belgium where zinc ores could be mined: east
of Liége. Afier the Belgian ore became exhausted, the industry switched to imported ore from
Scandinavia. The transport from Antwerp to the Kempen was easier and, moreover, the
negative effects of the Zn production (at that moment only emission of sulfur dioxide was
known to be harmful) would not raise many problems in a poor and sparsely populated area
like the Kempen. Only one factory was built in the Netherlands. Lucien and Emile Dor
established the “Société Anonyme des Zincs de la Campine’ near Budel. The village that was
built near the factory was called after the directors: ‘Budel-Dotplein’ (Nieuwkoop, 1993).
From 1890 till 1974 Zn was extracted via a thermal process. Three main steps could be
distinguished: first roasting to convert Zn sulfide into Zn oxide, This happened at a
temperature of 600°C using airflow. Sulfur dioxide and metal gasses were produced during
this process. The second step was sintering. Air was blown through a mixture of raw and
roasted blend and already sintered material at 1200°C. The unwanted metals (e.g. Cd) and
remaining sulfur dioxide were removed and the product was converted from powder to grains:
the sinter. In the third step, distillation, the temperature was heated to 1300-1400°C and coke
was used to reduce Zn oxide to Zn. The Zn volatilized and had to be condensed without
oxidizing again. This was carried out in retorts. The Zn and the remainder of the ore, the slag,
were separated in the retort. The Zn was purified afterwards (by melting and distillation) and
the slag was dumped as a waste material. Part of it has been used to pave roads with a total
length of 832 km. From 1926 the sulfur dioxide was used for the production of sulfuric acid.
Later, also Cd was produced (Nieuwkoop, 1993).

The Belgian Zn smelters followed the same procedure. The factory of Overpelt produced
250 tons of Cd waste in 1950 and haif the amount was emitted to the air (340 kg of Cd/day)
(Staessen et al,, 1995). Between 1969 and 1971 all factories changed to an electrolytic
process. The Cd production of the Balen and Overpelt smelters in 1992 was 1000 tons, but
only 15 kg (0.04 kg/day) was emitted to the air (Staessen et al., 1995). The problem left in the
electrolytic process is the waste material. A fluid waste, jarosite, is produced. It is collected in
basins on the company site.

The heritage of the Zn smelters in the Dutch part of the Kempen is 2 large area with

increased heavy metal concentrations in the soil, predominantly Cd and Zn. The Technical
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Committec on Soil Protection (1997} published an ‘Advice on the approach of soil
contamination in the Kempen® and classified the situation in the Kempen as ‘urgent’, which
officially means that within four years remediation has to start. Demonstrated effects are
{Technical Committee on Soil Protection, 1997):

s leaching of metals to the groundwater;

s transport of metals by the groundwater;

» transport of contaminated sediment and sedimentation of contaminated materials;

s genetic adaptation of plants and invertebrates;

e accumulation of litter in the neighborhood of the Zn smelter;

¢ kidney dysfunction in humans.

Also farmers experienced the problems of contaminated soil, Some vegetables were difficult
to grow without exceeding the food standards. One official court case in which a market
gardener was sentenced is known. In 1985 lettuce was declared unfit for consumption because
the Cd concentration was 0.37 mg Cd/ kg fresh weight (Warenwet, 1985).

A project-team, called: Active soil management de Kempen, was established to co-ordinate
the whole process, comprising aspects such as: limitations in land use, monitoring,
remediation, research, and effects of land use change. Immobilization as a soil remediation
technique is only one aspect of the whole project, but not unimportant. Recently, Dutch and
Belgian scientists and policymakers at a workshop ‘Alternative remediation techniques in the
Kempen’ concluded that immobilization is a suitable and operational technique in areas that

will be changed from agriculture to nature (Active soil management de Kempen, 2000).

Immobilization
General aspects

Immebilization covers a large series of techniques to make contaminants less mobile in
soil or waste {Vangronsveld and Cunningham, 1998)., We defined ‘in sifu immobilization of
heavy metals in contaminated soil’ as the reduction of the metal concentration in the soil
solution by adding a metal binding material to the soil without damaging the porous structure.
Hence, solidification (producing a solid material in which the contaminant is physically built
in) is left out of consideration.

The application of immobilizing materials to large areas does not only require a careful

study of the beneficial effects, but also of the negative consequences. Once added to the soil,
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the treatment chemical can not be removed anymore. A careful study should include three

aspects:

1) leaching of metals to deeper soil layers and groundwater,

2) toxicity to and uptake by plants,

3) toxicity to and uptake by soil organisms.

From these three aspects, we can derive a list of criteria for immobilizing agents:

e The material must have a high metal binding capacity at common soil pH (ca. 4-8);

e The additive needs to be durable under the environmental conditions that can occur in the
soil;

e The binding agent does not produce undesired side effects with respect to soil structure,
fertility and ecosystem,;

¢ The treatment chemical should be cost effective.

Immobilization ¢an be based on binding on the available particle surface (sorption) or on
the formation of new particles, incorporating the metals in the structure
(precipitation‘coprecipitation). Precipitation of metals in an aerobic soil (moderate pH) occurs
only at very high concentrations, except for lead. Addition of phosphate (and if necessary
chloride) forms lead-phosphate precipitates, particularly (Chloro)pyromorfite (Pbs(PO4)3Cl)
(Ma et al.,, 1993; Boisson et al., 1999; Koopmans et al., 1999). Coprecipitaticn is sometimes
mentioned as a long-term effect (for instance during oxidation or weathering), Most attention
is paid to sorption processes. Immobilizing materials can enhance sorption in two ways: 1) by
adsorption to the surface of the immobilizing material itself, and 2} by reducing the
competition of other cations, particularly protons (increase in pH). The latter group (pH
increasing materials) is officially beyond our definition, becaunse they hardly bind any metals
themselves. They nevertheless decrease the metal concentration in the soil solution, and are
therefore included in this study. At first sight, the discrimination between a pH increase and
the addition of new sites seems theoretical, but it may have practical implications. Next

section focuses on the effects of an increase in pH.

Immobilization by increasing the soil pH

The effect of soil pH on metal uptake by plants has been studied exlensively (e.g. Hooda
and Alloway, 1996; Oliver et al., 1996; Singh and Myhr, 1998; Krebs et al., 1998), but the
results are not always consistent. Generally a decrease in plant uptake was observed, but some

studies even found increased crop metal concentrations (Andersson and Siman, 1991;
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Sparrow et al., 1993). This might be caused by the fact that not only metal binding by the soil
but also uptake via the root surface is pH dependent (Lexmond and Van der Vorm, 1981;
Smolders et al., 1999). Plette et al. {1999) quantified both sorption to the soil and sorption to
biological surfaces, implicitly assuming that the metal concentration bound by the root
surface determines uptake and toxicity. The free metal concentration in pore water is in
equilibrium with metals bound to the soil and with metals bound to the root surface. The pH
dependency of the sorption processes at both surfaces determines the net effect of a shift in
soil pH.

Whereas the mobility of cations generally decreases at a higher pH, the mobility of anions,
such as molybdate and arsenate will increase if the pH is increased. In soils that also contain
potentially toxic levels of these anions, alkaline additives may produce harmful effects.

An increase in soil pH may change the solid-solution partitioning. of the organic matter,
resulting in an increased dissolved organic matter (DOM) concentration in the soil solution
(e.g. Tipping and Woof, 1991). The metals bound to DOM will leach to deeper soil layers or
groundwater. This phenomenon is particularly important for metals that strongly bind to
DOM, such as copper (McCarthy and Zachara, 1989; Temminghoff et al., 1998).

Furthermore, the pH influences the ecosystem with respect to vegetation (Roem and
Berendse, 2000) and soil organisms (Korthals et al., 1996; Edwards and Bohlen, 1996). This
does not need to be a problem in many cases, but one should be aware of it, if alkaline
materials are to be used.

Summarizing, an increase in pH can stimulate immobilization of cations, but can also
increase the mobility of anions. A pH increase might affect the behavior of organic matter and
the composition of the (soil)ecosystem. Increasing the soil pH is a general mechanism,
independent of the binding capacity of the immobilizing material. The adsorption capacity
gives the material a unique character. In the next section, materials that have been studied are
listed and provided with comments. To distinguish the effect of pH and the binding capacity
of the material, Yousfi and Bermond (2000) propesed to adjust the pH of the untreated soil to
the same pH as the treated soil. The only disadvantage of this approach is that the effects of

different materials are compared at different pH values.
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Immobilizing materials
The products used in other immobilization studies can be divided into four categories
(Table 1.2). Several products could be classified in more groups, because they consist of

different components, Calplus, for example, consists of clay and aluminum hydroxide.

Table 1.2: Materials used in immobilization studies.

Group Materials

1) Lime CaCO;
(Ca,Mg)CO,
Ca(OH),

2) Alumino silicates Clay

Natural and synthetic zeolites

Incinerator ashes (fly-ashes, cyclonic ashes (formerly: beringite))

Gravel sludge
3) Al-/Fe-™Mn- Fe bearing (waste)materials (steel shots)
(hydr)oxides Hydrous Ferric Oxide (HFO)

(8-)Manganesc oxide
Alys-polymer
Clay-aluminium hydroxide (Calplus, Al-montmeorilloniet)
Water treatment residues/biosolids
4) Materials rich in Compost
organic matter Peat

Sewage sludge

1) Lime

Lime is a well-known soil amendment in agriculture. It is used both to increase the
availability of essential nutrients and to decrease the availability of elements harmful to plant,
animal and humans. Below pH 7, lime dissolves and neutralizes protons during this process.
The dissolution effect of CaCQ; does not work in calcareous soils. [n that case it is possible
that metals can be bound by CaCOs, but its capacity is not very large.

Also Ca is released during dissolution of lime. It has been postulated that Ca’* added in
lime may desorb some of the soil-bound metal ions into soil solution, rendering them

available to plants. Calcium is known to be an inhibitor of Cd** sorption to soil surfaces
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(Boekhold et al., 1993), but this mechanism can only have a significant effect, if the pH-
induced increase in sorption of Cd®” with liming is of the same order of magnitude as the Ca-

induced desorption of Cd**.

2} Oxides of manganese, iron and aluminum
Manganese

Manganese is a common element in the soil. It is an essential element for plants and
animals. The pH and the redox potential of the soil determine the availability. The large
number of oxides and hydroxides, in which substitution of Mn**, Mn’* and Mn*" occurs,
complicates the mineralogy (McKenzie, 1989). Manganese oxides are also important for the
sorption of other trace elements. The reactivity of the different oxides varies widely, due to
differences in structure and surface groups. The most reactive form is synthetic bimessite
(sometimes called: 8-MnQO,). The product has a layered structure, but details are not well
known. There are different recipes to synthesize birnessite. McKenzie (1981) studied the
surface charge of different birnessites and concluded that the most negatively charged oxide is
obtained by adding HCI to boiling KMnQ,. This product also showed the highest adsorption
of different metals (McKenzie, 1980), Different authors confirmed high sorption rates of Cd
and Zn (Zasoski and Burau, 1988; Loganathan and Burau, 1973). The high affinity of
bimessite can be explained by the low point of zero charge (PZC), which ranges from 1.5 to
2, the relatively large surface area, and the high dielectric constant (Murray, 1975). The
immobilizing capacity of birnessite was studied by Mench et al. (1994). Compared to other
additives (hydrous ferric oxide, Thomas basic slag, cyclonic ashes, and lime) birnessite
exhibited the best potential in reducing the uptake of Cd and Pb by plants. Apart from the
price, the critical aspect of bimessite is its stability. Under reducing (anaerobic) conditions the
oxide will reduce to Mn®*, which can be toxic to organisms. Reduction might also take place

at low pH in aerobic soils.

Iron

Iron oxides are considered important compounds in the soil for heavy metal binding,
although the PZC is not as low as the PZC of bimessite. Many iron-bearing materials have
been studied and it is frequently suggested that long-term processes further increase and
strengthen metal binding. Ainsworth et al. (1994) showed that Cd and cobalt, in contrast to
lead, added to a hydrous ferric oxide suspension, were incorporated in the structure during the

aging process. Lookman and Vanden Boer (1997) also observed a long-term process. They

10
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investigated a shipyard contaminated with blasting waste. Blasting waste contains much iron.
They proved that the mobility of Zn, Cu, Ni, and Cd, as determined by a column experiment
according to NEN7320, was significantly lower if old weathered blasting waste was used
compared to recently used blasting waste. It was explained by the formation of iron oxides. It
seems that the addition of not-yet-oxidized iron is more successful in binding heavy metals on
a longer term. The addition of FeSQ4 (Czupyma et al., 1989) and of steel shots {metallic iron)
(Mench et al., 1994) have been evaluated. A gradual oxidation of Fe’* allows the metal jons to
coprecipitate within the newly formed ferric (hydrjoxide. The metal uptake by plants grown
on soils treated with steel shots was significantly reduced, both in pot experiments (Mench et
al., 1994) as well as in a field experiment one year afier (reatment (Boisson et al., 1998).

Other iron bearing products that have been studied are Fe-rich, a waste product released
during the production of TiO; (Chlopecka and Adriano, 1996 and 1997) and recycled iron
adsorbent, collected from an impact millroom wheelbrater at a cast-iron facility (Smith, 1996
and 1998). Fe-rich showed a strong decrease in available Zn, but this effect could be
explained by the increase in pH. More critical is the fact that Fe-rich contained 20.4 mg Cd
k/kg and 1272 mg Cr/kg (Chlopecka and Adriano, 1996). Recycled iron adsorbent was only
tested in aqueous systems. Adsorption values were comparable to hydrous ferric oxide
{Dzombak and Morel, 1990)

Elevated Cd levels were found in crops in Australia due to Cd contaminated phosphate
fertilizer and high chloride concentrations (Smolders and McLaughlin, 1996). McLaughlin et
al. (1998b) studied the use of a series of binding additives. Different water treatment biosolids
{(WTB’s) were among them. WTB’s were derived form Fe and Al-based chemical flocculation
processes for drinking water treatment. 1f the pumped groundwater is not contaminated the
biosolids predominantly contain Fe, Al, Ca and Mn, depending on the groundwater
composition. Several WTB’s also contain a considerable amount of carbon (up to 20%). Cd
uptake by potato tubers was reduced in soils treated with ca. 0.25% WTB’s. WTB’s

containing high carbon contents reduced the uptake most.

Aluminum

Aluminum hydroxides are positively charged under normal soil conditions (pH<10).
Lothenbach et al. {(1997) and Badora et al. (1998) used a soluble polynuclear aluminum
complex (Al;). In alkaline solution the Alj; units slowly convert to amorphous AI(OH)s.

Heavy metals can be taken up into the solid matrix during this process, Significant reductions
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in NaNOj-extractable Zn were obtained for very small additions of Al;; compared to
unireated soils with the same pH (Badora et al., 1998).

Aluminum hydroxides are often combined with clay (Keizer and Bruggenwert, 1991,
Janssen et al., 1994; Lothenbach et al., 1997). The amount of heavy metals bound on clay-
aluminum complexes is higher than the binding on clay or aluminum hydroxide separately. A
few reasons can explain this phenomenon. The positive charge of the aluminum hydroxide
(specific adsorption) is partly compensated by the negative charge of the clay (non-specific
adsorption), so the decrease in the CEC is compensated by an increase in high affinity sites
for heavy metals. Furthermore, the aluminum precipitates are spread over the clay in stead of
forming a ball, so the surface area increases. The sorption sites are more easily accessible.
Finally, smatl ions (Cu, Zn) just fit in the hydroxide layers between the clay platelets (Keizer
and Bruggenwert, 1991). Clay aluminurm complexes have a lower affinity for larger cations
like Cd and Pb. The uptake of Zn by Swiss chard is significantly reduced after adding clay
aluminum complexes to the soil, but the uptake of Cd is not affected (Lexmond and

Bruggenwert, 1997).

Red mud

Red mud is an alkaline residue of the alumina industry. Summers et al. (1996) studied the
effect on pasture growth on poor sandy soils and evaluated heavy metal uptake by plants.
They concluded that the heavy metal uptake decreased after red mud application. Other
studies (Lopez et al,, 1998; Phillips, 1998) showed that red mud could immobilize heavy
metals, but the pH appeared to be the determining factor. McLaughlin et al. (1998a) observed
slightly reduced uptake by potatoes after red mud addition. Red mud contains very high

amounts of Na and, depending on the origin, it can be contaminated.

3) Alumino silicates
Clays

Montmorillonite type clays were used because of their large CEC (80-120 mmol,/100g),
though competition of calcium is very strong (Van Bladel et al., 1993). Sims and Boswell
(1978) added bentonite (a commercial montmorillonite clay) to a contaminated sludge treated
soil. They observed a decrease in the metal uptake by wheat, but they could not separate the
effect of the increase in the CEC from the increase in pH (also a result of the bentonite
addition). Lothenbach et al. (1997) studied the effect of Na-montmorillonite. They found that
the clay had a relatively low capacity 1o bind heavy metals.
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Zeolites

Zeolites are naturally occurring crystalline alumino silicate minerals, but they can also be
produced synthetically. The framework consists of [8104]* and [AlO]* tetrahedra that are
linked at all corners. The framework is open and contains channels and cavities in which
cations and water molecules are located (Dyer, 1988). The channel structure of zeolites is
responsible for their function as a molecular sieve, but is also important for ‘selective’ cation
exchange. Clinoptilolite is the most often used natural zeolite to remove heavy metals from
the soil solution or wastewater. However, the adsorption capacity of natural zeolites is rather
low. In batch experiments, the addition of natural zeolite to soil had hardly any effect
(Tsadilas et al., 1997; Singh et al., 2000). Weber et al. (1984) did not observe a reduction in
heavy metal uptake in sorghum after addition of approximately 6.5% clinoptilolite to an
agricultural soil.

Synthetic zeolites have provided better results. Czupyrna (1989) selected a large number of
treatments and the zeolite type A appeared to immobilize heavy metals very strongly in batch
and column experiments, particularly in combination with FeSO4. Only the pH of the column
effluent is mentioned for a treatment with zeolite and FeSQy. It did not differ much from the
control soil. Singh et al. (2000) conducted a batch experiment in a 0.01 M NaClO, solution at
pH = 6 and concluded that large amounts of Cd were bound by zeolites A, P and Y, compared
to natural zeolite, bentonite and cyclonic ashes. Synthetic zeolites were also able to reduce
metal uptake by plants {Gworek, 1992; Rebedea and Lepp, 1994). The reduction was partly
caused by a pH increase, as a side effect of zeolite addition (Edwards et al., 1999).

Recently, zeolites were synthesized from fly ash (Steenbruggen and Hollman, 1998; Lin et
al., 1998). Zeolitization is realized by treating fly ash with NaOH at ca. 90°C. Lin et al.
{1998) concluded that both an increase in pH and the binding of Cd on the zeolite-like
material were responsible for a strong decrease in extractable Cd (extracted with 0.01 M
CaCly). They also observed a strong reduction of the Cd concentration in the leachate of the

zeolite treated soil columns,

Fiy and bottom ashes

Fly and bottom ashes are waste products from coal-fired power plants. Depending on the
parent coal and the operating conditions of the furnace, the ashes vary in their physical,
chemical and mineralogical composition (Bache and Lisk, 1990). Shende et al. (1994)

observed a decrease in heavy metal uptake by maize in a calcareous soil (pH = 7.9) as long as
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the fly ash addition was less than 5%. The effect of fly ash was not very clear in an acid soil.
In most studies is concluded that the effect of fly ash is comparable to the cffect of lime
(Bache and Lisk, 1990; Marschner et al., 1995). As many waste products, ashes are often

contaminated with heavy metals and toxic anions (e.g. arsenate and molybdate).

Cyclonic ashes (also called: beringite)

Cyclonic ashes are modified alumino silicates originating from the fluidized-bed buming
of coal mining refuse. By heating to 800°C the material is partly broken down and
recrystallized. The following minerals are present in cyclonic ashes: quartz, illite, calcite
(CaC0,), dolomite {[Ca,Mg]CQ;), anhydrite (CaSQ,), siderite (FeCOs;), and -ettringite
(6Ca0.A1;,0:.3504.31H;0). pH(H,O) = 12, CEC = 20 mmol,/100g (determined in a buffered
NH4OAc solution of pH 7), and the specific surface are is ca. 20 m%/g (De Boodt, 1991).
Cyclonic ashes contain Cd and Zn concentrations close to the Dutch intervention values. The
binding mechanism of cyclonic ashes is not quite clear, but part of the effect is attributed to a
strong increase in pH. It was used to revegetate the Maatheide, a bare area in the North of
Belgium. An addition of 2.5% (w/w) on the Maatheide raised the pH by approximately 2 units
{Vangronsveld et al., 1996). Several studies have proven beneficial effects to plants (Mench et
al., 1994; Boisson et al., 1998) and reduction of metal leaching to deeper soil layers
{Wessolek and Fahrenhorst, 1994).

Gravel sludge

Gravel sludge is an uncontaminated waste product of the gravel industry consisting of
different minerals (main constituents are 29% illite, 30% calcite, and 18% quartz)
(Lothenbach et al., 1998). Batch experiments show that Zn and Cd uptake by red clover as
well as the NaNOs-extractable concentration were significantly decreased in a soil treated
with gravel sludge. However, the pH increase can explain most of the reduction in NaNQs-
extractable Zn. Krebs et al. (1999) conducted a field plot study growing lettuce and ryegrass
on soils treated with gravel sludge. They also concluded that the pH increase contributed to

the immobilization effect, but they could not quantify this contribution.

4) Organic matter products
Organic matter is an important component for adsorption of trace elements in many soils.
Metals can adsorb on negatively charged phenolic and carboxylic sites of the humics.

Addition of organic matter would therefore increase the binding capacity of the soil. Berti and
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Cunningham (1997) evaluated the effect of natural humus (composted leaves) on Pb
speciation in three different soils. The Pb-fraction extracted by 0.1 M Ca(NQ;); and 0.05 M
AgNO; decreased by adding 4 or 10% humus. Also the leachable Pb was reduced. Kireicheva
and Glazunova (1994) introduced a mixture of organic matter (65%), zeolite (25%) and
alumina (10%) and observed uptake reductions of heavy metals by oats. Ni, Cu, Zn and Pb
uptake was 50% at an addition rate of 5% (w/w) compared to the untreated soil. Marschner et
al. (1995) applied 0.3% tree bark mulch (no pH shifi), but extraction with water did not show
a reduction of water extractable metal concentration. The effects of agricultural residues are
generally small.

The instability of organic matter is a disadvantage. Solid organic matter can be transformed
into dissolved organic matter, resulting in leaching of metals bound to dissolved organic
matter. Alternatively, microorganisms can degrade organic matter, resulting in a loss of

binding sites.

This thesis
Objectives

The aim of this thesis is to understand the processes that take place after addition of
selected immobilizing agents. The metal binding capacity under normal soil conditions is the
most important characteristic of an immobilizing agent. Effects of an increase in pH will be
distinguished from the addition of new binding sites.

An increase in pH can also increase the dissolved organic matter concentration in the soil
solution. This study investigates the underlying mechanisms that determine the partitioning of
soil organic matter, and how several alkaline additives affect the dissolved organic matter
concentration.

The effects of immeobilization on plants have been studied quite frequently, but not much is
known about the effects of immobilizing materials on soil organisms. The effects of soil
amendments on the leafy vegetable Swiss chard (Beta vulgaris L. var. cicla) and on the
earthworms Eisenia [Dendrobaena] veneta Rosa and Lumbricus rubelius Hoffmeister are
studied. Earthworms were chosen because they are important organisms in the food web and
can represent a high fraction of the biomass in the soil.

It is hard to find an immobilizing agent that meets all requirements as listed on page 7, but
we decided to include the following materials in our research project: lime, manganese oxide

{(birnessite), natural and synthetic zeolites, cyclonic ashes, and several iron bearing materials.
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Outline

The introduction (Chapter 1) is followed by two supporting chapters. In our study it
appeared to be essential to quantify metal binding to natural organic matter. Data concerning
Zn binding to natural organic matter are rare. Chapter 2 presents analytical data of Zn binding
to humic acid. The free Zn concentration in humic acid solutions was measured by a newly
developed technique: the Wageningen Donnan Membrane Technique (WDMT). Our data
form an essential part of the database compiled to determine model parameters for the NICA-
Donnan model. This model can calculate metal binding to dissolved organic matter, which is
important for the speciation in the soil solution.

Chapter 3 focuses on the partitioning of soil organic matter. The ionic composition of the
soil solution strongly influences sorption and coagulation of organic matter. A sudden change
in the ionic composition, that might take place whén an immobilizing chemical is added to the
soil, might also change organic matter partitioning. Chapter 3 studies the effect of changes in
Ca and pH on dissolved organic matter in soils. The fundamental processes studied in Chapter
3 are used in Chapter 4. Chapter 4 evaluates whether the addition of zeolites or cyclonic ashes
indeed influences the partitioning of soil organic matter.

The effects of alkaline immobilizing agents on metal uptake by plants and earthworms are
studied in Chapter 5. The alkaline cyclonic ashes are compared to lime in a plant experiment
to quantify the additional binding capacity of cyclonic ashes. The effect of cyclonic ashes was
also evaluated in an earthworm experiment. Chapter 6 presents the effects of lime (alkaline)
and MnO; (not influencing pH) on Cd uptake by earthworms. The typical differences in
uptake between lime and MnO; provided information about metal uptake routes

The results from these studies are integrated and interpreted to more practical

recommendations in Chapter 7.
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Abstract

Free metal ions in aqueous and terrestrial systems strongly influence bioavailability and toxicity. Most
analytical techniques determine the total metal concentration, including the metals bound by dissolved
organic matter, The activity can be measured with jon specific electrodes (ISEs) for some metals but
an electrode for Zn is not available. As a result, very few data are available on Zn binding by natural
organic matter. The aim of this study is to determine free Zn concentrations in purified humic acid
solutions using the recently developed Wageningen Donnan Membrane Technique (WDMT).
However, scveral analytical aspects of the WDMT had to be clarified, before reliable data could be
composed. Cd was chosen for validation. This study shows that free Cd concentrations as measured by
WDMT agreed well with Cd-ISE measurements. It is also shown that the WDMT could be used at
high pH and that the presence of divalent ions in the background electrolyte shortened the
equilibration time for metals. The WDMT provided consistent results in a range of p[Cdz*] =3-9 and
p[Zn*] = 3-8 at pH 4, 6 and 8. Metal speciation in humic acid solutions was also calculated by the
consistent NICA-Donnan model using generic parameters. The model could excellently describe the

experimental data without adjusting any of the parameters (R%q= 0.994, R%;, = 0.988).
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Introduction

Bioavailability of trace metals in the environment is influenced by both environmental and
physiological factors. The environmental conditions (e.g. pH, total metal content in the soil or
sediment, number of binding sites, competing ions, etc.) strongly influence the speciation in
solution. The uptake by plants and soft-bodied organisms is often well-correlated to the free
ion activity (Bingham et al., 1984; Morel, 1983; Spurgeon and Hopkin, 1996; Hare and
Tessier, 1996), though iabile complexes (e.g. cadmium chloride and cadmium sulfate
complexes) may also influence metal uptake (Smolders and McLaughlin, 1996; Van
Leeuwen, 2000) However, it is complicated to determine the free metal concentration in
solutions containing natural organic matter (NOM). Hence, speciation models have been used
extensively to calculate free metal concentrations in solution based on the total dissolved
metal concentration, which could be easily measured. Different models have been developed
to describe metal binding by NOM. Dobbs et al. (1989) developed a continuous multiple site
ligand model which was incorporated in MINTEQAZ2. Tipping {1998) derived Model VI, a
discrete site/electrostatic model, which accounts for chemical heterogeneity, competition,
ionic strength effects and proton-metal exchange. The same aspects were accounted for in a
model used by Kinniburgh et al. (1999) This is the consistent Non Ideal Competitive
Adsorptior equation combined with an electrostatic Donnan model to correct for the variable
charge nature, which is referred as: consistent NICA-Donnan model. In stead of discrete sites,
as in Model VI, the consistent NICA-Donnan model uses a continuous affinity distribution.
All models have one thing in common: they need reliable data to obtain the mode] parameters.
Parameters for Zn binding by humic acid in Model VI are based on 17 data points extracted
from two papers written in 1965 and 1971 covering a very limited concentration range
(Tipping, 1998).

As stated, direct measurement of free metal ions is difficult. Common analytical equipment
(e.z. FAAS, ICP-OES, ICP-MS) measures total concentrations in a sample. Polarographic
techniques do not only determine the free metal concentration, but aiso labile metal
complexes. lon Specific Electrodes {ISEs) have been used frequently to measure free Cd, Ca,
or Cu activities (Bresnahan et al., 1978; Milne et al., 1995) but an electrode for Zn is not
available. This is probably the main reason for the very limited number of data in literature on
Zn binding by humic substances.

Recently, new methods to determine free metal concentrations in solution have been

developed. Holm et al. (1995) applied a method using a cation exchange resin. The exchange
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with the resin highly depends on the ionic strength, the cation composition and the pH of the
sample, which is taken into account by a reference experiment. The reference solution should
contain exactly the same electrolyte solution, but no complexing ligands. The method
appeared to be very sensitive to [Ca’'] in the range from 0.001 M to 0.005 M. Particularly in
that range, the free Ca concentration in the sample and reference solution should be equal;
otherwise a correction has to be made based on an empirical standard curve (Holm et al.,
1995).

Davison and Zhang (1994) introduced the IXGT technique (Diffusion Gradients in Thin-
films) based on metal fluxes from the aqueous phase through a highly porous hydrogel to an
exchange resin, which functions as a sink. The exchange resin functions well between pH 5
and 9. The diffusion rate of metals through the gel depends on the thickness of the gel layer,
the metal concentration in the bulk solution, and the diffusion coefficient (Davison et al.,
2000). The diffusion coefficient depends on the properties of the gel, the ionic sirength of the
solution, and the type of ligand. Not only free ions, but also metal complexes can diffuse
through the gel, depending on the size of the Hgand and the type of gel (Davison et al., 2000).
By using at least two DGT devices with different gel compositions, the speciation in solution
can be estimated (Zhang and Davison, 2000). The method is suitable for in situ measurement
in natural waters (Davison and Zhang, 1994) but is complicated for soils. Pore water is not
very well mixed, which might result in a concentration gradient towards the membrane filter
{Davison et al., 2000}, and the interpretation can confuse the diffusion process at moisture
contents lower than ficld capacity (Hooda et al., 1999).

Fitch and Helmke (1989) separated the free and complexed metals via a Deonnan
equilibrium across an ion exchange membrane. We initially tried their approach, but we could
not obtain reliable results. Especially the small, stagnant acceptor solution caused difficulties.
Therefore, Temminghoff et al. (2000) and Weng et al. (accepted) further developed the
technique, resulting in the Wageningen Donnan Membrane Technique (WDMT). The WDMT
cell consists of a donor side flushed with aqueous solution containing free metal ions and
metal complexes {e.g. metal-NOM), and an acceptor side flushed with electrolyte solution
with approximately the same salt level as the donor solution. The two sides are separated by a
negatively charged semi-permeable cation exchange membrane. Cations can easily pass the
membrane, whereas the transport rate of negatively charged compounds in solution, e.g.
humic acids and CI, is practically zero. When equilibrium is reached, the free metal ion
conccentration in the acceptor and the donor will become identical if ionic strength, and ionic

composition of both solutions are equal. A simple correction can be made, if the donor and
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