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Stellingen

1. Door bodemheterogeniteit kan kennis over bodemprocessen niet op
dezelfde wijze worden toegepast op verschillende schaalgroottes.
Dit proefschrift

2. In het algemeen wordi aan bodemonderzoek bij bodemsanering te
weinig geld besteed.
Dit proefschrift.

3. Deuitgebreide Freundlichvergelijking (Van der Zee & Van Riemsdijk,
1987) geeft een goede beschrijving van de invloed van de pH en het
organische stofgehalte van de bodem op de adsorptie van cadmium aan

zandgrond.

Van der Zee, S.E.A.T.M. & W.H. van Riemsdijk, 1987. Transport of reactive solute in spatially
variable soil systems. Water Resources Research 23, 2059-2069.

Dit proefschrift.

4. Alhoewel de resultaten van Chardon (1984) de indruk wekken dat de
vormingsconstanten voor cadmiumchloride-complexen zoals vermeld
door Hahne & Kroontje (1973) de juiste constanten zijn, is dit niet het
geval.

Chardon, W.J., 1984. Mobiliteit van cadmium in de bodem. Proefschrift, Landbouwuniversiteit
Wageningen.

Hahme, H.C.H. & W_Kroontje, 1973. Significance of pH and chloride concentration on behaviour
of heavy metal pollutants: Mercury (1), cadmium (II), zinc (II), and lead (II). Joumnal of
Environmental Quality 2, 444-450.

Dit proefschrift.

5. De theorie van geregionaliseerde variabelen is niet consistent, omdat
de formules die worden gebruikt om de ruimtelijke afhankelijkheid

van waarnemingen te schatten, zijn gebaseerd op de aanname dat de
waarnemingen ruimtelijk onafhankelijk zijn.

6. Zolang niet bekend is of de voorgestelde nieuwe C-waarden van Van
den Berg & Roels (1991) een betere indicatie geven van de risico’s
van bodemverontreiniging, is het af te raden de huidige C-waarden uit
de Leidraad Bodembescherming te vervangen.

Van den Berg, R. & J.M. Roels, 1991. Beoordeling van risico’s voor mens en milien bij
blootstelling aan bodemverontreiniging, integratie van deelaspecten. Rapportar. 725201007,
RIVM, Bilthoven.
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10.

11.

12.

13.

14.

. Dat een semivariogram kan worden gebruikt voor de ontwikkeling

van een bemonsteringsstrategie is van weinig nut bij bodemveront-
reinigingsonderzoek, omdat een semivariogram pas kan worden
opgesteld nadat de monsters zijn geanalyseerd.

. Alreageert de politiek nog zo snel, de vervuiling achterhaalt haar wel.

. De voordelen van gewasrotatie ten opzichte van een monocultuur

gelden evenzeer voor de levenswijze van mensen.
Don’t fight pollution by dilution.

Versterking van de winterdijken werpt inieder geval een dam op tegen
werkeloosheid bij Rijkswaterstaat.

De snelheid op de fiets bij een afdaling met haarspeldbochten wordt
niet zozeer bepaald door de helling van de weg, maar veel meer door
de angst van de fietser voor het onverwachte.

Dat vrouwelijke wetenschappelijke medewerkers regelmatig worden
gevraagd om waar te nemen op het secretariaat doet vermoeden dat
zij breder inzetbaar worden geacht dan hun mannelijke collega’s.

Gelijk bestaat niet.

Stellingen behorende bij het proefschrift van Sandra Boekhold:
"Field scale behaviour of cadmium in soil"
Wageningen, 17 november 1992
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Abstract

Boekhold, AE., 1992, Field scale behaviour of cadmium in soil.
Doctoral thesis, Wageningen Agricultural University, the Netherlands.
ISBN 90-5485-038-8, 192 pages

Although total heavy metal contents of soil are often used to express the degree
of contamination, they are of little value to judge environmental effects. The
main objective of this thesis was to develop and test methodologies with which
environmental risks of cadmium pollution of field soils can be evaluated. A
method to determine the mobile and bjoavailable fraction of the total Cd content
may be soil extraction with 0.01 M CaCl,. Chemical processes that control the
cadmium activity in such an extract were quantified. This is relevant information
when Cd contents in CaCl,-extracts need interpretation in terms of bioavailability
and leachability.

Cadmium behaviour at the field scale was studied using soil samples taken
from an arable field in the Dutch Kempen region. Spatial variability of total Cd
contents, CaCl,-extractable Cd contents, soil-pH, and organic matter content was
distinct and different for all parameters. Spatial variability of soil-pH and organic
matter content explained a major proportion of the variability of Cd contents.

Due to spatial variability, a high sampling density was needed for reliable
estimation of pollution boundaries. When polluted soil needs remedial action,
reduction of the research effort by minimizing the sampling density may well
lead to an overall increase in sanitation costs because the area where concen-
trations exceed a critical threshold level becomes larger.

The long-term effect of soil heterogeneity on cadmium behaviour in soil was
evaluated using a stochastic simulation model. Predicted uptake of Cd by batley
and leaching of Cd to groundwater was much higher in a heterogeneous field as
compared to an equivalent homogeneous field. Variability of soil hydraulic
properties as well as soil chemical parameters caused these differences. This
demonstrated the importance of soil heterogeneity for environmental impact
assessment of soil contamination.

Additional indexwords: contamination, pH, soil chemistry, sorption, spatial
variability, heterogeneity, geostatistics, barley,
Kempen.
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Chapter 1
General Introduction




General Introduction

The high level of development of modern society is in many aspects beneficial
to mankind, but there is a reverse to this medal. Industrial, agricultural, and
domestic activities have led to environmental contamination which may affect
the quality of life. The impact of discharging chemicals into the environment
has been ignored for a long time. This may be (partly) understood by considering
the buffering capacity of the environment. Buffering in this sense can be
described as storage without (direct) occurrence of negative effects. Of the three
environmental compartments soil, water, and air, soil typically has the largest
buffering capacity per unit of volume.

Soil can immobilize chemicals by sorption, precipitation, or (bio)transfor-
mation, and as such acts as a natural filter for these compounds. However, soil
has a finite capacity for retaining chemicals. Exceedance of this capacity may
be harmful to the environment because it implies increased mobility and bioa-
vailability of contaminants in the soil system. Not only overloading of the
retention capacity of soils may lead to negative effects; also triggering events
can result in release of previously stored chemicals in soils. Delayed effects of
stored chemicals in soils may result from changes in land use, soil acidification
caused by acid atmospheric deposition, or other future events that induce changes
in the capacity of soils to store chemicals (Stigliani ef al., 1991). Understanding
the behaviour of contaminants in soil is necessary to prevent adverse changes to
occur in the future. This knowledge may give rise to investments in proper
measures that reduce the inputs to acceptable levels.

This thesis is intended to add to the understanding of contaminant behaviour
in soil. Particular attention is given to field scale behaviour in view of risk
assessment of soil contamination with cadmium. In this introductory chapter, a
general background of cadmium is given and its toxicity is described. The Dutch
soil protection policy is summarized to illustrate the need for reliable predictions
of exposure of human beings and ecosystems to chemicals in soils. Current
knowledge on cadmium behaviour in soils is examined, and sorption models for
cadmium are discussed. For prediction of environmental risks of soil pollution,
soil heterogeneity and the scale problem are introduced as major aspects that
need to be taken into account. Finally, the main objectives of this thesis are
outlined.



Cadmium

Cadmium was first identified in 1817 in zinc carbonate {calamine). The name
cadmium emanates from cadmia, the ancient Greek name for calamine (Nriagu,
1980). The chemical symbol is Cd; the molecular weight equals 112.41. Cad-
mium is a silvery white heavy metal, relatively weak, flexible, and very corrosion
persistent in an alkaline environment. It is a rare element in the Earth’s crust.
The primary source of Cd dissemination into the environment is the exploitation
of heavy metal ores that contain trace amounts of Cd. Cadmium is used for
nickel-cadmium batteries and accumulators, pigments, stabilizators, and in the
electroplating and alloy industries (Ros and Slooff, 1990).

The toxicity of Cd became well known due to a Japanese disaster. After World
War 2, it became apparent that inhabitants along the lower reaches of the Jinzu
river in Japan suffered from a very painful osseous disease, which was called
itai-itai (ouch-ouch) disease (Kitagishi and Yamane, 1981). Patients endured
intense pain in their bones. These symptoms are believed to reflect a disturbed
calcium-phosphorus metabolism secondary to kidney damage due to Cd toxicity.
Dietary deficiencies (lack of calcium and vitamin D) were possible contributing
factors. Femnales were especially sensitive. The total number of patients having
itai-itai disease reached 490 persons, all females. Cadmium-induced renal
malfunction is widespread in a large number of inhabitants irrespective of sex.

The free Cd**-ion is the most toxic chemical species, the kidney appears to
be the most sensitive organ for humans. Symptoms of acute Cd intoxication
which occur following ingestion are severe nausea, vomiting, stomach-ache,
muscular cramps, abdominal pain and diarrhoea. These symptoms may be fol-
lowed by shock due to loss of liquid and death within 24 hr, or by acute renal
failure and cardiopulmonary depression and death within 7-14 days (Yasumura
et al., 1980). Symptoms after chronic exposure of test animals and humans are
proteinuria, osteoporosis, gastritis, high blood pressure, lung emphysema, and
damage to liver, kidneys and testes. Chronic intoxication for humans is irre-
versible.

Because of the toxicity of Cd, its dissemination became an environmental
issue. Cadmium is highly persistent in the environment and, when compared to
other heavy metals, relatively mobile with respect to plant uptake and leaching.
Mobility in the soil system may lead to groundwater contamination, which in
turn may lead to deterioration of drinking water quality. Cadmium can accu-
mulate in plants without causing physiological damage at concentrations that
exceed acceptable concentrations in terms of Acceptable Daily Intake (ADI)




standards given by the WHO. Moreover, intake is already at the highest per-
centage of the Provisionable Tolerable Daily Intake for Cd in the average human
diet (De Haan ef al., 1989). Bioavailability of Cd in soils may seriously disturb
the functioning of ecosystems. These risks of soil contamination with Cd
illustrate that evaluation of Cd behaviour in soils is necessary to help prevent
repetition of the Japanese experience.

Soil pollution with Cd in the Netherlands is scattered throughout the country.
Besides small scale soil pollution caused by point sources, diffuse source
deposition caused soil pollution with Cd in the South of the Dutch Province of
Limburg. The flood plains of the rivers Geul and Meuse are contaminated due
to high Cd concentrations in the river water during many decades. These high
concentrations were caused by heavy metal ore exploitation at the upper reaches
of the Geul and Meuse in the Netherlands and Belgium (Harmsen, 1977;
Leenaers, 1989). In the western part of the country Cd contamination of soil is
the result of elevation of land with contaminated harbour sludge (CCRX, 1985).
Arable land that received large amounts of phosphate fertilizers is enriched with
Cd as well. Phosphate fertilizers contain trace amounts of Cd. The concentration
depends on the origin of the rock phosphate used for fertilizer production, and
may range from 50 - 170 mg kg of fertilizer (Williams and David, 1976).

The largest area in The Netberlands that experiences a Cd problem is the
Kempen area. This area extends from the South of the Netherlands in the Province
of Noord Brabant to the North of Belgium. In the Netherlands, an area of 350
km’ is contaminated with Cd (Klitsie, 1988). Besides contamination with Cd,
high contents of Zn are found. During almost a century, zinc smelters in this area
used a thermic procedure to extract Zn from its ores. This resulted in high
emissions of Zn and Cd into the atmosphere. Deposition in the vicinity of these
zinc smelters caused accumulation of Zn and Cd in the soils. In the Seventies,
an electrolytic process was introduced to extract Zn from its ores, and since then
emissions have decreased considerably. In this thesis, field scale analysis of Cd
behaviour was studied in an agricultural field in the Kempen area.

Dutch Soil Protection Policy

The discovery of severe soil pollution under a newly built residential area in
Lekkerkerk in 1980 was a major incentive in the Netherlands for the development
of legislation to protect the soil. The concept of multifunctionality plays a central
role in the Dutch environmental legislation (Von Meijenfeldt, 1991). This



concept implies that now and in the future, soil quality must be such that the
natural functions of soil must remain possible. To make this concept operational,
reference values were developed for different pollutants that indicate good soil
quality.

These reference values are based on measurements of pollutant contents in
soils of Dutch natural environments, and include a differentiation according to
organic matter content and clay content for heavy metals. This was done because
high correlations were found between these soil parameters and the natural
content of heavy metals. The fact that clay minerals naturally contain more heavy
metals than other soil constituents, and organic matter content influences the soil
bulk density, may explain these correlations (Lexmond and Edelman, 1987; De
Haan et al., 1990).

The Dutch environmental policy aims at protection of men and the environ-
ment against adverse effects of environmental contamination. The so-called risk
approach is now in development, which aims at quantification of the chance of
adverse effects (Anonymous, 1989). The individual risk of death due to exposure
is starting point for the development of boundary values for maximum admissible
risks for humans. For ecosystems, models are used to extrapolate results of
standard toxicity tests for individual organisms to maximum admissible risks for
the whole ecosystem. It is assumed that the functioning of ecosystems is protected
when 95% of the ccosystem’s species are protected against adverse effects of
pollutants (Denneman ez al., 1989).

VandenBergand Roels (1991) have proposed a method with which maximum
admissible risks can be quantified by so-called C-values. These C-values are
toxicologically based, and are supposed to give an indication of the possibility
of an unacceptable risk for man and environment, when all potential exposure
routes would be operational. In this proposal, the C-values for heavy metals are
scaled with regard to organic matter content and clay content, in a way similar
to the scaling of the reference values. This was done because clay and organic
maiter are known to be important factors in the retention capacity of soil for
heavy metals, and to develop a consistent legislation. Note, however, that the
arguments for accounting for clay content and organic matter content in both the
reference values and the C-values are different. Moreover, it is well known,
although not quantified for all contaminants, that retention of heavy metals in
soils is regulated by other soil factors as well. When these other soil factors are
important, they should be included in values that indicate maximum admissible
risks.




Exposure

Interpretation of the impact of elevated Cd coatenis in soil on 'man and the
environment’ needs relationships between a certain dose or exposure and
possible health effects (both on humans and on ecosystems), which is studied
by (eco)toxicologists. However, this knowledge cannot be used directly, because
a certain soil Cd content should be translated to exposure first. This {ranslation
is very complicated. Exposure of humans to Cd in contaminated soil is mostly
indirect, by consumption of contaminated drinking water or contaminated food
that was grown on contaminated soil. The only route for direct exposure is
ingestion of contaminated soil, mostly by children that play at contaminated
sites. The indireciness of exposure imposes many uncertainties on the final
estimation of exposure.

Plants are exposed to Cd in the soil solution via their roots, or from airborne
particles via their leaves. No consensus is (yet) established on relationships
between Cd contents in soils and Cd concentrations in edible parts of plants. It
is well known that soil factors influence plant uptake. The main factors are soil
pH, clay and organic matter content, and Cd content of the soil, particularly the
true exchangeable fraction of the metal in the soil (Hani and Gupta, 1985). Also
the presence of cations like Zn influences Cd uptake by plants (Smilde et al.,
1992). Concentrations of Cd in plants vary among species and cultivars if grown
on the same soil. Different plant parts accumulate different amounts of Cd
(Busch, 1985). Moreover, the concentration depends on the physiological state
and age of the plant. Because the concentration in the soil liquid phase is con-
tinuously changing as a result of soil water dynamics, the problem of indirect
exposure can be formulated as two different problems, one related to the plant
and its uptake mechanisms, and one related to the soil, because it needs to be
defined which effective concentrations plant roots are exposed to.

Although total heavy metal contents in soil are often used to express the degree
of contamination, total contents are of little value to judge biological effects.
Extraction of soil with neutral salt solutions of NaNO; or CaCl, have been
recommended as a method to obtain soil data that are at least more indicative of
expected effects of soil pollution with heavy metals than total contents.
Greenhouse experiments showed that uptake of Cd by plants correlated well with
CaCl,-extractable Cd, but did not correlate with total Cd contents (Styperek,
1985; Salt, 1988). Eriksson (1990) found that in Sweden, concentrations in grains
correlated well with CaCl,-extractable Cd contents. However, only correlative
relationships between CaCl,-extractable Cd contents of soil and Cd concentra-




tions in plants have been established. No information is available (yet) on the
applicability of this method to predict exposure of crops grown on contaminated
soil, as mechanistic understanding is still lacking.

Sorption Models for Cadmium

A quantitative interpretation of soil contamination with heavy metals in terms
of possible effects on crop and groundwater quality needs insight into the
behaviour of heavy metals in the soil system. Behaviour is controlled by the
combined effects of chemical, physical and biological processes. Chemical
behaviour of Cd is primarily governed by sorption and precipitation reactions
in soil. In acid and neutral soils, precipitation of Cd is unlikely to occur, except
in calcitic soils or soils with a high concentration of phosphates and/or sulpbates
(Lindsay, 1979). Because measurements and experiments described in this thesis
were done for acid sandy soils, this aspect of Cd behaviour in soils is not given
further attention.

To study Cd sorption in soils, laboratory measurements can be done with
homogenized and sieved soil, so that reproducible results can be obtained.
Adsorption experiments involve equilibration of soil with water of a particular
ionic composition (electrolyte solution) and Cd concentration in a batch
experiment. After separation of the liquid and the solid phase, the change in Cd
concentration as compared to the added solution concentration can be measured
in the liquid phase by various analytical techniques. Changes in the Cd con-
centration after equilibration with soil are then indicative of the Cd retention
capacity of the soil. Adsorption isotherms can be measured with a large degree
of reproducibility. However, the measurements are very sensitive to changes in
cither the soil composition or the electrolyte composition. This restricts the
applicability of both sorption models and parameter values derived from these
kinds of experiments.

Two different approaches can be distinguished in the modelling of heavy
metal adsorption by soils. In the molecular approach, the sorption behaviour is
described as the formation of surface complexes between ions in solution and
functional groups of the soil solid phase. The binding depends on the types of
functional groups, the type of ion, electrostatic effects, and composition of the
soil solution. The molecular approach strives at a mechanistic description of the
sarption process, and the factors that influence sorption. Its model parameters
are usually derived for individual solid phase components (e.g. goethite:




Hiemstra and Van Riemsdijk, 1990; organic matter: De Wit et al, 1990)).
Compilation of submodels for the individual soil components into one model
for use in real soils is still a challenge for the future (Nederlof, 1992).

The macroscopic approach uses empirical expressions to describe observed
sorption behaviour of heavy metals. The macroscopic approach is used for
systems that are not very well characterized, such as soils. Because field soils
are poorly defined media in terms of the nature of available sorption sites and
their reactivity, macroscopic sorption models are used in this thesis to describe
Cd sorption in field soils.

Adsorption of Cd in the environmentally relevant concentration range can
often be described by a simple equation that relates the adsorbed amount (g in
mg kg*) to the concentration in solution (¢ in mg L™): g = kc”; where & and n are
model parameters and 0 < » < 1. This adsorption equation was suggested first by
Van Bemmelen (1888), although it is often attributed to Freundlich (1909)
(Sposito, 1981). In this thesis it is referred to as the Freundlich equation.

The Freundlich equation describes the observation that an increase in the
concentration in solution does not result in a proportional increase in the adsorbed
amount, but that the adsorbed amount levels off. The Freundlich equation is valid
for a limited concentration range only, because the soil solid phase has a finite
capacity to adsorb chemicals. This adsorption maximum is not included the
Freundlich equation. Because Cd contents in soils are already environmentally
relevant far below the adsorption maximum, it is important to focus onan accurate
description of Cd sorption in the relevant concentration range, instead of a
description of the entire adsorption curve.

Besides the fact that the Freundlich equation describes a limited concentration
range, its parameters k and n are only valid for the system from which they are
derived. To expand its applicability it has been tried to develop extensions of
the Freundlich equation. Chardon (1984) studied the sorption behaviour of Cd
in soils, and he derived an adjusted Freundlich equation that explicitly accounts
for the effect of pH and Ca activity on the sorption behaviour of Cd. This equation
described Cd sorption in 12 different soil types and under varying values of pH
and Ca-activity fairly well, using constant values for the model parameters. Van
der Zee and Van Riemsdijk (1987) derived an extension, using the data of
Chardon (1984), that includes the effect of pH and organic matter content.

The use of the Freundlich equation implicitly assumes sorption equilibrium.
However, when the time needed to reach sorption equilibrium exceeds the contact
time between the sorption sites and the sorbing chemical, model parameters



derived from equilibrium experiments cannot be applied directly. When sorption
kinetics are of relevance, this should be incorporated in the sorption model for
an adequate description of observed sorption behaviour.

Soils,. Soil Heterogeneity and Scale

The theory of heavy metal sorption is still in development, and only recently the
effect of the inherent heterogeneous character of soils has been acknowledged.
Different scales of heterogencity can be distinguished, involving different
problems and possible solutions. Some of these scales and related problems are
briefly introduced to illustrate the relevance of scale and soil heterogeneity for
behaviour of contaminants in soils.

Soil consists of a mixture of organic and inorganic constituents. The inorganic
fraction may contain silica (Si0,), metal(hydr)oxides of iron, aluminium, and
manganese, clay minerals, calcium carbonates, and primary minerals like feld-
spars (Bolt and Bruggenwert, 1981). Clay minerals exhibit a constant negative
surface charge, whereas the metal oxides are amphoteric, i.e. be either positively
or negatively charged depending on the pH of the system. The organic fraction,
known as organic matter or humus, is very poorly defined, and formed by
chemical or (micro)biological degradation of dead plant and animal residues.
Soil organic matter exhibits variable charge characteristics similar to the metal
oxides, although its overall charge is negative (Stevenson, 1982).

At the molecular scale, heavy metal sorption is a chemical reaction at the
soil-water interface. The overall charge of soil particles leads to the formation
of a diffuse double layer, in which charged ions are attracted to the surface by
electric forces on the one hand, and tend to distribute evenly in the solution
because of enthalpic and entropic forces. Because of the heterogeneity of the
surface sites of the solid phase, the electric forces are not evenly distributed over
the surface. The binding of chemicals to a soil is then the overall result of the
binding of individual molecules to sites of different binding energy. Methods
with which overall binding characteristics can be translated to surface hetero-
geneity were described by Nederlof (1992).

Another scale of observation may be soil aggregates. The irregular shape and
packing structure of soil aggregates results in a distribution of pore sizes in soil,
and variability of length scales (Brusseau et al, 1989; Rappoldt, 1992).
Accessibility of reactive surface sites in the center of the aggregates is diffusion
controlled. The sorption capacity as observed in batch experiments, with optimal
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accessibility of reactive surface sites in the soil-water suspension, may then not
be indicative for the retention capacity of undisturbed soils.

At still larger scales, the porous system is heterogeneous due to cracks, root
channels and other relatively large pores that may induce preferential flow
(Bouma, 1981; Schulin ef al, 1987, Van Ommen, 1988; Brusseau and Rao,
1990). In that case, part of the soil solution containing the chemicals passes the
solid matrix without interaction. When the scale of observation is extended
further, differences in geologic origin and soil formation processes cause vari-
ability of soil types.

The effect of field scale heterogeneity is that observations done in one part
of an area do not necessarily reflect contaminant behaviour in the entire area.
This implies that a carefully designed sampling strategy is necessary to under-
stand spatial variability of soil processes in the entire field. Another effect of
field scale heterogeneity is that predictions based on soil homogeneity can be
markedly different from predictions based on soil heterogeneity (Herr et al,
1989). Van der Zee (1988) showed that predictions of phosphate transport in
agricultura] field soils, based on the assumption of soil homogeneity, under-
estimated the moment of first breakthrough of phosphate towards groundwater.
This underestimation was partly due to soil heterogeneity which caused accel-
erated leaching in some areas in the field as compared to the average leaching.
Furthermore, the fate of phosphate in soil was controlled by nonlinear processes.
Nonlinearity implies that predictions of average behaviour in a heterogeneous
soil are different from predictions done for a homogeneous soil with the same
average properties. In risk assessment of soil contamination these aspects are of
prime concern, because they determine the vulnerability of the soil system.

From this brief outline of the scale problem, it is evident that each scale of
observation involves different, scale-specific problems with respect to the
modelling of heavy metal behaviour. The mode! that is used to describe heavy
metal behaviour in soil needs to be developed for the scale at which it is appiied,
including scale-relevant aspects of heterogeneity. Parameter values for the model
need to be appropriate at that scale. Only then the model can be conceived as a
representation of the system that is modelled.

Objectives

As was outlined in the previous paragraphs, the environmental risk of a conta-
minant at a given total content is highly dependent on the properties of the soil.
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Quantification of this dependency is difficult because of the Jarge number of soil
properties involved. This complication, together with the relatively large vari-
ations in soil properties at various scales, causes risk assessment of soil con-
tamination and the development of a relevant system of soil quality standards to
be a delicate task.

The main objective of this thesis was to develop methodologies with which
the environmental risks of Cd pollution of field soils can be evaluated. One of
the methods that seems to be promising with respect to bioavailability and
leachability is soil extraction with CaCl,. Because little is known about the
chemical behaviour of Cd in CaCl,-suspensions of soil, an important incentive
was to clarify this method with respect to the effect of soil pH and electrolyte
composition on the Cd sorption equilibrivm.

Furthermore, this study was aimed at validating the assumption that ficld scale
heterogeneity of Cd behaviour is an important factor in risk assessment of soil
contamination with Cd. Derivation of an accurate Cd sorption model for field
scale applications, including methods of parameterization and validation of this
mode! was an important goal. Insight into the relationship between CaCl;-ex-
tractable soil Cd, total soil Cd contents, and soil properties as pH and organic
matter content is intended to lead to a better understanding of the effects that
may be expected from soil pollution with Cd.

Risk assessment of soil pollution involves distinction between ’clean’ and
’contaminated’ locations as well, in view of effective remedial action of con-
taminated sites. In this context, one of the objectives of this study was to evaluate
the ability of spatial interpolation methods to delineate observed spatial patterns
of Cd contamination of a ficld soil, Besides prediction of spatial patterns of Cd
in contaminated soils, the ability of models to predict effects of long-term Cd
deposition onto soils is relevant for interpretation of various scenarios for
emission reductions. This thesis addresses the importance of spatial variability
of soil chemical properties for these kinds of predictions. Finally, this study aims
at testing the ability of CaCl,-extractable Cd contents of soil to indicate field
scale variability of Cd concentrations in plants.

Layout of this thesis

In this thesis articles are compiled, in their current state slightly modified, that
were published in or submitted to international scientific journals. In the next
chapter, the chemical behaviour of Cd in 0.01 M CaCl, is examined, as influenced
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by the composition of the electrolyte solution. The effect of pH on Cd sorption
is quantified by the extended Freundlich equation of Van der Zee and Van
Riemsdijk (1987), and explained by assuming that protons and Cd sorb onto the
same sorption sites.

In Chapter 3, the extended Freundlich equation is applied to Cd sorption in
both batch experiments, in a soil column transport experiment, as well as along
a transect in an arable field. In this way, Cd sorption is studied at different scales
of observation. To interpret data that were taken along a transect in a field, spatial
patterns of Cd contents, pH, and organic matter content along the transect are
compared using methods from time series analysis in Chapter 4. In Chapter 5,
a two-dimensional sampling procedure is used to assess spatial patterns and
correlation scales for different soil parameters using geostatistical theory.

In Chapter 6, kriging is evaluated as a spatial interpolation method that
quantifies pollution boundaries in a heterogeneous field soil. Chapter 7 presents
a model with which the long-term effects of diffuse Cd deposition onto a het-
erogencous soil can be evaluated. Both heterogeneity with respect to soil physical
parameters as soil chemical parameters is analyzed. To investigate the ability of
the CaCl, extraction method to indicate Cd concentrations in the c¢conomic
product of crops, Cd concentrations in barley grains are compared with
CaCl,-extractable Cd contents of soil in Chapter 8. These field data on Cd
accumulation and bioavailability to crops are used to validate the developed
model on long-term effects of Cd deposition onto soils,

In Chapter 9, the results of the work described in the previous chapters is
integrated in view of the objectives of this study. The implications for future
research as well as soil protection policy are discussed.
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Chapter 2
Influence of electrolyte composition and pH on
cadmium sorption by an acid sandy soil
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Influence of electrolyte composition and pH on cadmium
sorption by an acid sandy soil

Summary

Extraction of soil with CaCl, has been recommended as a measure of bioavailability of
heavy metals. Interpretation of soil extraction data in terms of plant uptake potential may
improve when the chemical behaviour of heavy metals in these extracts is ascertained. The
effect of pH, Cd-complexation by Cl, and competition between Cd and Ca on Cd sorption
was studied at an ionic strength of 0.03 M. Sorption of cadmium was measured in 0.01 M
CaCl,, in 0.01 M Ca(NQ,),, in a mixture of 0.02 M NaCl and 0.01 M NaNQ,, and in 0.03
M NaNO,, at different values of pH ranging from 3.8 to 4.9. Adsorption isotherms were
alllinear, with a negative intercept at the y-axis. This intercept indicated (linear) desorption
of only part of the initial soil Cd content. About 50% of the Cd in solution was complexed
in the presence of 0.02 M Cl at ionic strength of 0.03. Due to competition between Cd and
Ca, sorption of Cd was reduced by 80% in the Ca-electrolytes as compared with the
Na-electrolytes. Sorption was highly sensitive to pH as each 0.5 unit increase in pH resulted
in twice as much sorption of Cd. An empirical factor in the sorption equation that accounts
for this pH-effect showed a similar response to changes in pH as a mechanistic factor. This
mechanistic factor was developed by assuming that Cd and protons sorb onto the same
sites and that a two-site Langmuir sorption isotherm for protons was able to describe the
titration curve of the soil. This similarity may explain the successful application of the
empirical factor in this and previous studies.

Introduction

Risk assessment of heavy metal pollution of soils aims at predicting the fate of
these potentially harmful compounds in the environment. Risks for exceedance
of quality standards for crops may be evaluated using the plant itself as an
extracting agent. Then, heavy metal uptake is a direct indicator of the availability
of metals in the soil. The use of plants for determining the metal status of a soil
is a time consuming process, because it requires experiments for all possible
combinations of soils and plant species. Laboratory-scale column experiments
may give insight into the leaching behaviour, which may indicate the risks of
groundwater contamination. Both greenhouse experiments and soil column
studies are costly and laborious activities. An alternative approach to asses the
hazards of soil contamination with heavy metals may be offered by soil measures.
This may reduce the effort involved in risk assessment considerably.
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The total content of a heavy metal in soil is not a good soil measure, rather
the metal concentration in the soil solution is the parameter that controls mobility
and bioavailability. Several soil measures have been proposed that supposedly
reflect the soluble and easily exchangeable heavy metal fraction of soil. Good
correlation between plant uptake and the so-called extractable heavy metal
concentration of the soil has been found by Hini & Gupta (1980). Extraction
with a CaCl,-solution was recommended as a measure of bioavailability, since
it not only reflected soil type dependent differences in availability, but also the
influence of soil pH (Sauerbeck & Styperck, 1985). Concentrations ina 0.01 M
CaCl,-extract appeared to be a good measure of nutrient availability in soils
(Houba et al., 1986). There is evidence that this is also the case for heavy metal
uptake (Sanders ef al., 1987).

Interpretation of Cd solution concentrations in terms of bioavailability is not
straightforward. Cadmium uptake by plants is mainly regulated by the free
Cd**-activity in solution (Bingham et al., 1984). Hatch et al. (1988) found that
although dissolved Cd in the soil solution is larger at low pH, the extent to which
Cduptake by plants increases with decreasing pH in soil will be less than expected
based on solution concentrations alone. During vegetative growth, absorption
of Cd by plants is suppressed at low pH due to increased competition between
Cd and protons. The same tendency can be expected in the presence of other
competing cations in solution, e.g. Zn. Interpretation of Cd solution concern-
trations may improve when the chemical behaviour of Cd in a CaCl,-extract of
soil is ascertained.

Chemical behaviour of Cd in soils is primarily regulated by sorption reactions
and precipitation/dissolution of Cd species. In neutral and acid soils, precipitation
of Cd is unlikely to occur, other than in soils which are calcitic or very high in
phosphate or sulfate (Lindsay, 1979). Sorption of Cd mainly involves the free
divalent cation Cd** (Neal & Sposito, 1986). Chloride may form soluble com-
plexes with Cd (Hahne & Kroontje, 1973), thereby enhancing the dissolved
fraction whilst calcium can compete with Cd for sorption sites (Chardon, 1984;
Christensen, 1984). Moreover, since the total Cd-concentration, pH, CEC, ionic
strength, concentration of other competing cations (e.g. Zn), and soil texture
influence the concentration in solution as well, the equilibrium Cd-concentration
measured in a 0.01 M CaCl,-extract of soil will be the result of the combined
influence of all these processes.
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In the following, we consider adsorption of Cd in an acid sandy soil under
various experimental conditions to quantify the relative importance of three
processes that regulate the Cd-concentration in a 0.01 M CaCl,-extract of a sandy
soil, i.e. complexation of Cd** by CI', competition between Cd** and Ca*, and
the influence of pH on Cd sorption.

Theory
Sorption of Cd

Adsorption of Cd in the low concentration range ( 0-1 umol dm™) can be
adequately described by the Freundlich equation:

g =keyc” (1)
where g is the adsorbed amount (mol kg?), ¢ is the total Cd-concentration in
solution (mol dm‘a), and k¢, and n are Freundlich parameters. In this equation, g
and c are operational variables. By monitoring the change in ¢ when a solution
of known initial concentration is added to a given amount of soil, g is calculated
as the difference after correction for the soil-solution ratio. Often the soil already
contains a certain amount of Cd. This initial content of the soil can bg measured
analytically, or it can be estimated by fitting the sorption data to the sorption
model.

The value of parameter k¢, is not a constant, but depends on soil type and

experimental conditions (De Haan et al., 1987). The presence of calcium in
solution influences sorption of Cd. Cadmium is preferentially adsorbed over Ca
at low Cd concentrations (Milberg et al., 1978). Homann & Zakoski (1987)
reported a decreasc in adsorbed Cd by an average of 81% when final free Ca®'
increased from an average of 0.09 mM to 4.0 mM. Christensen (1984) found that
an increase in Ca-concentration from 0.001 mol dm™ to 0.01 mol dm™ reduced
Cd sorption by a factor of three.

Complexation of Cd with Cl

Chloride can form soluble complexes with Cd, hence reducing the Cd**-activity
in solution:
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Cd**+CI"  CdCl', logK] =1.98 (2a)

Cd**+2CIT 7 CdCL, logK!=2.6 (2b)
Cd**+3CI" ” CdCl;, logK. =2.4 (2¢0)
Cd>*+4CI" ” CdCl,, logK;=17 (2d)

Values for the equilibrium complexation constants (K’s) are from Smith &
Martell (1981), given for an ionic strength (/) of zero. Garcia-Miragaya & Page
(1976), Chardon (1984), Christensen (1984), and Christensen & Lun (1989) used
other values, cited by Hahne & Kroontje (1973), for the complexation constants
in their calculations (log K, = 1.32, log K; = 2.22, log K; = 2.31, and log K, =
1.86). It is unclear why these authors did so, since Hahne & Kroontje (1973)
obtained their values from Sillén and Martell (1964), who gave these particular
values for Cd complexation by Cl in a 4.5 M NaClO, background electrolyte,
instead of for zero ionic strength. Therefore, we did not consider the values of
Hahne and Kroontje (1973) any further.

The K-values at zero ionic strength (K°) were converted into K-values valid
for other values of ionic strength (K*) by using the appropriate activity coefficient:
K' = K. fireactants) / fiproducts). The activity coefficient for each species was
calculated with the "Davies’ extension of the Debye-Hiickel equation (Bolt &
Bruggenwert, 1978) for charged species:

~logf.=0.5|z, ] ( %}_- 0.31) (3)

For uncharged species the activity coefficient was calculated using
-log f,=0.571 (Long & Angino, 1977). For the fraction of the total Cd-con-
centration as Cd?* in solution, F, the expression can be derived:

Cd** 1
Cdr 1+ K[Cr]+KICIT +K[CrT + Ki[CTI T
When the free Cd* species is the dominant sorbing Cd-species, sorption of

Cd should be expressed as a function of Cd**-activity (a) instead of total con-
centration in solution (c). Hence, Equation (1) can be rewritten into:

[ a " a "
q 'de(ﬁ) =Kkeat (5)

F =

(4)
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Effect of pH

In ficld experiments (Boekhold et al., 1991; Boekhold & Van der Zee, 1992) the
effect of pH on the sorption equilibrium of Cd in an acid sandy soil was described
well by including an empirical factor for this pH effect, as derived by Chardon
(1984), in the sorption equation:

q = k&ya" =koy(HY a" (6)
with m = -0.5. The same empirical factor was used by Van der Zee & Van
Riemsdijk (1987), and Gerritse & van Driel (1984) derived an equivalent cor-
rection factor for an acid sandy soil.

Another approach is to consider adsorption of protons and Cd* simulta-
neously. Then, the number of sites available for Cd** on the adsorption complex
is not a constant, but depends on the number of sites occupied by protons (Kuo
& Jellum, 1991). The adsorption complex can be conceived of as an ensemble
of different sorption sites, each having their own affinity constant, K. This implies
a distribution of K-values instead of a single value (Van Riemsdijk ef al., 1990).
Often it is possible to define one effective’ K-value for a limited pH-range. This
effective K-value is an operational constant, and speculation about the chemical
structure of the presumed adsorption sites is unwarranted (Perdue & Lytle, 1983).
For the pH-range of 3.5 to 6.5 it sufficed for our soil to distinguish two different
sites, as is shown in the sequel.

We assume that Cd* and protons compete for the same sites,

Cd*+8, 7 Cds?’* |, K, (7a)
Cd’*+8, ~ CdS}t , K2, (7b)
H'+S, _ HS] , K; (7c)
H'+S, ” HS; , K; (7d)

where S, and S, represent two different sites of unspecified valence and counter
ion. By further assuming that a constant number of sites is available:

S, +CdS* + HS, = S,™ (8a)

S, + CdS,>* + HS," = 8, (8b)
simple manipulation yields the competitive two-site Langmuir equation for Cd
sorption:

KL,St'a K S%'a

1+ K +Koya 1+ KH(H) +Kpa

q = {CdS, + CdS,} = (%)
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In the linear part of the Langmuir isotherm, i.e. at low Cd activities, Keya
and K%, - a are small as compared to 1 in the denominator of Equation (9), which
renders a relationship lincar in a. By defining that K., = K2 = K, we assume
that Cd has the same affinity for the two sorption sites, thus eliminating one of
the fitting parameters in the model:

S;ﬂt Slzcﬂ

7= Ked Ty 1ok |
The term between brackets is a factor that accounts for the effect of pH on Cd
sorption, hereafter referred to as the mechanistic factor. With Equation (10}, a
model is developed that accounts for the effect of pH on Cd sorption in a

mechanistic way rather than by the empirically derived factor (H*)" of Chardon
(1984).

(10)

Materials and Methods

Adsorption isotherms were measured in an acid sandy soil for a concentration
range of 0-1.2 wmol Cd dm™ at a solid:solution ratio of 1:10. Table 1 gives some
characteristics of the experimental soil. The soil suspension was shaken
end-over-end for 20 h at 20° C. Then pH was measured in the suspension. After
centrifugation at 10,000 g the Cd-concentration in the supernatant was measured
using an atomic absorption spectrophotometer (Instrumental Laboratory AA/AE
spectrophotometer S11 with Smith-Hieftje background correction) with scale
expansion. An air-acetylene flame was used to measure Cd-absorption at a
wavelength of 228.8 nm. The detection limit was approximately 0.1 umol dm,

The initial Cd content of the soil is measured using 0.43 M HNO, as an
extractant at a solid:solution ratio of 1:10. This acid extraction is assumed to
yield the total extractable Cd content. After two hours of shaking the suspension
was centrifuged and the Cd-concentration in the supernatant was measured.

To separate the effects of chloride complexation on the one hand, and
competition of Ca with Cd on the other hand, sorption isotherms were measured
in (.01 M CaCl,, 0.01 M Ca(NO;),, a mixture of 0.02 M NaCl and 0.01 M NaNQ,,
and 0.03 M NaNO;. These four solutions have the same ionic strength and the
activity of C] or Ca is either the same as in the reference 0.01 M CaCl,-solution
or zero.
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Sorption isotherms of Cd were measured at pH-values of 3.8, 4.0, 4.2, 4.7,
and 4.9 by adding 0.1 M HNO; or 0.1 M NaOH to the soil suspensions and
equilibrating for 24 hours before adding Cd. Adjustment of pH affected ionic
strength by 2% maximum.

Sorption of H' or OH was measured by adding HNO, or NaOH solution in
a range of 0 to 0.4 mmol of H* or 0 to 1 mmol of OH' to the soil. By adding 10
em’ 0.105 M NaNO,; a soil solution ratio of 1:10 was used at an ionic strength
of 0.03. The suspension was shaken for 20 h at 20° C, and pH determined.

The model of Kinniburgh (1989) was used to fit the adsorption data using a
nonlinear least square approach. Cadmium sorption data were fitted to Equation
(1), (2), and (6). To obtain parameter values for the mechanistic factor of Equation
(10), proton titration data were fitted to a two-site Langmuir equation.

Results and Discussion

Fig. 1 shows sorption isotherms of Cd at pH 3.8, 4.2, and 4.9. For pH 4.0 and
4.7 sorption isotherms were fully consistent, and therefore not shown. The
sorption isotherms are linear, with a negative intercept at the y-axis, indicating
desorption at low concentrations. The fitted intercept value is different for each
isotherm and ranges from neatly zero to 50% of the initial Cd content of the soil
as measured in 3.43 M HNO;. Appareatly, only part of the Cd originally present
in the soil obeyed to the linearity of sorption as observed for the added Cd in the
experiments. This suggests that newly added Cd interacted with another type of
binding site than the bulk of the initial Cd present in this soil, resulting in a
negative intercept at the y-axis. Since this newly added Cd is of interest in view
of soil pollution, attention is focussed on the linearity of the sorption isotherm,
thus » equals one in Equations (1), (5), and (6).

Sorption isotherms were different for all electrolyte solutions and all values
of pH. Equilibrium calculations showed that only 48% of the dissolved Cd is
present as Cd** in 0.02 M Cl solutions at I = 0,03. The majority of Cd** present
in solution is complexed as CdCl*, only small amounts are complexed by more
than one CI” ion. By assuming that only Cd* is able to adsorb in significant
quantities, the adsorption isotherms measured in the Cl and NO;-electrolytes
should coincide when Cd*'-activities instead of Cd-concentrations are con-
sidered. In Fig. 2 it is shown that for pH 3.8, 4.2, and 4.9, the Cd sorption data
measured in the Cl and NO;-electrolytes indeed join into one line. For pH 4.0
and 4.7 the same applied, which justifies the assumption of Neal & Sposito (1986)

24




15/ LEGEND 15 15}
P pH3.8 pH4.2 . pH 4.9
B | cacu, ®a
) &3 (3.'!(N03)2
g_lor"NaCl 1o} 1] S
= |i» NaNO; . a
= * N
3 : L .
E ‘* ] . 2 5 d
st . 5 ® 5t e %
8 » -] ® * & uu
= 0 °° * a & & 5
=] » o 'S o & @
th > a % %
g s _ & &
® gretd [« 2 e, @
0fa— opE— ﬁ:
F_ L L 1 1 L 1

b
0 02040608 1

1 L 1 L
124 02 04 06 08 1

12 ¢ 020406081

Cd concentration (umol dm™)

1.2

Fig. 1. Adsorbed amount of Cd {(umoi kg')} as a function of the total
Cd concentration in solution (umol dm™) at pH 3.8, 4.2, and
4.9, using different background electrolyte solutions.
15t [LEGEND | pH 3.8 |® pH42|["[ . pH 4.9
‘_f-‘\
‘f‘-D o CaCl, %
= |le canoy),
g 10 e Nacl 10 1 *
= |- NaNo, . v e
5 L
g . v toa
o 5 * s 2 st e ]
o e 8 % %%
) oo . % o9
£ L] a
= = o & e B
% ° % & 9 “ b Bﬁ
E v %:A'a Wt oL8a® » Oiﬁ

0

01 02 03 ¢4 905 06 O

01 02 03 ¢4 05

0.6

Q

Q.1 02 0.3 IJ4 05 06

Cd™* activity (umol dm®)

Fig. 2. Adsorbed amount of Cd (umol kg '} as a function of the free
Cd**-activity in solution (umol dm™) at pI 3.8, 4.2, and 4.9,
using different background electrolyte solutions.

25




that other species than Cd** do not significantly sorb, The difference in Fig. 2
between the Na- and the Ca-clectrolytes is only due to the difference between
Ca and Na with respect to competition with Cd for sorption sites. For all
pH-values, sorption of Cd is reduced by approximately 80% in the Ca-clectro-
lytes, as compared with the Na-electrolytes (Table 2).

Table 2. Slope and intercept value of the Cd adsorption isotherms from
Fig. 2, goodness-of-fit (), and relative slope in Ca-electro-
lytes as percentage of Na-electrolytes.

pH  electrolyte slope intercept ¢ Ca/Na
cation (dm’ kg) (umol dm™) *100%
3.8 Ca 3.0 -0.12 0.86
3.8 Na 17.7 -0.23 0.97 17
4 Ca 5.0 -0.51 0.84
4 Na 241 -0.03 0.97 21
4.2 Ca 6.4 -0.05 0.97
4.2 Na 348 -0.30 0.97 18
4.7 Ca 14.7 -0.28 091
4.6 Na 71.9 -0.23 0.96 21
4.9 Ca 22.3 -0.25 0.97
4.9 Na 100.4 -0.07 0.97 22

To analyze the validity of the empirical factor (H')" that accounts for
pH-effects on Cd sorption, the Cd sorption data measured in the Na- and
Ca-electrolytes were put into separate graphs. Using the adsorbed amount of Cd
as y-axis, and the product of Cd**-activity and (H')” as x-axis, in each graph a
straight line with a slope that equals & should develop. When m (Equation (6))
is set to -0.5, a value found in previous Cd sorption studies, the scatter in the
data is still considerable (Fig. 3). A trend in pH is still noticeable, as at increasing
pH the corresponding data show higher adsorbed amounts. This implies that the
effect of pH is not completely accounted for. Comparison of the fitted slopes
(for the Ca-electrolytes k equals 0.061 = 0.001 (+* = 0.86) and for the Na-clec-

26




trolytes & equals 0.308 + 0.006 (+* = 0.89)), indicated the same competitive effect
of Ca (80% reduction of Cd sorption), as observed for the individual Cd
adsorption isotherms.
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By fitting m to the sorption data, substantially less scatter is left and the trend
in pH is eliminated (Fig. 4). Different values for m were obtained, for the
Na-electrolytes m = -0.69 = 0.01 and for the Ca-clectrolytes m = -0.77 = 0.02.
These values of m are considerably more negative than -().5, as found in previous
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studies. When we consider m as a stoichiometric coefficient, indicating the
relative replacement ratio of H by Cd, | m| mole of protons are replaced by one
mole of Cd when Cd adsorbs onto the soil. Then, more protons are released when
Cd is adsorbed onto our soil than onto the soils used in previous studies. This
may be due to differences in sorption mechanisms or sorption surface char-
acteristics between different soils. Anderson & Christensen (1988) found an
average calculated proton replacement of 0.65 for each mole of Cd adsorbed,
which corresponds with our findings.

Due to the difference in value of m, sorption of Cd is now reduced by 92%
in the Ca-electrolytes (X = 0.0036 (+* = 0.95)) as compared with the Na-elec-
trolytes (k" = 0.044 (¥ = 0.96)). This apparent increase in competition between
Ca and Cd when the effect of pH is accounted for, may be due to interference
between Ca and protons during their competition with Cd. Protons not only
compete with Cd, they compete with Ca as well. Therefore, changes in pH affect
not only Cd sorption, but also Ca sorption, and therewith the competitive effect
of Ca on Cd sorption. The effect of Ca on Cd sorption is not formulated explicitly
in Equation (6). When interference between Ca and protons is important, its
effect will be hidden in the value of m after fitting the data to Equation (6). This
may explain the difference in value of m between the Ca- and the Na-electrolytes.
To derive a mathematical formulation of the effect of Ca on Cd-sorption, more
data arc needed than given here.

Table 3. Parameter vaiues for correction factor in Equation (10).

log (K3) log (Ky) s st
(dm’ mol™) (mal kg™
7.10 4.82 0.0085 0.0028

To obtain insight into the physical meaning of the empirically derived cor-
rection factor for the effect of pH on Cd sorption, a mechanistic approach was
developed as described in the theory section. By fitting proton titration data for
our soil to a two-site Langmuir sorption isotherm, parameters values for the
mechanistic factor of Equation (10) were obtained (Table 3). The model fits the
titration data well (Fig. 5), whereas assuming one sorption site yielded a poor
fit (not shown). The mechanistic correction factor was compared with the
empirical correction factor (H*)", for m = -0.5, -0.69, and -0.77 in a pH-range
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of3.5t0 6.5(Fig. 6). Absolute values were all different, but since we are interested
in the relative response of the correction factor to changes in pH, values were
scaled to give the same order of magnitude.

The overall response of the mechanistic factor to changes in pH is similar to
the response of the empirical factor. In the full pH-range, the mechanistic factor
corresponds best with the empirical factor when m = -0.5. When m = -0.69 or
-0.77, the value of the empirical factor is much higher than the mechanistic factor
above pH 5. However, when the pH range of 3.8 - 4.9 is considered, the
mechanistic factor corresponds best with the empirical factor using the values
of m fitted to our adsorption data. This may explain why, for our data, other
values of m gave a better fit to the data than the value of -0.5 found in previous
studies.
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Fig. 5. Titration data for protons onto the sandy soil.

The similarity in relative change over the relevant range of pH between the
mechanistic factor and the empirical factor may explain the applicability of the
empirically derived correction factor that accounts for the influence of pH on
Cd sorption, in this study as well as in previous studies. By assuming that Cd
and protons sorb onto the same sites, and that a two-site Langmuir equation was
able to describe sorption of Cd and pH, the influence of pH on Cd-sorption is
explained successfully.
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