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Abstract

Acidic minespoils cause environmental problems in many parts of the world. They form in
disturbed mining overburden materials as a result of pyrite (FeS2) oxidation. These spoils often
lack a vegetative cover due to high acidity and phytotoxic concentrations of monomeric Al. The
results are erosion and acid mine drainage that can severely contaminate ground and surface
waters. The overall goal during reclamation has to be sustainable revegetation. Traditional
approaches have been to cover the minespoil with topsoil or mixing acid neutralizing materials,
such as lime, limestone, or fly-ash into the surface layer. Many spoils have poor physical
properties such as low water holding capacities, and reclamation could be improved by including
composted materials or sewage sludge in the surface amendments. There is abundant information
about the effectiveness of different combinations of surface amendments on surface chemistry
and initial plant establishment. To ensure long-term survival of the vegetative cover it is
important to consider approaches that will expand the root zone below the initial zone of
amendment incorporation. However, very little is known about the effect of different
amendments on untreated minespoil material below the treated surface layer. Experience from
amelioration of acidity in highly weathered soils has shown that surface applied CaCO3 alone
had very little effect on subsoil chemistry. Research has also demonstrated that addition of
composted material or sewage sludge improved subsoil conditions by increasing Ca solubility
and mobility and by decreasing subsoil Al toxicity through formation of dissolved organic matter
(DOM)-Al complexes. In many cases subsoil amelioration was also aided by using gypsum
(CaSO4·2H2O). Despite the importance of Al-DOM interactions in soil and aquatic
environments, especially under acidic conditions, there are no reliable quantitative data on AlDOM binding, because there is no proven analytical tool for routine measurement of free Al3+
concentrations in the presence of soluble DOM ligands.
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The objective of this work was to evaluate the effect of different surface amendments on
subsoil chemistry in acidic minespoil material. The focus was on the effect of amendments using,
either alone or in combination, CaCO3 for neutralization of acidity, gypsum as a different Ca
source without neutralizing capacity, and compost as a source of dissolved organic matter
(DOM) that was expected to increase Ca solubility in the surface and detoxify Al in the subsoil. I
first examined the influence of compost age on Ca complexation capacities of compost derived
DOM. Secondly, small scale laboratory experiments without plants and larger greenhouse
column experiments with plant growth examined effects of the different surface treatment
combinations on subsoil material. Finally, I evaluated the use of capillary electrophoresis, a new
analytical method, to measure Al-DOM interactions at acidic pH.
For these experiments, I sampled acidic minespoil material (pH = 2.5) from an abandoned
mine land site in Jefferson County, Pennsylvania and composted sewage sludge of varying age
from the University Area Joint Authority composting facility in State College, Pennsylvania. All
metal-DOM binding experiments were conducted with compost derived DOM generated from
1:10 water extracts of freeze dried compost samples. I measured Ca binding to compost derived
DOM through Ca titrations of DOM solutions at constant pH 6 with a Ca selective electrode.
Additionally I tested the increase in gypsum solubility in DOM solutions compared to DOM free
solutions. A laboratory experiment with small columns was conducted with ground air-dried
minespoil material using a mechanical vacuum extractor to construct small segmented soil
columns, where leachate could be sampled at varying depths. Surface amendments consisted of
combinations of CaCO3, gypsum, and ground freeze-dried compost. In a greenhouse experiment,
I filled larger columns with fresh minespoil material, amended the surface with combinations of
two different rates of fresh compost and no additional Ca source, CaCO3 and/or gypsum. I
seeded the columns with tall fescue (Festuca arundinacea Schreb.) and birdsfoot trefoil (Lotus
conriculatus L.), monitored plant growth and leachate at the bottom of the columns, and
analyzed spoil material at the end of almost 6 months of leaching and plant growth. Finally, I
explored the use of capillary electrophoresis to measure free Al3+ and Fe3+ in compost derived
DOM solutions and to analyze changes in acidic DOM solutions with varying concentrations of
Ca2+, Al3+, and Fe3+.
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Compost derived DOM could significantly increase Ca solubility in equilibrium with a
gypsum solid phase compared to deionized water in equilibrium with gypsum. However, the
increase was only about 10% at DOC concentrations between 1.7 and 2.0 g L-1. Ca titrations of
DOM extracted from compost at different stages of the composting process indicated that
compost age did not significantly affect Ca sorption capacity, which was calculated from the
binding data using the Langmuir-Freundlich isotherm model. Observed variability in the titration
data led me to analyze the propagation of measurement errors in adsorption isotherm
measurements and I showed that accuracy is inversely proportional to sorbent concentration and
that the relative error in calculated bound metal concentration becomes very large with
increasing ratio of free to total metal cation concentration. Adsorption isotherm data points for
conditions where more than 95% of the total added metal cation is in the free form should be
discarded and sorbent concentrations increased if data points for high free cation concentrations
are needed.
In small, segmented laboratory columns, compost did not affect subsoil Al and Ca chemistry
but caused a small increase in subsoil pH and decreased extractable Fe. Ca solubility was high
and was not increased by compost. Adding gypsum increased Ca leaching into the subsoil
compared to CaCO3 alone, but extractable Ca was higher only after extensive leaching.
Extractable Ca in the subsoil increased by the same amount that extractable Al and Fe decreased,
indicating cation exchange processes, but significant losses of Al in unamended spoil columns
and the small impact of CaCO3 and gypsum on Al leaching indicated that Al chemistry was also
influenced by dissolution of a solid phase. Solubility calculations pointed to a jurbanite-like solid
phase buffering Al activity in the subsoil. Due to this buffering effect and the high acidity of the
spoil material, none of the surface treatments would be expected to alleviate subsoil
phytotoxicity.
Without CaCO3, plants in the greenhouse column experiment could only grow at the high
compost rate (68.8 g kg-1), even though the soil pH in those treatments was around 3.3,
indicating the capability of natural organic matter to detoxify Al3+ by forming Al-organic matter
complexes. When a Ca source was added to the surface, exchangeable Ca increased in the
subsoil. While there seemed to be a correlation between increases in subsoil Ca and Ca leaching,
there was no relevant increase in subsoil pH or decrease in subsoil Al. Due to high sulfate
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concentrations, a jurbanite-like phase might have controlled subsoil Al3+ activities. This
experiment showed that subsoil conditions in extremely acidic minespoil material were largely
unaffected by surface treatments and improvements would necessitate direct subsoil treatment
with acid neutralizing materials.
Finally, I was able to demonstrate that capillary electrophoresis (CE) can be used to measure
free Fe3+ and Al3+ under acidic conditions without affecting solution equilibria and metal
speciation. The response of CE was linear over a wide range of free cation concentrations,
indicating that CE has great potential for measuring Al3+ and Fe3+ DOM binding data. I showed
that CE can also be used for competitive complexation experiments with soluble ligands and
several different metal cations. Furthermore, I showed that CE can be used to follow the effect of
different cations (Ca2+, Al3+, and Fe3+) on DOM at acidic pH. Using a low pH phosphate buffer I
was able to separate and detect what appeared to be individual DOM macromolecules and
colloids in solutions that had been centrifuged and filtered through 0.45 µm membrane filters. As
one would expect from the affinity for natural organic matter and the power to flocculate DOM,
Ca2+ had little visible effect on colloid formation, Al3+ slightly decreased detection of the
colloids, while no colloids could be detected at higher Fe3+ concentrations. Both CE experiments
underline the versatility of capillary electrophoresis for environmental soil chemistry research
and show that this technology should find wider use in this area.
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Preface

This thesis is divided into four main parts, containing seven chapters:
The first part contains a general introduction, literature overview and the research objectives
(Chapter 1).
The second part (Chapters 2–4) deals with the effect of surface applied compost, CaCO3, and
gypsum on subsoil chemistry in acid mine spoil reclamation. Chapter 2 describes the effect of
compost age on Ca complexation capacity of compost derived dissolved organic matter (DOM).
Chapter 3 describes a laboratory study that used segmented soil columns to look at changes in
surface and subsoil solution and in subsoil properties of highly acidic minespoil amended with
compost, CaCO3, and gypsum. Chapter 4 contains the results from a greenhouse experiment with
plants that examined the effect of surface applied compost, CaCO3, and gypsum on plant and
root growth in the highly acidic minespoil material.
The third part (Chapters 5, 6) contains two methodological chapters. Chapter 5 demonstrates
that capillary electrophoresis, a relatively new and unexplored analytical tool, can be used to
routinely and directly measure Al speciation, for which no other known direct method exists.
Speciation of other metals and the potential for competitive complexation experiments using
capillary electrophoresis is discussed. Chapter 6 is the result of experimental curiosity and may
open the door to another interesting new application for capillary electrophoresis, the separation
and analysis of individual DOM macromolecules or colloids. Because of technical shortfalls of
the specific capillary electrophoresis instrument I could use, both chapters are intended to
demonstrate the usefulness of a new analytical technology and serve as pointers to future
research possibilities.

xvii
The thesis concludes with an overall summary of the research discussed (Chapter 7).
Supplemental material for chapters 1, 2, 3, 4, and 6 is provided in Appendices A, B, C, D,
and E, respectively.
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Chapter 1

General Introduction, Literature Overview and
Objectives

1.1

Introduction

This thesis evolved from and around research conducted on acidic mine spoil material in the
BARD1 project “The use of composted waste materials for enhanced Ca migration and exchange
in sodic soils and acidic minespoils” (Project IS-2758-96R). Acidic minespoils are a common
problem worldwide wherever coal or other minerals are mined that are associated with sulfide
bearing overburdens. In most cases the main sulfide mineral is pyrite (FeS2). When the
overburdens are disturbed during the mining process, pyrite is exposed to the atmosphere.
Oxygen rich rain water, and sulfide and iron oxidizing microorganisms facilitate the oxidation of
FeS2 to Fe(III) and sulfate (SO42-)2. This process generates large amounts of acidity, turning

1

United States - Israel Binational Agricultural Research and Development Fund

2

In rare cases this process also occurs naturally in areas where pyritic sediments are exposed. One such example is
the Rio Tinto (Red River) in Spain that has a pH of 2. Without being influenced by any human mining activities it
flows through a large pyritic belt in southwestern Spain causing it to acquire large amounts of acidity and high
dissolved Fe(III) concentrations that make its water deep red, because of which the Phoenicians called it “River of
Fire” (Zettler et al., 2002).

2
many of these former overburdens into acidic minespoils. The oxidation process can be
conceptualized to occur in three main steps.
In a first step, sulfide is oxidized to sulfate, producing protons:
(1.1)

4 FeS2(s) + 14 O2 + 4 H2O → 4 Fe2+(aq) + 8 SO42-(aq) + 8 H+(aq)

This process can occur as a purely chemical reaction, but it is also mediated by bacteria, such
as Thiobacillus thiooxidans (Gould et al., 1994).
In the second step Fe(II) is oxidized to Fe(III), mediated by Thiobacillus ferrooxidans
(Sutton and Dick, 1987), consuming some of the protons produced in the first step:
(1.2)

4 Fe2+(aq) + O2 + 4 H+(aq) → 4 Fe3+(aq) + 2 H2O

Unless the pH is extremely low, most of the Fe3+ ions hydrolyze in the third step and
precipitate as insoluble iron hydroxide:
(1.3)

4 Fe3+(aq) + 12 H2O → 4 Fe(OH)3(s) + 12 H+(aq)

When summing equations (1.1), (1.2), and (1.3), one can see that the net effect is that FeS2(s)
oxidizes to Fe(OH)3(s) and sulfuric acid (H2SO4):
(1.4)

4 FeS2(s) + 15 O2 + 14 H2O → 4 Fe(OH)3(s) + 8 SO42-(aq) + 16 H+(aq)

These reactions, the first two being mediated by microorganisms, turn pyritic overburdens
into acidic minespoils. In many cases the oxidation of Fe2+ is not complete in the minespoil
material and solution that is rich in ferrous iron can leach from the minespoils and reach surface
waters where oxidation, hydrolysis of the generated Fe3+, and precipitation of Fe(OH)3 proceed
very rapidly, covering surfaces in the receiving water body with a layer of precipitated iron
hydroxide, a phenomenon commonly know as “yellow boy”.
Within the minespoil material itself, the low pH that results from the acidity generated by
pyrite oxidation causes another serious problem: aluminum toxicity. Solubility and speciation of
Al depend on pH. With a minimum around neutral pH, Al solubility increases with decreasing
pH. Below pH 5 the predominant species is Al3+ (Figure 1-1). Free Al3+ is extremely toxic to

3
plants, primarily by restricting root growth. The exact physiological and biochemical processes
involved are not yet well understood (Marschner, 1995). Due to the Al toxicity, most acidic
minespoils are devoid of any significant plant cover, leaving them prone to erosion (Sutton and
Dick, 1987; Sopper, 1992) and increased rain water infiltration, because the buffering effect of a
vegetative cover and organic soil horizon is missing (Pedersen et al., 1980). The increased
infiltration leads to generation of acid mine drainage, which can result in contamination of
surface waters with significant amounts of free Al3+, known to be the principal toxicant for

log(concentration)

aquatic fauna at low pH (Havas et al., 1995).
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Figure 1-1:

Aluminum solubility and speciation in equilibrium with gibbsite (Al(OH)3) as a
function of pH. Thermodynamic constants for the construction of the diagram were
taken from Lindsay and Walthall (1996). The construction of the diagram is
explained in detail in Appendix 1.

4
Because pyrite oxidation in the disturbed minespoil material cannot easily be stopped3, the
prime focus of reclamation efforts rests on restoring some permanent plant cover that will reduce
erosion and rain water infiltration and thus acid mine drainage. Regulations in the Surface and
Mining Control and Reclamation Act of 1977 require that (in areas with more than 660 mm
annual precipitation) a vegetative cover has to persist for a minimum of 5 years (Sopper, 1992).
Consequently, many reclamation efforts focus on the quick establishment and short-term survival
of a plant cover. After the required 5 years the entity responsible for reclamation is usually
considered to have fulfilled its obligations.
Sutton and Dick (1987) reviewed reclamation strategies for acid mine lands in humid areas.
A proven approach to establishing a vegetative cover is the application of topsoil with a depth of
more than 0.15 m. Because covering minespoils completely with topsoil or neutralizing all
acidity through limestone applications is very expensive, research has focused on the use of
industrial waste products that could aid in revegetation efforts.
Fly ash produced by power plants has an acid neutralizing effect. Its application was
successful in establishing vegetation and maintaining it over 10 years, but problems with toxic
levels of Bo, Mo, and Se may have occurred (Sutton and Dick, 1987). Other waste materials with
acid neutralization capacity that are produced in large quantities are flue-gas desulphurization
(FGD) by-products. If applied at rates that are sufficient to neutralize spoil acidity they can be
used to establish plant growth in acidic minespoils (Stehouwer et al., 1995b).

3

This statement seems to be contested. I found the abstract for an ongoing EPA funded research project (A Novel
Approach To Prevention of Acid Rock Drainage (ARD), EPA Contract Number: 68D00276, abstract available at
http://es.epa.gov/ncer_abstracts/sbir/00/phase2/water/olson.html, verified 05/23/2002) that proposed to
investigate the commercial feasibility of reducing pyrite oxidation in acid minespoils by applying a biocide that
would stop biological pyrite oxidation. However, even if successful, it seems unlikely that this would be able to
eliminate ongoing chemical pyrite oxidation, therefore not totally reducing acid mine drainage. The potential
reduction in pyrite oxidation may on the other hand aid reclamation efforts that attempt to improve subsoil
conditions.
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Unfortunately, just neutralizing the acidity does not solve all problems. Especially in the
eastern part of the United States minespoils are often composed of very coarse material without
great water holding capacity (Sutton and Dick, 1987; Ciolkosz et al., 1985), which can cause
extended periods of plant drought stress (Pedersen et al., 1980). Except for the application of
topsoil, none of the other reclamation strategies beneficially affect the physical properties of the
amended surface layer. Additionally, acidic minespoils are usually very low in N and P fertility
because of their high fraction of rock fragments, low organic matter content, and low biological
activity (Sutton and Dick, 1987) and need to be fertilized in addition to neutralizing the acidity.
Increasingly, minespoil reclamation researchers have therefore turned their attention to compost
and sewage sludge, also widely produced and available by-products (Pichtel et al., 1994; Pietz et
al., 1989a, b, c; Sopper, 1992).
The beneficial effects of compost, manure, or sewage sludge on organic matter content, soil
structure, and water holding capacity in agricultural soils is widely recognized (Scheffer and
Schachtschabel, 1992). In minespoils, where the level of organic matter is extremely low, and
where low biological activity limits nutrient cycling, many benefits can be expected from
application of biologically active organic material (Sopper, 1992). The most important effect
may be increased water holding capacity and concurrent reduction in surface temperatures.
Additionally, sewage sludge will supply needed N and P, eliminating the need to fertilize. Seaker
and Sopper (1988) report that after application of municipal sewage sludge, combined with lime
to raise the pH to 7, dry matter yield and detritus accumulation increased with time after
application and were higher than on a site that only received inorganic fertilizer. They concluded
that soil development and ecosystem recovery were accelerated on sites reclaimed with sewage
sludge. Other work has shown that sewage sludge and topsoil maintained the highest biomass
yields and vegetative cover percentage when compared to fly ash and papermill sludge (Pichtel
et al., 1994). In another case, a combination of sludge and lime was the best combination to
improve chemical conditions and vegetative growth over a period of 5 years in coal refuse
material (Pietz et al., 1989a, b).
If the reclamation effort is expected to be sustainable in the long term, it will be very helpful,
if not necessary, to increase the rooting depth below the shallow reclaimed surface layer that is
usually only 0.1 to 0.3 m deep. Increasing the rooting depth is essential to provide the plants with
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access to sufficient water reserves for warm and dry parts of the growing season, when the water
storage in the amended surface layer may not be sufficient to meet plant requirements.
Surprisingly, very little is known about the effect of compost or sewage sludge and other
surface amendments on subsoil acidity in acidic minespoils. Pichtel et al. (1994) amended the top
0.1 m of pH 3.4 minespoil material with sewage sludge and other amendments. Compared to the
control, they observed a slight increase in pH and Ca in the next 0.1 m below the zone of sludge
incorporation after 10 years. Due to high variability, the differences were not statistically
significant for Ca. Pichtel et al. (1994) did not analyze and discuss effects of surface treatments
on exchangeable Al in the subsoil. Column experiments by Stehouwer et al. (1995a) indicated
that Ca mobility increased in acidic minespoil material treated with sewage sludge and gypsum
containing flue gas desulphurization (FGD) by-products compared to minespoil material treated
only with FGD by-products. That study, however, did not examine the effect of this increased Ca
mobility on untreated subsoil material. Sidle et al. (1979) found that Ca mobility in minespoil
material (pH 4.1) amended with fluidized bed combustion waste was very low, but observed
increased Ca concentrations in percolate of a Westmoreland soil A horizon (pH 4.6) amended
with the same material. They speculated that this was due to Ca chelating ability of organic
matter in the A horizon soil. Overall there is very little information on detailed chemical
processes occurring during the reclamation of minespoil acidity with compost or sewage sludge
that would allow more educated predictions as to whether any surface amendment strategy may
help to improve subsoil conditions.
Acidic conditions and Al toxicity are, however, not solely a phenomenon arising in acidic
mine spoils. On highly weathered soils that have lost most or all of their buffering capacity (e.g.
Oxisols) severe problems in crop production arise from subsoil acidity with elevated and
phytotoxic Al3+ concentrations that restrict rooting depth (McCray and Sumner, 1990; Pavan et
al., 1982).
Aluminum solution activity in highly weathered soils is often primarily controlled by
exchangeable Al3+ (McCray and Sumner, 1990). Many experiments have successfully used
surface applied gypsum, a highly soluble Ca source, to reduce subsoil saturation with Al3+
(Reeve and Sumner, 1970; Singh, 1982; Oates and Caldwell, 1985; Sumner et al., 1986; Farina
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and Channon, 1988; Mathews and Joost, 1990). Surface liming has been shown to have little
effect below the zone of incorporation (Liu and Hue, 1996) due to the low solubility of CaCO3.
Gypsum has no acid neutralizing capacity. Two mechanisms have been proposed for observed
beneficial effects of gypsum beyond the exchange of subsoil Al for Ca. The first is formation of
AlSO4+ complexes, that are believed to be less toxic for plants (Singh, 1982; Oates and Caldwell,
1985; Sumner et al., 1986; Farina and Channon, 1988; Mathews and Joost, 1990) and the second
is a “self liming” effect caused by ligand exchange of SO42- with hydroxyl groups of Fe and Al
hydroxides, releasing OH- ions that cause polymerization of Al (Reeve and Sumner, 1970;
Chang and Thomas, 1963). Both processes cannot be expected to play a significant role in acidic
minespoil reclamation. Acidic minespoils already have high sulfate concentrations due to pyrite
oxidation processes. The observation of Al toxicity under these conditions indicates that
formation of AlSO4+ upon addition of gypsum is unlikely to result in less Al toxicity. Contrary to
highly weathered acidic soils acidic minespoils are usually not dominated by Fe and Al
hydroxide minerals. Any “self liming” effects seem unlikely and pure gypsum application is not
expected to be effective, as has been reported by Stehouwer et al. (1995a, b).
It has also been known for a long time that humic materials in soils decrease the severity of
Al toxicity symptoms and result in lower yield decreases at the same total soluble Al
concentration in the soil (Mattson and Hester, 1933). More recently it has been shown that
dissolved organic matter (DOM)4 forms very stable complexes with Al3+ (Stevenson, 1994;
Sposito, 1996) that can greatly reduce the solubility and phytotoxicity of Al3+ and thus increase
yields (Bartlett and Riego, 1972; Hoyt and Turner, 1975; Hargrove and Thomas, 1981; Hue et
al., 1986; Hue and Amien, 1989; Hue, 1992; Liu and Hue, 1996; Hue and Licudine, 1999). There
is general agreement in all these reports that the toxic Al3+ concentrations are reduced due to
complexation by the organic matter. While organic matter-metal complexes are not phytotoxic
(Hue et al. 1986), problems may arise from the formation of Mn-organic complexes that can
increase Mn availability and may induce Mn-toxicity in plants (Hue, 1988).

4

Throughout this thesis I will use the term dissolved organic matter (DOM) as a qualitative description of the
dissolved organic material, I will use dissolved organic carbon (DOC) whenever I talk about the measured
quantity of this material.
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Liu and Hue (1996) demonstrated the success of organic matter derived Ca-fulvates in
ameliorating subsoil acidity in a strongly acid Ultisol. Stehouwer et al. (1995a, b) have shown
that acidic minespoil material could be reclaimed with a combination of sewage sludge and
gypsum-containing FGD by-products, but they did not examine effects on the subsoil. In general,
the use of gypsum as a supplementary amendment in minespoil reclamation, providing a soluble
Ca source, has not yet been investigated in detail. Furthermore, no studies could be found that
examined in detail the effect of surface amendments on the interactions of soluble organic
matter, Ca, and Al in the subsoil of reclaimed minespoil material.

1.2

Objectives

The overall objective of the research reported here was to contribute information on the
effect of surface reclamation of acidic minespoils with organic material and limestone or gypsum
on subsoil chemistry, with a special emphasis on the effect of soluble organic matter on Ca and
Al mobility. The motivation for this was that sustainable reclamation of acidic minespoils can
only be achieved if the rooting depth is gradually increased, which means that at least the upper
parts of the untreated subsoil material should be beneficially affected by the surface treatment.
Experience with successful amelioration of subsoil acidity in highly weathered soils with a
combination of limestone or gypsum and compost or sewage sludge has suggested that
complexation of Ca by soluble organic matter increased Ca mobility and transport into the
subsoil and that complexation of Al3+ in the subsoil by soluble organic matter resulted in reduced
subsoil phytotoxicity. Based on this, I expected similar effects in acidic minespoil reclamation
with a combination of limestone or gypsum and compost and performed experiments with the
following objectives and research questions in mind:
1. Can compost derived DOM complex significant amounts of Ca and does
compost age affect Ca complexation capacity of compost derived DOM? (Chapter
2)
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2. Can surface-applied compost, added together with CaCO3 and/or gypsum
increase Ca transport and alter the subsoil chemistry of acidic minespoil
material?
Because this second question was at the core of the overall objective, I used two
different approaches to finding an answer:
a) Conduct a small-scale controlled laboratory experiment without any plants to
purely assess surface treatment effects on subsoil chemistry. Focus on chemical
changes in the layers immediately below the amended surface layer and try to
identify how deep any observable effects may reach. (Chapter 3)
b) Conduct a large-scale greenhouse column experiment with plants in order to
identify surface treatment effects on plant and root growth under controlled
environmental conditions and accelerated leaching. (Chapter 4)
Finally, I became interested in the solution to an analytical problem related to the above
objectives. Complexation of Al by organic matter may play a significant role in detoxification of
Al3+ in the subsoil of highly weathered soils and acidic minespoils. However, there are very few
published data on Al-OM binding because experimental Al speciation in aqueous solutions is
very difficult due to the lack of satisfactory methods to directly measure Al3+ activities. It has
recently been shown that a new analytical technique, capillary electrophoresis, can be used to
directly measure Al3+ concentration in aqueous solutions, without affecting solution equilibria
and speciation (Göttlein, 1998; Wu et al., 1993). The final research question was therefore:
3. Can capillary electrophoresis be used to measure binding of Al to DOM under
acidic conditions and can it also be used to analyze the effect of Al binding on
DOM? (Chapters 5 and 6)

Chapter 2

Effect of Compost Age on Ca Complexation by
Compost Derived Soluble Organic Matter

2.1

Introduction

As I discussed in the first chapter, experiences from reclamation of naturally acidic subsoils have
shown that compost derived DOM could increase Ca solubility and mobility especially when
using CaCO3 as an amendment. It is believed that sorption of Ca to DOM is responsible for this
increase (Hue and Licudine, 1999). Stehouwer et al. (1995) hypothesized that applied sewage
sludge was responsible for increased Ca leaching from acidic minespoil columns amended with
sewage sludge and gypsum containing flue gas desulphurization by-products. The experiments
reported in chapters 3 and 4 were based on the expectation that similar benefits can be obtained
when using composted materials in the reclamation of acidic minespoils. It was therefore
necessary to evaluate the Ca sorption capacity of the compost I intended to use for the minespoil
amendment experiments.
Several factors may influence the Ca sorption capacity of compost derived DOM, among
them compost source material and compost age. It was beyond the scope of this work to examine
differences between different compost types. However, changes in the organic matter during the
composting process may have a significant influence on amount and type of water soluble
organic matter and therefore Ca sorption capacity. Generally one can expect to see an increase in
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carboxylic content of the organic matter in the compost with increasing compost age (Garcia et
al., 1991 b; Garcia et al., 1992). Soluble organic matter has been found to increase during
compost maturation (Garcia et al., 1991 a). However, Giusquiani et al. (1989) found that the
fulvic acid content and with it the acidity of extracted humic substances decreased in urban waste
during composting. Inbar et al. (1989), on the other hand, support the findings that the
concentration of carboxylic groups increased with increasing compost time. The deviating
findings of Giusquiani et al. (1989) may be related to their use of urban waste and an anaerobic
fermentation process. In general one should expect an increase in carboxylic functional group
content of the compost derived DOM with increasing compost age and possibly an increase in
soluble organic matter with compost age. This in turn would mean that more Ca could be sorbed
to DOM derived from older compost.
Because it was my intent to jointly apply compost and a Ca source in the minespoil
experiments it was to be expected that DOM, leaching from the amended minespoil layer into the
subsoil, would be saturated with Ca. I therefore wanted to test the influence of compost age on
the Ca sorption capacities of compost derived DOM. If there were significant changes with age,
it might be necessary to specify what compost age would achieve the highest Ca sorption.
At most composting facilities it is difficult to obtain compost samples of different ages at the
same time. Additionally the feed material may be very heterogeneous so that care would have to
be taken to resample the same batch over a period of time in order to avoid the possibility of
source material effects to be confounded with age effects. Fortunately there was a compost
source in the immediate vicinity of Penn State that allowed me to sample compost of different
ages at one time, while being assured that the feed material was homogeneous and did not
change much over time.
The objectives of the experiments described in this chapter were to determine if compost
derived DOM would exhibit any significant Ca sorption capacity and if compost age would
significantly affect Ca sorption capacities of the compost derived DOM.
I conducted two experiments. In the first I wanted to see whether gypsum solubility would
increase in the presence of DOM. Due to the high solubility of gypsum this experiment could
only give an initial assessment. In a second experiment I was interested in the effects of compost
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age on Ca sorption. In order to obtain more quantitative data I tried to characterize the sorption
of Ca to DOM extracted from compost of different ages by directly measuring Ca-DOM sorption
isotherms. DOM can be expected to contain a mixture of humic and fulvic acids with some
additional low molecular weight organic acids that may add some Ca sorption capacity1. While
the association between humic substances and Ca2+ is usually not very strong (Kinniburgh et al.,
1999) sorption of Ca2+ to DOM is believed to play a significant role in natural water bodies at
typical Ca concentrations between 10-4 and 10-2 M, with an expected amount of sorbed Ca of 0.3
– 8 mol kg-C-1, only surpassing protons in amount sorbed (Kinniburgh et al., 1999). Using the
non-ideal competitive adsorption isotherm model NICA combined with a Donnan model for
electrostatic effects, Kinniburgh et al. (1996) estimated that Ca binding to purified peat humic
acid was determined by carboxylic type binding sites at low free Ca2+ concentrations and by
electrostatic effects, that is sorption in the Donnan volume, at higher free Ca2+ concentrations.
For the purposes of screening the compost samples for Ca sorption capacities I did not attempt to
separate binding mechanisms. In order to see any compost age effects it was sufficient to obtain
conditional Ca sorption data measured at the same ionic strength and pH.
Because of the dissolved nature of DOM it was necessary to measure free Ca2+
concentrations in DOM solutions titrated with Ca2+ in order to obtain Ca-DOM sorption
isotherms. Several authors have successfully employed Ca selective electrodes to measure
isotherms for Ca sorption to humic substances (Römkens et al., 1996; Mathuthu and Ephraim,
1993; Pinheiro et al., 1999; Amirbahman and Olson, 1995; Dempsey and O’Melia, 1983;
Kinniburgh et al., 1996). While Dempsey and O’Melia (1983) reported adverse effects of the
DOM on electrode performance and employed a rigorous experimental protocol to minimize the
error introduced by this effect, the more recent papers did not report any difficulties with the
electrodes resulting from the organic matter.

1

For all practical purposes I will assume that the Ca sorption properties of compost derived DOM are mainly
determined by the humic materials in the DOM. Additionally, compost derived DOM may contain non-humic
organic components such as polysaccharides.
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Table 2-1 lists other works that have used ion selective electrodes to measure metal-organic
matter sorption in general and Ca-organic matter sorption in particular. It also includes the
different types of natural organic matter used in these studies as well as the organic matter
concentrations at which the titrations were performed. All of these experiments were done with
either fulvic or humic acid fractions of natural organic matter. The concentrations ranged from
0.065 g L-1 fulvic acid (Pinheiro et al., 1999) to 1 g L-1 humic acid (Kinniburgh et al., 1999),
with one set of experiments conducted using a 5.28 g L-1 purified peat humic acid solution
(Milne et al., 1995). To my knowledge no experiments have been reported that directly looked at
Ca binding to DOM of any source.

Table 2-1:

Overview over the range of humic material concentrations used in different metalhumic material binding studies.
Metal
measured
Pb, Ca†
Ca†
Ca†

Type of
humic substance
Laurentian fulvic acid
fulvic acid
fulvic acid

Ca†
Ca , Cd†, Cu†
Ca†, Cd†, Cu†
Ca†, Cd†, Cu†

fulvic and humic acid
purified peat humic acid
humic acid
purified peat humic acid

Pb, Cd†
Mg†
Cu†

purified peat humic acid
fulvic acid
swamp water DOC

†

Concentration of
humic substance
0.065 g L-1
0.125 g L-1
0.1 g L-1
0.333 g L-1
0.666 g L-1
0.1 g L-1 TOC
0.84 g L-1
1 g L-1
5.28 g L-1

0.065 g L-1
0.1 g L-1
0.025 g L-1 DOC
0.050 g L-1 DOC
†
free concentration measured by ion selective electrode

Reference
Pinheiro et al. (1999)
Mathuthu and Ephraim (1993)
Dempsey and O’Melia (1983)
Amirbahman and Olson (1995)
Kinniburgh et al. (1996)
Kinniburgh et al. (1999)
Milne et al. (1995)
Pinheiro et al. (2000)
Langford et al. (1983)
Tuschall and Brezonik (1983)
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2.2

Materials and Methods

2.2.1

Compost source

As explained above I needed to find a compost source where I could sample compost of different
ages at the same time while being assured that the feed material was homogeneous over time. I
found such a source in the composting facility of the University Area Joint Authority (UAJA)
waste water treatment plant in Centre County, Pennsylvania. It is a modern sewage sludge
composting facility, located only a few miles away from Penn State University. Dewatered
sewage sludge from the primary and secondary biological treatment is mixed with sawdust and
woodchips and composted in long concrete troughs inside a closed building. During the
composting process, temperature and moisture are closely monitored and regulated and the
compost is turned on a daily basis2 moving forward in the trough with every turn. After 23 days
the compost has reached the end of the troughs and is taken to another building where it is
allowed to mature for about 60 more days before being sold to private customers and
landscaping businesses. The controlled composting process, the homogeneity of the feed
material and the possibility to sample compost of different ages at the same time made this a
desirable compost to use in my experiments.
I took 13 samples from the concrete troughs from the point where a satisfactory pathogen
control level was reached (7 days old) to the end of the troughs (23 days old) and two from the
maturing piles (43 and 87 days old).
A preliminary test had shown that air-drying and freezing resulted in lower amounts of
extractable DOM compared to fresh compost. The effect of sample storage on extractable DOM
was minimal when the samples were freeze-dried immediately (Table B-1). All samples were
therefore freeze-dried. Subsamples of the freeze-dried compost samples were sent to the
Agricultural Analytical Services Laboratory at Penn State University and analyzed for total C
and N contents, pH, and exchangeable K, Mg, Ca, Na.

2

In fact the compost is turned daily on a 5-day workweek, i.e. not on Saturdays and Sundays.
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2.2.2

DOM solutions

Water extracts were prepared from the freeze-dried compost samples at a solid to water ratio of
1:10 using deionized water. After 24 h at 25 ºC on an end-over-end shaker the compost-water
mixture was centrifuged at 10,000 g for 15 min. The supernatants were filtered through 0.5 µm
glass fiber filters (Metrigard, Pall Life Sciences, Ann Arbor, MI) to obtain DOM. Dissolved
organic carbon (DOC) in these solutions was measured with a Shimadzu TOC-5000A carbon
analyzer (Shimadzu Scientific Instruments, Columbia, MD).

2.2.3

Equilibration of CaSO4·2H2O with DOM solution

For this preliminary experiment I used the 10 and 20 day old compost samples. DOM solutions
were prepared as described in section 2.2.2. Two g of analytical grade gypsum (CaSO4⋅H2O)
(J.T. Baker, Phillipsburg, NJ) was combined with 40 mL of the filtered DOM solution and was
kept on an end-over-end shaker for 24 h at 25 ºC. The amount of gypsum added was in excess of
its solubility to ensure that equilibrium with the CaSO4·2H2O controlled free Ca2+ concentration
in solution. Blanks were prepared by combining 2 g of CaSO4⋅H2O with 40 mL of deionized
water. After the 24 h equilibration period I centrifuged the solutions and filtered them through
0.5 µm glass fiber filters. DOC and Ca were measured in these solutions with a carbon analyzer
and atomic absorption spectrophotometry, respectively.

2.2.4

Measuring Ca-DOM sorption isotherms with a Ca selective electrode

Calcium-DOM sorption isotherms were obtained by titrating an initially Ca-free DOM solution
at pH 6 with 0.1 M CaCl2. Free Ca2+ concentrations were measured with an Orion 9720 ionplus
Ca2+ selective electrode (Orion Research, Beverly, MA). The sorbed amount q [mol kg-C-1]
could be calculated from the free Ca2+ concentration c [mol L-1], the known total Ca added ct
[mol L-1], the amount of DOM in solution m [kg-C], the volume of the solution at the beginning
of the titration V0 [L], and the volume of CaCl2 solution added v [L] according to the following
equation:
(2-1)

q=

(ct − c )(Vo + v )
mDOC
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Because the compost was not free of Ca I had to remove any Ca present in the DOM
solutions before the Ca2+ titrations began, otherwise equation (2-1) would not apply. Around 60
mL of the filtered DOM solution were combined with 12 mL of a cation exchange resin in the
Na+ form (DOWEX HCR-W2, J.T. Baker, Phillipsburg, NJ) that had been extensively washed
with deionized water. The DOM-resin mixture was equilibrated overnight on a shaker and then
filtered through 0.5 µm glass fiber filters.
To minimize any impact of the organic material in the solution on the electrode I diluted the
DOM solutions 6 times, resulting in DOC concentrations of around 250 mg L-1. This seemed to
be in good agreement with DOC concentrations used by other authors (Table 2-1). To 25 mL of
the diluted DOM solution I added ionic strength adjuster (4M KCl) at a volumetric ratio of 1:50
(0.5 mL) as specified in the manual of the electrode to obtain a constant ionic strength of
0.08 mol L-1. This ionic strength and the high K+ background concentration were probably not
representative of field conditions during minespoil reclamation. However, the aim of this
experiment was to identify differences between compost samples of different ages. Because the
conditions were kept identical for all samples (I = 0.08) this should have been possible even at
conditions that were not entirely representative of the actual field conditions. The pH of the
DOM solutions was adjusted to pH 6 and was maintained throughout the titration between 5.9
and 6.1 by adding small amounts of 1 M NaOH. Before the titrations started each sample was
aspirated with a constant stream of N2 for at least 20 minutes. During the titrations I maintained
an N2 atmosphere above the solutions by keeping the flow of N2 into the beaker, but not allowing
it to bubble through the solution any more. Tests had shown that continued aspiration during
Ca2+ titrations led to the formation of small bubbles at the sensing membrane of the Ca selective
electrode. This caused unreliable and unstable readings. I titrated the samples with small
increments (0.025 mL to 0.200 mL) of 0.1 M CaCl2 and monitored electrode response with a
computer-linked Orion 520A pH/ISE meter. Electrode readings were automatically recorded
after the drift of the electrode was less than 0.1 mV min-1 over a 2 min period. Each sample
solution was titrated at least 3 times. After every two DOM samples, I titrated a DOM free
calibration solution (deionized water with ionic strength adjuster, pH 6) to obtain calibration
functions for the electrode. I used each calibration to calculate free Ca2+ in the sample preceding
and the one following that calibration. This helped to minimize any effect that electrode drift
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might have had. Electrode drift between two calibrations was usually around 0.1 mV, but always
less than 0.3 mV.

2.3

Results and Discussion

2.3.1

Compost characterization

The water contents of the fresh compost samples showed a decreasing trend with age (Figure
2-1a) while the ash contents of the dried compost increased slightly (Figure 2-1b). There was,
however no monotonous trend and some variability can be seen. Carbon contents seemed to
decrease until day 21 and then were higher for the two oldest samples from the maturing piles
(Figure 2-1c). For N no clear trend could be observed and the C/N ratios exhibited a slight
decreasing trend but also showed high variability (Figure 2-1d, e). The pH remained around pH 7
during the first 47 days of composting but dropped to 5.9 in the oldest sample (Figure 2-1f). This
particular sample smelled distinctly different from the others, having a strong fermenting odor.
An increased amount of short chain organic acids, including acetic acid, might have caused the
drop in pH in that sample. The sum of exchangeable cations increased slightly with increasing
compost age (Figure 2-1g). This can be attributed to increasing ash contents and decreasing
carbon contents as the organic matter decomposes during the composting process. Carbon
concentrations of the 1:10 water extracts (Figure 2-1f) did not follow a discernible trend with
age, with the exception of the 83 day old sample that had the highest amount of extractable
DOC. This supports the hypothesis that the fermentation of this sample produced an increased
amount of highly soluble organic acids.
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Figure 2-1:
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Properties of the compost samples for ages between 7 and 83 days. Water content
(a), ash content (b), carbon (c) and nitrogen (d) contents and C/N ratio (e), pH (f),
exchangeable cations K, Mg, Ca, Na (g), and water extractable DOC in 1:10
solid:solution extracts (mean and standard deviation of 3 replicate extractions per
sample (f). Complete data are given in Table B-2 in the appendix.
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2.3.2

Enhanced solubility of CaSO4 in the presence of DOM

I observed a significant (p < 0.001) increase in CaSO4·2H2O solubility in the presence of
compost derived DOM (Figure 2-2). This clearly demonstrated that significant amounts of Ca2+
were complexed by the compost derived DOM. However, the variability of the analytical
measurements in this experiment was very high. Additionally, the solubility of CaSO4·2H2O in
water is quite high with around 0.016 mol L-1 Ca. In the DOM solutions the Ca concentrations
were significantly increased over the blank, but only by about 10%. Even though the two
samples used here spanned half of the controlled composting time (from 10 to 20 days) there was
no significant difference in Ca concentrations in their DOM extracts (Figure 2-2). On the one
hand there might not have been a change in the true values, on the other hand the method may
not have been accurate enough, especially with the high variability that is associated with the 10
day old sample.

0.019

Ca 2+ [mol L -1]

0.018
0.017
0.016
0.015
0.014
0.013
0.012
0.011
0.010
10

20

blank

Compost age [days]

Figure 2-2:

Ca concentrations in DOM extracts (from 10 and 20 days old freeze dried sewage
sludge compost) saturated with CaSO4·2H2O. The blank contained deionized H2O
saturated with CaSO4·2H2O. Means (n = 3) and standard deviations. DOC
concentrations in the DOM extracts were 1.96 g L-1 for the 10 days old sample and
1.74 g L-1 for the 20 days old sample.
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As a first approximation I nonetheless converted these results to Ca sorbed by DOM by
dividing the increases in Ca concentration by the DOC concentration in those solutions. The
results were qCa, 10days = 2.3 ± 1.3 molc kg-C-1 and qCa, 20days = 1.8 ± 0.2 molc kg-C-1. While this
initial experiment did not allow me to quantify the Ca sorption capacity accurately enough to
identify changes with compost age, it clearly showed the potential of DOM to sorb significant
amounts of Ca.

2.3.3

Ca-titrations of compost derived DOM using a Ca-selective electrode

The DOM in the solutions appeared to have no significant negative effect on the electrode
response, which was linear over the whole range of Ca concentrations used (10-4 M to 10-2 M).
The readings were very stable within the electrode accuracy (± 0.1 mV) over the whole
concentration range. Unstable readings resulted from tightening the cap of the electrode too
strongly so that the flow of the reference solution was impaired. Even after titrating eight DOM
and three calibration solutions, the slope of the electrode response was unchanged (Figure 2-3).
There was however a shift in the electrode response over the whole concentration range of about
1 mV between the two calibrations shown in Figure 2-3. This was caused by unavoidable
electrode drift. Performing a calibration titration after every two samples minimized the impact
of this drift. Each calibration was then used to calculate Ca2+ concentrations in the two samples
bracketing that calibration. This should have minimized the error from electrode drift on the
sorption isotherm. The observed drift between two consecutive calibration titrations (between the
calibrations in Figure 2-3 there were 8 DOM and 3 calibration titrations) was between 0.1 and
0.3 mV. To avoid systematic errors I analyzed several samples in one session, with a random
sequence of beakers drawn from the pool of all replicates of all samples analyzed in that session.
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Figure 2-3:

Two representative calibration graphs, one measured after titration of one DOM
sample (a), the other after 8 more DOM samples and 3 more calibrations (b).

Five sorption isotherms spanning the whole range of the compost ages are presented in
Figure 2-4. The isotherms and best model fits for all samples are given in the Appendix (Figure
B-1). All isotherms were titrated up to total Ca concentrations of 7 to 8 mM. At the higher
concentrations the difference between measured free Ca concentrations and known total Ca
concentration became very small. Small errors in measured free Ca then caused large errors in
calculated values of sorbed Ca (see section 2.3.3.2 for a detailed discussion). For presentation
and analysis of the data I discarded all isotherm data where the difference between known total
Ca concentration and measured free Ca concentration was below 0.05 of the total Ca
concentration (see Table 2-3 and discussion in section 2.3.3.2).
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Figure 2-4:

Ca sorption isotherms for 5 different compost ages. Shown are the bound
concentration (q) versus the free concentration (c). Different symbols indicate
replicate titrations. Only data points for which

ct −c
c

> 0.05 were included.
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All isotherms appear to approach a plateau value at higher free Ca2+ concentrations (Figure
2-4). This corresponds well to the fact that the number of negatively charged binding sites on the
DOM is finite. Because of the limited number of data points on the measured isotherms I needed
to find a simple isotherm model without too many parameters to fit to the data. As explained in
the introduction I was most interested in extracting a maximum Ca complexation capacity from
the measured adsorption isotherms. As one of the simplest models I first tested the Langmuir
model:
(2-2)

q = qmax

kc
,
1 + kc

with q = sorbed Ca [mol kg-C-1], qmax = maximum sorption capacity [mol kg-C-1],
k = constant [L mol-1], c = free Ca2+ concentration [mol L-1].
Inverting equation (2-2) and multiplying both sides with c provides a linearized version of
the Langmuir model:
(2-3)

1
1
c
c
=
+
q q max k q max

Plotting c/q versus c should therefore yield a straight line if the Langmuir model is
appropriate. The inverse of the slope would be the Ca sorption capacity qmax. The linearized
Langmuir plots for the same samples as in Figure 2-4 can be seen in Figure 2-5. The resulting
isotherms are not linear, but rather appear to have two separate linear sections with different
slopes. The simple Langmuir model clearly does not apply here. Shuman (1975) found similar
curves when measuring Zn sorption to soils and showed that a two-site Langmuir isotherm was
adequate in describing his data:
(2-4)

q = q max1

k2c
k1 c
,
+ q max 2
1 + k1 c
1+ k2c

where the variables and parameters are defined as in equation (2-2) and the subscripts
indicate the two different types of binding sites. The initial steep section of the isotherms in
Figure 2-5 would then represent a small number of high affinity sites of type 1, while the second
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linear section would represent a larger number of type 2 sites with lower affinity. Attempts to fit
the two-site Langmuir model to the experimental isotherms using the fitting program FIT
(Kinniburgh, 1993) failed. Either the number of data points measured was not sufficient to fit a
non-linear model with four adjustable parameters or the two-site Langmuir model was just not
appropriate for my data.
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Figure 2-5:

Linearized Langmuir plots of the Ca sorption isotherms shown in Figure 2-4.
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Another simple isotherm model is the Freundlich model:
(2-5)

q = kc n ;

where q, k, and c are defined as before, and n is an adjustable parameter. The linearized
version is obtained by taking the logarithm on both sides of equation (2-5):
(2-6)

log q = log k + n log c

Even though the experimental isotherms seem to be linear in a log-log plot as seen in the
example for the 16 day old sample (Figure 2-6), the Freundlich model is not appropriate, because
it has no upper limit for sorption. This is clearly a violation of the fact that DOM will have a
finite number of negatively charged sorption sites.
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0.01000
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0.00010
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0.00001

0.0

Figure 2-6:

Log-log plot of the sorption isotherm for the 16 days old sample. Different symbols
represent replicate titrations.
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The next possible model I evaluated was a combination of the Langmuir and Freundlich
models, the Langmuir-Freundlich model:

(2-7)

q = qmax

(kc )n ,
n
1 + (kc )

where all variables and parameters are defined as before. While the Langmuir model assumes
that no lateral interaction takes place and the degree of saturation does not affect further sorption
(Sparks, 1995), this model allows for non-ideal sorption behavior and contains an upper sorption
limit (qmax). Because equation (2-7) cannot be linearized I used the fitting program FIT by David
Kinniburgh3 (Kinniburgh, 1993) to obtain fits for each titration curve. A general problem
encountered during the fitting was the high correlation (r > 0.95) between the fitting parameters
qmax, k, and n in almost all of the samples. This means that the numerical fitting routine was
looking for a minimum in a very broad and flat valley of all possible solutions (Kinniburgh,
1993). This makes the results less powerful and unique than for less strongly correlated fitting
parameters, even though the R2 values for the fits were all higher than 0.98 (Table B-3). In a few
samples the fitting routine did not converge for individual replicates. The strong correlation
between fitting parameters in this case allows to fix one of the parameters at a reasonable value
without deteriorating the goodness of fit (Kinniburgh, 1993). If the fitting routine could not
converge I fixed the exponent parameter (n) for the non-converging replicate by assigning it the
mean value of the other two replicates and was then able to obtain a fit for qmax.

3

The latest version of the FIT program including a PDF version of the user manual is available via anonymous
FTP from ftp.nwl.ac.uk in the subdirectory /pub/geochem/fit (verified May 2002)
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Figure 2-7:

Experimental Ca-DOM sorption isotherms for DOM extracts from compost of
different ages. Lines represent Langmuir-Freundlich model fits. Isotherms and fits
for all samples are given in Figure B-1, parameters for these fits are shown in
Table B-3, the fitted qmax values are summarized in Figure 2-8. Different symbols
represent replicate titrations.
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Figure 2-8:

Maximum Ca sorption capacities (qmax), calculated from fitting the Langmuir
Freundlich model (2-7) to each individual adsorption isotherm. Means and
standard deviations of three replicate isotherms per sample.

Figure 2-7 shows the original data and the Langmuir-Freundlich model fits for the same
samples shown in Figure 2-4. A complete collection of all sorption isotherms and fits can be
found in the appendix (Figure B-1), where all fitted model parameters (qmax, k, n) are also listed
(Table B-3). The results for Ca sorption capacity, qmax, the only parameter I was interested in, are
summarized in Figure 2-8.
Even though the three replicate isotherms of each sample were generally in good agreement,
there was considerable variability in the raw data between replicates in some cases (Figure B-1).
This resulted in high variability of the fitted parameters as well (Figure 2-8, Table B-3). Some of
the results are in fact not even very realistic, such as the values for the 8 day and 21 day old
samples. The original data in Table B-3 show that one of the replicates in both of these samples
had exceptional high qmax values of 25 and 45 mol Ca2+ Kg-C-1, respectively, which are
physically unrealistic and have to be considered errors. Overall, however, it is very clear that
there is no discernible trend in sorption capacity with compost age. Partly this may be due to the
high variability in the data, on the other hand, there may truly be no significant trend in Ca
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sorption behavior of compost derived DOM with increasing age for the sewage sludge compost
that I examined. The DOM here was operationally defined as those organic substances that were
soluble in 1:10 compost:water extracts. This extraction procedure might selectively dissolve
humic and other organic substances of similar physical properties and thus lead to similar Ca
sorption behavior, masking possible differences in the bulk compost. However, for Ca transport
only the DOM fraction of the compost would be relevant.
As the data in this experiment did not allow me to finally decide whether experimental
variability overshadowed a true trend or whether there was no trend, I will now evaluate the
plausibility of the obtained results and discuss reasons for the variability in the data.
2.3.3.1

Comparison of the results and check for plausibility

One way to evaluate the results obtained by the enhanced CaSO4·2H2O solubility experiment and
the sorption isotherms is to compare them to literature values of maximum sorption capacities.
As I pointed out earlier there are no experimental data on Ca sorption capacities of DOM,
because most experiments to date have been performed with some kind of purified humic
material. Additionally, as I pointed out in the introduction, Ca2+ sorption to organic matter is
mainly controlled by carboxylic ligands and electrostatic effects. It is therefore also possible to
evaluate the results by comparing them to the carboxylic acidity of the DOM. This value was
estimated experimentally for 3 samples by titrating the DOM solutions from pH 8 to pH 3 and
comparing the proton consumption to titrating a DOM free solution of identical pH and ionic
strength from pH 8 to 3. The results are shown in Table 2-2. This table also summarizes the Ca
complexation capacities calculated from the enhanced CaSO4·2H2O solubility experiment, and
those obtained from the Langmuir-Freundlich fit to adsorption isotherm data.
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Table 2-2:

Comparison of titrated carboxylic acidity and the typical range of carboxylic
acidity for humic and fulvic acids with the Ca2+ sorption capacities determined by
the enhanced CaSO4·2H2O solubility experiment and by the Ca2+ titration of DOM
solutions.
Measurement

age of sample

days
7
Titrated carboxylic acidity
9
20
Carboxylic acidity range for humic and fulvic acids (Stevenson, 1994)

Acidity or
adsorption capacity
molc kg-C-1
8.5
9.2
9.9
1-10

Enhanced CaSO4 solubility experiment

7
10
20

--2.3
1.8

Ca adsorption capacity (qmax)
(from Ca-DOM adsorption isotherms)

7
9
10
20

5.4
6.2
4.4
4.2

Carboxylic acidity values were around 9 molc kg-C-1, within the range of 1-10 molc kg-C-1
commonly proposed for fulvic and humic acids (Stevenson, 1994), whereby fulvic acids that
most likely comprise the major part of the compost derived DOM tend to have higher values than
humic acids. As I discussed above, the experiment looking at enhanced solubility of
CaSO4·2H2O showed significant Ca sorption by compost derived DOM, but was not accurate
enough to be used for screening changes in Ca sorption capacity of DOM with compost age.
However, due to the high Ca concentration in a saturated CaSO4·2H2O solution (0.016 M) it is
reasonable to assume that the amount of Ca sorbed by DOM is very close to the Ca sorption
capacity. The values calculated from the increase in Ca concentration in DOM solutions
compared to a blank (Figure 2-2) can therefore be used as a rough estimate of the Ca sorption
capacity. The estimates for the two samples analyzed by the enhanced solubility experiment were
around 2 molc kg-1 (section 2.2.3, Table 2-2). Somewhat higher values of maximum sorption
capacity were obtained from the Langmuir-Freundlich model fit to the isotherm data. However,
the values for Ca sorption capacity from these two separate experiments were within the same
order of magnitude and differed only by a factor of 2. They were both considerably lower than
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the titrated carboxylic acidity of the DOM solutions. The sorption experiments were conducted at
pH 6, where only a small fraction of the carboxylic ligands should be protonated and where
protons should not compete very much with Ca2+ for binding sites. However, it is generally
believed that Ca2+ sorption to humic materials is not very specific (Kinniburgh et al., 1999) and
that a major fraction is only sorbed electrostatically (Kinniburgh et al., 1996). Additionally, the
experiments were conducted at a background concentration of 0.08 M KCl. Some of the negative
charge of the DOM might have been neutralized by the K+ background ions. The experimental
results for Ca complexation capacities are therefore not in disagreement with the titrated
carboxylic capacity. I conclude that the Ca sorption capacities calculated using the LangmuirFreundlich model fall within a reasonable range and may be assumed to be reasonable estimates
of the true Ca sorption capacities, albeit without very high precision.
2.3.3.2

Discussion of error sources in metal-DOM sorption isotherm experiments

Despite taking great care to produce as accurate results as possible, for several samples the three
replicate titrations differed considerably (Figure B-1). Part of this variability might have been
caused by slight temperature variations in the laboratory from one replicate to the next. Since all
samples were aspirated with a constant flow of N2 before each titration and because they were
titrated under an N2 blanket maintained by the same N2 flow streaming into the headspace of the
beaker it seems unlikely that temperature variations were very large from replicate to replicate
nor that they were the sole source of error in the experiment.
In the following I will discuss how small errors in the measurement of free Ca2+
concentration (c) can cause large errors in calculated bound Ca (q). I will show that error in c not
only increases with increasing c, but also that this directly relates to increasing error in q.
Additionally I will show how the DOC concentration at which the experiment is performed can
be used to influence that error. Both discussions will turn out to be connected to each other.
First, recall equation (2-1):

q=

(ct − c )(Vo + v ) ,
mDOC

where q = sorbed amount [mol kg-C-1], c = free Ca2+ concentration [mol L-1], ct = known
total Ca added [in mol L-1], mDOC = amount of DOC in solution [kg-C], V0 = volume of the
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solution at the beginning of the titration [L], and v = volume of CaCl2 standard solution added
[L]. The total concentration ct is itself a function of the added volume of standard solution (v)
and its concentration cs [mol L-1]:
(2-8)

ct =

vcs
V0 + v

The amount of DOC in solution mDOC can be calculated from the initial volume and the
initial DOC concentration cDOC [kg-C L-1]:
(2-9)

mDOC = V0 ⋅ cDOC

Combining equations (2-8) and (2-9) with (2-1) yields:

(2-10)

 vcs


− c (Vo + v )
V +v

q= 0
,
V0 ⋅ cDOC

which simplifies to:
(2-10a)

q=

vcs − c(Vo + v )
V0 ⋅ cDOC

Assuming that the concentration of the titration standard (cs), the initial solution volume (V0)
and the DOC concentration (cDOC) are known without significant error, two sources of error
remain in the formula that can contribute to error in q. They are error in the total volume of
standard added (v) and error in the measured free concentration (c).
Usually, the error of a variable q, calculated from variables x and y that are associated with
random error, can be estimated using Gauss’s equation for propagation of random error:
2

(2-11)

2

 ∂f 
 ∂f 
if q = f ( x, y ) , then σ =   σ x2 +   σ y2 ,
 ∂x 
 ∂y 
2
q

where σ 2 indicates variances for the respective variables. This equation is based on a
truncated Taylor series expansion of the deviations around the mean values of q, x, and y.
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However, the equation in this form only applies if the variables x and y are independent of each
other. If that is not the case, the covariance term needs to be included:
2

2

 ∂f 
 ∂f 
 ∂f  ∂f 
σ =   σ x2 +   σ y2 + 2σ xy    ,
 ∂x 
 ∂x  ∂y 
 ∂y 
2
q

(2-12)

where σ xy is the covariance between x and y, which is not 0 if the errors in x and y are not
independent of each other.
In the case of a titration experiment as expressed in equation (2-10a), it is quite obvious that
error in c will be related to error in v, thus equation (2-12) would have to be used for calculating
the error propagation.
First, it is necessary to determine the partial derivatives of (2-10a):
(2-13)

 ∂q   ∂  vcs − c(Vo + v )  − 1
=
  =  
 ∂c   ∂c  V0 ⋅ cDOC  cDOC

(2-14)

1
 ∂q   ∂  v(cs − c ) − cVo 
(cS − c )
=
  =  

 ∂v   ∂v  V0 ⋅ cDOC  V0 ⋅ cDOC

 V0 + v 


 V0 

Combining (2-13) and (2-14) with (2-12) yields:
2

1 V + v  2
1
1
 σ c + 2 2 (cS − c )2 σ v2 − 2σ cv 2 2 (V0 + v )(cS − c )
σ = 2  0
cDOC  V0 
V0 cDOC
V0 cDOC
2
q

(2-15)

Examining equation (2-15) one can see that the first two summation terms are positive, while
the covariance term actually reduces the overall variance of q4. Most importantly, however, this

4

Because c will vary in the same direction as v, the covariance

σ cv =

n

1
N

∑ (c

i

i =1

σ cv

must be positive, because

− c )(vi − v ) . With both (V0 + v) and (cS + c) being positive the whole covariance term in

equation (2-15) is positive and since it is subtracted from the two positive variance terms, will decrease the
overall sum.
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2
equation shows that σ q2 is indirectly proportional to cDOC
. Unfortunately I do not have an

estimate of the covariance σ cv . For the sake of discussing the impact of electrode accuracy on
error in calculating q, I will therefore assume that the only source of error comes from
measurement of c. Despite the negative contribution from the covariance term the overall error in
q should be higher when considering errors in both c and v than considering error in c alone.
When assuming only error in c, equation (2-15) reduces to:
2

(2-15a)

v
1 
σ = 2 1 +  σ c2
cDOC  V0 
2
q

Equation (2-15a) can be further expanded by evaluating σ c2 , again through error propagation
calculations. The free concentration c was measured using a Ca selective electrode. The response
in mV of ion selective electrodes is always a linear function of the logarithm of c (at constant
ionic strength). Calibrations with solutions of known Ca concentrations at the same ionic
strength as the DOM solutions, or calibration titrations with known added quantities of Ca are
usually performed to identify the response function of the electrode. Given a known calibration
function, the free Ca concentration (c) can be calculated from the measured electrode response
emf (in mV) according to:
(2-16)

log c = a0 + a1 ⋅ emf ,

with a0 and a1 the linear calibration parameters. Log c is converted into c according to:
(2-17)

c = 10 log c = 10 a0 + a1⋅emf

In the following discussion I will initially ignore any contribution of error in the calibration
parameters, which would increase the error in c even further than considering error in emf alone.
Thus, assuming that in equation (2-17) only emf contributes significant error, the standard error
propagation model (2-11) can be used to calculate the error in c caused by error in emf
measurements:

35
(2-18)

 ∂c
σ = 
 ∂emf
2
c

2

 2
 σ emf


Calculating the first derivative of (2-17):

(2-19)

∂c
∂
=
10 a0 + a1⋅emf = a1 ⋅ ln 10 ⋅ 10 a0 + a1⋅emf
∂emf ∂emf
= a1 ⋅ ln 10 ⋅ c

(

Combining (2-19) and (2-18 DQGVHWWLQJ

)

emf

to the accuracy of ion selective electrode

measurements of 0.1 mV results in:
(2-20)

σ c2 = (a1 ⋅ ln 10 ⋅ 0.1)2 ⋅ c 2

Because the response of the electrode is a function of the logarithm of the free metal
concentration (c), the variance of the measured free Ca2+ concentration (c) is proportional to the
square of the concentration itself. Thus constant absolute error in emf of 0.1 mV translates into
constant relative error in c:
(2-21)

σc
= a1 ⋅ ln 10 ⋅ 0.1
c

A typical value of a1 found during my calibrations was 0.034, thus:
(2-22)

σc
= 0.034 ⋅ ln 10 ⋅ 0.1 = 0.0078
c

This means that the error in determining free Ca2+ cation concentration using an ISE with a
0.1 mV accuracy is about 0.78 % of the free Ca2+ concentration. Most of the calibration titrations
performed in this set of experiments had R2 values of 0.9999 or higher. Therefore error in a0 and
a1 determined by linear regression of log c on emf was very small. When this error was
propagated including the covariance term between a0 and a1, the value in equation (2-22)
increased to 0.009 – 0.011. Even though this relative error in measuring c seems very small and
is probably better than any error associated with other analytical techniques such as ion
chromatography, capillary electrophoresis, or atomic absorption spectrophotometry, this has
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severe implications for calculating the sorption isotherm. Metal-DOM sorption isotherms usually
are of the L-shape type (Sparks, 1995). After an initial steeper portion, they asymptotically
approach a maximum sorption capacity, mandated by the finite number of negatively charged
binding sites. This means that at higher free metal concentrations where additional sorption with
increasing free concentration is very small, the errors in calculating the sorbed amount increases
because the error of calculating c is much larger than at the initial part of the sorption isotherm at
low c concentrations. This becomes clearer when inserting equation (2-20) into equation (2-15a):
2

(2-23)

1 V + v 
 (a1 ⋅ ln 10 ⋅ 0.1)2 ⋅ c 2
σ = 2  0
cDOC  V0 
2
q

Taking the square root:
(2-24)

σq =

1  V0 + v 
(a1 ⋅ ln 10 ⋅ 0.1) ⋅ c

cDOC  V0 

The error in q, σ q , is directly proportional to the free metal concentration c. This means, that
at higher free metal concentrations, the error in q is much larger than at lower concentrations.
Dividing equation (2-24) by equation (2-1) yields the relative error in q:
(2-25)

σq
1
=
q cDOC

(2-25a)

σq
c
= (a1 ⋅ ln 10 ⋅ 0.1) ⋅
q
ct − c

 V0 + v 
c

(a1 ⋅ ln 10 ⋅ 0.1) ⋅
(ct − c )(V0 + v ) , which simplifies to:
 V0 
V0 ⋅ cDOC

Again using the experimental value for a1 = 0.034, this further reduces to:
(2-25b)

σq
c
= 0.0078 ⋅
q
ct − c

This demonstrates clearly that the relative error in q is inversely proportional to the
difference between added total concentration ct and measured free concentration c.
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Table 2-3 shows the huge effect that just 0.1 mV error of the ion selective electrode has on
the relative error of the adsorption isotherm. While the relative error in c remains constant (2-22)
the relative error in q increases with increasing ratio of free Ca2+ to total Ca concentration, which
means that in general error in q increases with increasing c. Table 2-3 also shows that sorption
isotherm data points above a certain ratio of free to total Ca concentration should be discarded
because of the large error in q. A reasonable cutoff point may be c/ct < 0.95 when the relative
error in q will have increased to almost 15%.

Table 2-3:

Relationship between ratio of free Ca2+ concentration to total Ca concentration
and relative error in c and q, assuming an electrode error of 0.1 mV.
c
ct

σc
c

σq
q

0.5
0.75
0.9
0.95
0.99

0.0078
0.0078
0.0078
0.0078
0.0078

0.0078
0.0234
0.0702
0.1482
0.7722

In equation (2-15a) I showed that the error in q was inversely proportional to the DOC
concentration. Equation (2-25b) seems to contradict that conclusion, as cDOC is not a variable in
that equation. However, it is important to remember that in an ideal situation the relationship
between q and c is not a function of the DOC concentration. This can be verified by looking at
the different sorption isotherm models (equations (2-2), (2-5), and (2-7)) that never include the
concentration of the sorbent. In equation (2-25b) the denominator term (ct – c) can be interpreted
as the concentration of sorbed metal in mol L-1 for that particular solution. If the DOC
concentration cDOC is increased by the factor m, then at the same values for q and c, the sorbed
FRQFHQWUDWLRQZLOOLQFUHDVHE\WKDWIDFWRUDVZHOOFDXVLQJWKHUHODWLYHHUURULQT

q/q)

to be

reduced by the factor m. The following scenarios may clarify this.
Scenario 1: Select a free metal concentration c1 = c mol L-1, and DOC concentration
cDOC1 = x kg L-1. In equilibrium with c1 is a sorbed concentration q1 = q mol kg-1 and a total
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metal concentration ct1 = ct1 mol L-1. The relative error of q is (again assuming only 0.1 mV
electrode error contributing to the overall error):
(2-26)

σq
c
= 0.0078 ⋅
q1
ct1 − c
1

Scenario 2: Maintain free metal concentration c2 = c1 = c mol L-1, but increase DOC
concentration by a factor of m to cDOC2 = mÂFDOC1 = mÂ[NJ/-1. Because the sorbed concentration
q is in equilibrium with the unchanged free concentration c it is itself unchanged
q2 = q1 = q mol kg-1. Because the sorbent concentration was increased by the factor m, the
difference between total concentration and free concentration (ct2 – c) must have increased by the
same factor over the difference in scenario 1:
(2-27)

(ct 2 − c ) = m ⋅ (ct1 − c )

Therefore:
(2-28)

σq
c
c
= 0.0078 ⋅
= 0.0078
q2
(ct 2 − c )
m ⋅ (ct1 − c )
2

It follows from equations (2-26) and (2-28) and from q1 = q2 = q that:
(2-29)

σq
1 σq
=
q
m q
2

1

The relative error of q in scenario 2 is by a factor m lower than the relative error in scenario
1, the same factor by which the DOC concentration was increased. Consequently, sorption
isotherms measured with ion selective electrodes, or any other method that causes a constant
relative error in the measured free metal concentration, should be performed at DOC
concentrations as high as possible, at least, if the parts of the isotherm at higher free metal
concentrations are of interest, where c/ct is close to one (see Table 2-3).
While these considerations seemed trivial in hindsight, they were not part of the original
planning of the titration experiments. When designing the titration experiments, the focus was on
reducing any potential impact of the soluble organic matter on the electrode. A DOC
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concentration near 0.25 g L-1 was chosen that fell well within the range of values that other
authors have used for Ca titrations with Ca selective electrodes (Table 2-1). The problem of error
propagation is not discussed in any of the listed references in Table 2-1. Kinniburgh et al. (1996)
note that high sorbent concentrations allow measuring metal binding at very low free metal
concentrations, but do not discuss the implications for high metal concentrations. Dempsey and
O’Melia (1983) briefly discuss the influence of error in potentiometric pH measurement on
determining the charge density of a fulvic acid at different pH and total fulvic acid charge. With
regards to Ca2+ measurements they emphasize the problem of electrode instability and drift,
which could be ruled out for the Orion 9720 ionplus Ca2+ electrode used in this study.
While the error propagation experiments indicate that errors in the sorption isotherms can be
dramatically reduced by increasing the sorbent concentration, it is important to point out that at
very high DOC concentrations, the assumption that the relationship of q and c (i.e. the sorption
isotherm) is independent of sorbent concentration may not be valid. This could be caused by
interaction between the sorbent molecules, changes in their conformation or the formation of
sorbent colloids. A sound balance between reduction of error and maintenance of realistic
conditions has to be found. In the light of these criteria, it seems questionable whether either the
0.065 mg L-1 fulvic acid used by Pinheiro et al. (1999) or the 5.28 mg L-1 used by Milne et al.
(1995) were the adequate approaches. If one is interested in the initial part of the sorption
isotherm, lower DOC concentrations can be used because the error in q is lowest at the beginning
of the isotherm. However, if one wants to calculate maximum sorption capacities from the
isotherm data, the later part of the isotherm is of higher interest and care has to be taken to
minimize the error by using an appropriate DOC concentration.
Finally, I have to point out that these error propagation considerations apply to random
errors. They may therefore not fully explain the variability in my experimental sorption
isotherms (Figure B-1). The distinct difference of the three replicate isotherms points to some
systematic errors, such as electrode drift for example. While the error propagation considerations
would not apply to electrode drift, they may nonetheless provide a comparison as to the effect
that a small variation in electrode accuracy (0.1 mV) can have on the calculated values of q.
From a statistical standpoint it may therefore be beneficial to conduct metal-DOM sorption
experiments in a completely randomized experiment, where a separate solution is prepared for
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each data point of the sorption isotherm and the solutions are then measured in a randomized
order, thus avoiding the systematic influence of electrode drift.

2.4

Conclusion

I have shown that compost derived DOM can sorb significant amounts of Ca2+, even at high Ca
background concentrations. While solubility of CaSO4·2H2O in the presence of DOM increased
significantly compared to DOM free solutions, the data were not precise enough to study effects
that compost age might have had on Ca complexation capacity. Ca-DOM sorption isotherms also
showed clear sorption of Ca to compost derived DOM. While simple or two-site Langmuir
isotherm models could not adequately describe the experimental data, good fits could be
obtained for the Langmuir-Freundlich model. This model allowed not only for non-ideal sorption
behavior, as is often encountered when looking at metal sorption to DOM (Kinniburgh et al.,
1996), but also included a parameter for the sorption capacity, that is, it had an upper limit,
which is necessary to describe the finite number of negatively charged binding sites in a DOM
solution.
The sorption capacities obtained from the Langmuir Freundlich model fits fell within a
reasonable range of values and also agreed well with carboxylic acidities obtained by pH titration
and with data estimated from the enhanced CaSO4·2H2O solubility experiment. On the other
hand, there was great variability in the isotherms and for several samples replicates varied
considerably from each other. Apart from possible temperature variations one of the major
problems in these types of titration experiments is the propagation of small errors in determining
the free metal concentrations to very large errors in calculated amounts of sorbed metal. A
rigorous calculation of the error propagation showed that the relative error of the calculated
sorbed amount was a function of the ratio between free metal concentration and difference
between total and free metal concentration. Sorption isotherm data points should only be
measured for ratios of free to total metal concentrations of less than somewhere around 0.95 in
order to avoid overly large errors in calculated sorption. When the maximum sorption capacity of
a particular sorbent is of interest it is necessary to measure the sorption isotherm at high free
metal concentration, where it closely approaches the sorption capacity. However, for metals that
are not sorbed very strongly, like Ca2+ (Kinniburgh et al., 1999), this means measuring at high
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free metal concentrations, where the sorbed metal amounts to only a fraction of the free
concentration. The error calculations have shown that the relative error of the calculated sorbed
concentration increases dramatically in that situation. However, it is possible to decrease the
error by increasing the sorbent concentration, keeping in mind that at very high sorbent
concentrations the adsorption isotherm may not be independent anymore from sorbent
concentration due to interaction between individual sorbent molecules.

Chapter 3

Compost, CaCO3, and Gypsum Effects on Ca and Al
Transport in Acidic Minespoil

3.1

Introduction

As I explained in the first chapter, the literature that deals with different minespoil reclamation
efforts has given little attention to the impact of surface treatment on subsoil chemistry. Since
subsoil acidity is an important factor in limiting plant growth on many highly weathered
(tropical) soils used for agricultural production, it is helpful to take a look at the research
conducted on subsoil amelioration in those areas. Some of the experiences and approaches may
be applicable to acidic minespoils as well.
Experience with highly weathered soils has shown that surface incorporated CaCO3 does not
usually significantly affect the untreated subsoil (Mathews and Joost, 1990; Pavan et al., 1984;
Ritchey et al., 1980). The reasons are low solubility of CaCO3 and quick neutralization of
alkalinity in the subsoil, leaving Ca2+ without accompanying anions, which results in reduced
mobility and quick sorption in the subsoil (Sumner, 1995). Surface applied gypsum
(CaSO4·2H2O) provides a more soluble1 source of Ca than CaCO3 and can significantly reduce

1

More correctly a more mobile source of Ca. See Figure 3-1 and surrounding discussion below.
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Al saturation of naturally acidic subsoils by increasing exchangeable Ca and reducing
exchangeable Al (Oates and Caldwell, 1985; Pavan et al., 1984; Ritchey et al., 1980; Sumner et
al., 1986; Sumner, 1995; Wendell and Ritchey, 1996). Toma et al. (1999) found a significant Ca
increase in the subsoil of an Ultisol 16 years after gypsum application. Both Oates and Caldwell
(1985) and Sumner et al. (1986) did not find significantly increased export of Al accompanying
the decrease in exchangeable Al attributing the effect to polymerization of Al induced by higher
pH and high sulfate concentrations.
In addition to gypsum, application of organic matter to the surface has resulted in
detoxification of subsoil Al3+ through complexation with dissolved organic matter (DOM)
(Hargrove and Thomas, 1981; Hue 1992; Liu and Hue, 1996, Hue and Licudine, 1999).
Stehouwer et al. (1995a) indicated that sewage sludge increased the mobility of Ca in minespoil
material amended with gypsum containing flue gas desulphurization by-products, but they did
not examine the impact of this on untreated subsoil material.
The results from the previous chapter have clearly shown that compost derived DOM has
significant Ca sorption capacities and that compost age did not significantly affect that property.
Compost derived DOM can also be expected to have Al detoxifying potential. It therefore
seemed worthwhile to investigate the effect of compost on subsoil chemistry in acid minespoil
reclamation, especially, when used in addition to CaCO3 that is necessary to neutralize acidity in
the surface layer. Because overall Ca solubility and mobility might have an effect I was also
interested in the effect that gypsum instead of compost and in addition to compost and CaCO3
might have on subsoil chemistry. Gypsum is generally believed to be a more soluble form of Ca
than CaCO3. However, that is true only for alkaline pH as can be seen in an activity ratio
diagram for gypsum and calcite (Figure 3-1). This diagram was constructed using the following
two dissolution reactions2:

2

(3-1)

CaSO4·2H2O(s) ↔ Ca2+(aq) + SO42-(aq) + 2 H2O

log K = -4.6

(3-2)

CaCO3(s) + 2 H+(aq) ↔ Ca2+(aq) + CO2(g) + H2O

log K = 9.7

Thermodynamic data taken from Stumm and Morgan (1996).
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Up to neutral pH the activity ratio diagram indicates that gypsum is less soluble than CaCO3.
However, equation (3-2) shows that the dissolution of calcite leaves Ca2+ without accompanying
anions and hence the small mobility of Ca observed in tropical soils treated with CaCO3
(Mathews and Joost, 1990; Pavan et al., 1984, Ritchey et al., 1980). Gypsum on the other hand
dissolves to Ca2+ and SO42-, which can co-migrate downwards in the soil profile, leading to the
reported beneficial effects of gypsum on subsoil toxicity in highly weathered tropical soils
(Oates and Caldwell, 1985; Pavan et al., 1984; Ritchey et al., 1980; Sumner et al., 1986; Sumner,
1995; Wendell and Ritchey, 1996), a benefit I hoped to identify for acidic minespoils as well.
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Figure 3-1:

Activity-ratio diagram for Gypsum (CaSO4·2H2O) and calcite (CaCO3) at two
different CO2 partial pressures and two different levels of sulfate activity for a
range of pH values. At any given pH the solid with the highest activity ratio
determines the solubility.

This chapter describes a small-scale laboratory column study that was conducted to assess
the influence of gypsum and compost in addition to CaCO3 on subsoil chemistry in highly acidic
minespoil material. The aim was to follow changes in soil solution and spoil material below the
zone of incorporation of the surface amendments, with an emphasis on Al and Ca and the impact
of soluble organic matter, while focusing purely on chemical processes, eliminating any
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influence of plant and root growth. I used segmented columns to be able to follow changes in
leachate solution and soil properties at different depths below the amended surface.

3.2

Material and Methods

3.2.1

Spoil and compost material

In December 1999 I collected shale dominated acidic minespoil material with many coarse
fragments and moderate amounts of soil separates in Jefferson County, Pennsylvania. After
screening to less than 20 mm, it was air-dried, and carefully crushed in a mortar until all of it
passed through a 2 mm sieve. The texture of the resulting material was a sandy loam with 78.5%
sand, 9.7% silt, and 11.8% clay. In a Mehlich 3 extract of the ground material I found 0.8 mmolc
kg-1 K+, 10.8 mmolc kg-1 Mg2+, and 13.6 mmolc kg-1 Ca2+. Exchangeable acidity in 1 M KCl
extracts (1:5 solid:solution suspension, shaken for one hour, filtered) was 77 ± 4 mmolc kg-1.
Exchangeable Al3+ in the same extracts was 43 ± 3 mmolc kg-1. Acidity as measured by the SMP
buffer pH method (Eckert and Sims, 1995) was 285 mmolc kg-1.
The experiments reported in Chapter 2 had shown that compost age did not seriously affect
Ca complexation capacity. For the compost amendments I therefore used compost from the
University Area Joint Authority Composting Facility (State College, PA) that had just finished
the controlled composting process and was about 23 days old. The material sampled for this
experiment contained 430 g kg-1 C, 22 g kg-1 N, 1.26 g kg-1 Ca (63 mmolc kg-1 Ca2+), and had a
pH of 6.8.

3.2.2

Leaching experiments

I used standard 60 mL syringes to construct small, segmented columns that could be leached at a
constant flow rate using a mechanical vacuum extractor (Centurion Model 24, Centurion
International, Lincoln, NE). A picture of the setup is shown in Figure 3-2. The segmentation
allowed me to sample leachate at different depths below the surface, in order to evaluate how
deep any observable effects of the surface treatments would reach.
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Reservoirs for adding deionized
water to the first segment) or
leachate from the preceding
segment to the subsoil segments
Subsoil segments

Syringe being used to pull
solution through individual
segments

First segment with amendments

Figure 3-2:

3.2.2.1

Picture of the vacuum extractor with the segmented soil columns. More detailed
description of the experimental design in Figure 3-3. This picture shows three
subsoil segments. Only the first two were used for my analysis.

First experiment - Incorporated compost

Each soil column consisted of three individual syringe segments (Figure 3-3). The first column
segment was filled with 48 g of spoil material, combined with one of three Ca sources (Control =
C, 13 g kg-1 CaCO3 = L, 13 g kg-1 CaCO3 + 22.3 g kg-1 gypsum = LG); each with (c) and without
(n) 68.8 g kg-1 compost, resulting in six different treatments, summarized in Table 3-1. The
CaCO3 application rate was selected to be the same as that used in the large column experiments
described in Chapter 4, where CaCO3 was added at a neutralizing capacity equaling the total
exchangeable acidity of the whole column. Gypsum was then added at the same Ca2+ equivalents
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as CaCO3. The other two segments per column represented the subsoil. Each was filled with 32 g
of spoil material. All segments were brought up to field capacity using deionized water and were
allowed to equilibrate overnight. The mechanical vacuum extractor was used to sequentially
leach each segment with either 40 mL through all segments or with consecutive batches of 5 mL
to sample leachate from each segment (Figure 3-3). The first segment received deionized water.
All other segments within one column received the leachate from the preceding segment. The
solution was leached through the columns at a rate of 20 mL h-1 (38 mm h-1). The experiment
was done in duplicate with one replicate at a time due to limited space on the vacuum extractor.

Table 3-1:

Matrix and names of the treatments applied to the first segment in the first
experiment with incorporated compost.
Calcium source
No Ca added
CaCO3† (13.0 g kg-1)
CaCO3 (13.0 g kg-1), gypsum‡ (22.3 g kg-1)
†
‡

No compost
Cn
Ln
LGn

Compost added
(68.8 g kg-1)
Cc
Lc
LGc

Analytical grade (EM Science, Gibbstown, OH)
Analytical grade (ICN Biomedicals, Inc., Aurora, OH)

All collected solutions were filtered through 0.45 µm membrane filters (Durapore® PVDF,
Millipore, Bedford, MA) and stored at 4°C until further analysis. Aluminum and Ca
concentrations were measured by atomic absorption spectrophotometry (AA), dissolved organic
carbon (DOC) as non-purgeable organic carbon on a Shimadzu TOC-5000A analyzer (Shimadzu
Scientific Instruments, Columbia, MD), and pH using an Orion Ross Semi-Micro pH electrode
connected to an Orion 520A pH meter (Orion Research, Beverly, MA).
At the end of the experiment the soil in the syringes was extracted with 1 M KCl (1:10
solid/solution ratio, one hour horizontal shaker, filtered). Aluminum, Ca, and Fe concentrations
were measured by AA, pH was measured as above.
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deionized water
(5 mL or 40 mL)
syringe
spoil
material

transfer
(40 mL or 5mL)

transfer
(40 mL or 5mL)

syringe
piston being
pulled down

sample
(5 mL)

first segment

second segment

third segment

48 g minespoil + amendments

32 g minespoil

32 g minespoil

“surface soil”

Figure 3-3:

3.2.2.2

sample
(5 mL)
discard
(40 mL)

sample
(5 mL)

“subsoil”

Schematic diagram of one segmented soil column. Leachate was moved through
the soil using a mechanical vacuum extractor at a flow rate of 38 mm h-1. Leachate
collected at the bottom of a segment was either sampled or transferred to the top of
the next segment. A picture of the actual setup in the laboratory is shown in Figure
3-2.

Second experiment – Pre-leaching and surface applied compost

The first experiment indicated that Ca mobility and solubility in the L treatments was very high
at the beginning of the leaching, probably as a result of the neutralization reaction of CaCO3 with
the acidic minespoil material. This coincided with the time when compost derived DOC
concentrations were highest, masking any potential compost effect. In order to separate the phase
of high initial Ca solubility from the potential impact of DOM I conducted a second experiment
in which the columns were pre-leached before compost was added.
The soil columns were prepared as described for the first experiment. Only three treatments
were examined: control (C), CaCO3 (L), and CaCO3+ gypsum (LG). After adding CaCO3 and
gypsum at the same ratios as in the first experiment, the columns were brought to field capacity
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with deionized water and equilibrated overnight. Then they were sequentially leached with nine
40 mL doses of deionized water, equivalent to the volume leached in the first experiment. At this
point I collected a round of 5-mL samples as described for the first experiment. Following this,
3.3 g compost, corresponding to a rate of 68.8 g kg-1, was surface applied to all first segments,
moistened to field capacity, and equilibrated overnight. The 40-mL leaching and 5-mL sampling
scheme described for the first experiment was then repeated six times. This experiment was
carried out with three simultaneous replicates. At the end the soil in each segment was extracted
with 1 M KCl. Leachates and extracts were analyzed as described for the first experiment.

3.2.3

Statistical analyses

All statistical analyses of the measured response variables in the two subsoil columns were
conducted with S-Plus (Mathsoft, 1999). Response in any subsoil segment was obviously not
independent of the preceding segment. Column segment could therefore not be viewed as an
independent predictor variable, but had to be treated as a factor with repeated measures.
Accordingly, the statistical layout for the first experiment was a randomized block factorial
design with repeated measures on the segment factor and complete randomization for the Ca
source and compost factors. Replication was added as a blocking factor in the first experiment
because replicate measurements were conducted consecutively. Because of lack of degrees of
freedom interaction between the other factors and the blocking factor was not included in the
ANOVA model. The second experiment was analyzed as a repeated measures factorial design
with repeated measures on segment and with complete randomization of Ca source. Blocking
was not needed because all replicates were analyzed at the same time.
Analysis of variance followed the general procedures outlined in Neter et al. (1996) and the
recommendations for repeated measures models in Girden (1992) and Kirk (1995). The ANOVA
tables for these repeated measures designs contained two error strata, one for the between
columns effects (Ca source and compost) and one for the error associated with the repeated
measures factor (segment), the within columns effect. Main factor level differences were tested
with the appropriate error stratum mean square error. If there was interaction between the
repeated measures variable (segment) and the other main factors, separate ANOVA tables were
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calculated for each segment in order to obtain the appropriate error variances for testing factor
level effects.
In the first experiment seven simultaneous tests had to be conducted to test three main factor
level effects, three two-way interactions, and one three-way interaction. At a family confidence
lHYHORI ≤HDFKRIWKHVHVHYHQWHVWVKDGWREHVLJQLILFDQWDW i DFFRUGLQJWRWKH
Kimball inequality (Neter et al., 1996). I tested treatment or factor level mean differences at a
IDPLO\FRQILGHQFHOHYHORI ZLWKLQGLYLGXDOWHVWOHYHOV calculated using the Bonferroni
inequality (Neter et al., 1996). In the second experiment, ANOVA involved three tests for two
main factor effects and one interaction. To be considered significant at a family confidence level
RI HDFKLQGLYLGXDOWHVWKDGWREHVLJQLILFDQWDW i IROORZLQJWKH.LPEDOO
LQHTXDOLW\,WHVWHGWUHDWPHQWRUIDFWRUOHYHOPHDQGLIIHUHQFHVDWDIDPLO\OHYHORI XVLQJ
the Bonferroni inequality to calculate individual test levels.

3.3

Results

3.3.1

Amended surface soils

Even though the focus of this chapter is on the subsoil I will briefly summarize and discuss
results for the amended surface segments (Table 3-2 and Table 3-3). Incorporating only compost
into the spoil material increased pH from 2.81 to 3.56 (Table 3-2). Incorporation allowed the
whole compost to buffer acidity, while in the second experiment only soluble organic matter
could buffer spoil acidity because the compost was surface applied, resulting in a final spoil pH
of 2.86 (Table 3-3), similar to the compost free control in the first experiment (Table 3-2).
As observed for forest O horizons (Vance and David, 1989), in the first experiment, when
compost was incorporated in the surface segment, less DOC was solubilized at the low pH of the
control than under neutral conditions in the L and LG treatments (Figure C-1). However leachate
DOC concentrations were not affected in any of the treatments when the compost was surface
applied in the second experiment (Figure C-1).
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Table 3-2:

Extractable cations (1 M KCl) and cumulative mass balance for the first
experiment. Means of two replicates. ANOVA results for the subsoil segments are
shown in Table 3-5.
Cumulative mass
balance†

Extractable cations (1 M KCl)
Treatment‡

Segment

Al

Ca

Fe
-1

––––––– mmolc kg –––––––

†
‡
§
¶

Al/Ca

pH

molc molc-1

Al

Ca
-1

––– mmolc kg –––

Cn

1

49.4

4.3

10.2

11.94

2.81

-11.4

-8.1

Cc

1

49.4

14.1

0.2

3.50

3.56

-5.7

-17.2

Ln

1

<0.04§

117.4

<0.02

7.41

––¶

-125.6

Lc

1

<0.04

125.6

<0.02

7.48

––

-130.0

LGn

1

<0.04

277.4

<0.02

7.50

––

-208.4

LGc

1

<0.04

285.3

<0.02

7.37

––

-207.1

Cn

2

48.4

4.2

13.0

11.65

2.75

-11.3

-6.3

Cc

2

44.3

9.1

8.4

4.84

2.87

-15.7

-7.3

Ln

2

29.4

37.5

5.6

0.82

2.95

-25.6

41.7

Lc

2

29.9

34.5

3.0

0.88

3.08

-27.3

54.3

LGn

2

22.5

51.8

5.3

0.44

2.94

-31.9

74.5

LGc

2

25.7

43.9

3.7

0.63

3.06

-24.1

83.0

Cn

3

49.3

4.2

14.9

11.74

2.75

-16.7

-5.9

Cc

3

45.5

6.4

11.2

7.14

2.78

-24.3

-5.0

Ln

3

37.7

22.5

10.8

1.71

2.79

-31.8

33.3

Lc

3

36.2

22.7

7.6

1.60

2.87

-19.1

36.5

LGn

3

31.0

36.9

10.1

0.84

2.79

-32.9

61.3

LGc

3

31.3

33.2

7.8

0.95

2.86

-37.4

67.7

Cumulative mass balance was calculated as the difference between cumulative ion losses from succeeding segments.
Cumulative ion losses were calculated by summing up the measured leachate concentrations over the leachate volume.
C = Control; L = CaCO3; LG = CaCO3 + gypsum; n = no compost; c = compost
Indicates values below the detection limit
Indicates that leachate concentrations were below the detection limit

Despite a cumulative loss of 7.2 mmolc kg-1 Al3+ from the first segment of the control
treatment during the sampling period of the second experiment (Table 3-3), extractable Al did
not differ much between the first and second experiments (Table 3-2 and Table 3-3). The total
amounts of Ca2+ added to the surface segments were 0 mmolc kg-1 for the control treatments, 260
mmolc kg-1 for the L treatments, and 520 mmolc kg-1 for the LG treatments (260 mmolc kg-1 Ca2+
from CaCO3 plus 260 mmolc kg-1 Ca2+ from CaSO4·2H2O), while 4.3 mmolc kg-1 Ca2+ was added
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with the compost. In the L treatments the leachate Ca concentration dropped from an initial value
of more than 30 mmolc L-1 to about 10 mmolc L-1 in the first experiment and further down to
below 5 mmolc L-1 in the second experiment (Figure 3-4), indicating either depletion or slower
dissolution rates of CaCO3 after an initial fast phase due to neutralization of the minespoil
acidity. The activity ratio diagram in Figure 3-1 showed that around pH 7 the solubilities of
CaCO3 and gypsum are very similar. However, the fact that Ca concentrations in the LG
treatments stayed at values above 25 mmolc L-1, the solubility of CaSO4·2H2O, for the duration of
the first experiment indicates that gypsum was dissolving faster than CaCO3, if not being slightly
more soluble under the actual conditions in the surface segments. However, even in the LG
treatments the Ca concentrations decreased during the second experiment, indicating depletion of
gypsum and shift of solubility control to remaining CaCO3.

Table 3-3:

Extractable cations (1 M KCl) and cumulative mass balance for the second
experiment for the sampling period after compost addition. Means of three
replicates. ANOVA results for the subsoil segments are shown in Table 3-6.
Cumulative mass
balance†

Extractable cations
Treatment‡

Segment

Al

Ca

Fe
-1

––––––– mmolc kg –––––––

†

‡
§
¶
#

C

1

46.5

L

1

LG

1

C

2

48.3

L

2

20.2

LG

2

13.7

C

3

L
LG

Al/Ca

pH

molc molc-1

Al

Ca
-1

–––– mmolc kg ––––

3.1

6.3

16.10

2.86

-7.2

-3.6

<0.04§

88.0

<0.02

––¶

6.73

––#

-40.6

<0.04

209.8

<0.02

––¶

6.93

––#

-117.7

1.9

19.4

27.72

2.74

-9.7

-0.2

41.5

2.7

0.49

3.03

-3.8

2.8

52.5

1.9

0.27

3.07

-5.3

32.5

46.0

1.6

12.5

31.95

2.70

-4.9

-0.6

3

30.8

22.7

7.5

1.38

2.81

-7.9

2.4

3

24.4

35.5

5.7

0.69

2.83

-10.4

15.9

Cumulative mass balance was calculated as the difference between cumulative ion losses from succeeding segments.
Cumulative ion losses were calculated by summing up the measured leachate concentrations over the leachate volume. These
values only represent the sampling period of the second experiment, i.e. after the compost was added.
C = Control; L = CaCO3; LG = CaCO3 + gypsum
Indicates values below the detection limit
Values not calculated because Al was below the detection limit
Values not calculated because leachate Al concentrations were below the detection limit
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Overall, much more Ca was lost from the first segment in the LG treatment than in the L
treatment, because of the higher solubility of gypsum (Figure C-2, Table 3-2 and Table 3-3). At
the end of the experiments, more Ca remained extractable in the LG treatments (Table 3-2 and
Table 3-3). The high values of extractable Ca in the amended surface material seemed to indicate
that I might have extracted all CaCO3 and/or CaSO4·2H2O that was left in the soil. Could this be
the case? A simple solubility calculation may help here: I will first consider the L treatments,
where I had added 260 mmolc kg-1 Ca2+. The cumulative mass balance indicates that 130 mmolc
kg-1 were lost in the first experiment (Table 3-2) and an additional 40 mmolc kg-1 during the
sampling phase of the second experiment (Table 3-3). This means that a maximum of 130 mmolc
kg-1 should have been left in the soil. The extraction with 1 M KCl occurred at a 1:10 solid to
solution ratio, giving a total Ca concentration in the KCl-soil suspension of 13 mmolc L-1 Ca2+.
While the solubility of CaCO3 in equilibrium with atmospheric CO2 amounts to only about 1.2
mmolc L-1 Ca2+, it can be expected to be much larger in the 1 M KCl which had a pH around 7
(Table 3-2, Table 3-3). A calculation with the speciation model ECOSAT showed that at pH 7
the solubility of CaCO3 in 1 M KCl was about 13 mmolc L-1. Considering that not all of the Ca
remaining in the surface soil was necessarily in the form of CaCO3, it is reasonable to assume
that the 1 M KCl extraction was able to remove all Ca left in the surface soil of the L treatments.
In the LG treatments the same reasoning applies, considering that the same neutralization
reactions as in the L treatments must have occurred, dissolving equal amounts of CaCO3.
Whatever amount of the added gypsum was left in the soil of the LG treatments was possibly
more soluble than CaCO3 and should have easily been extracted by 1 M KCl. I therefore assume
that the KCl extractable Ca in the surface soils was an adequate estimate of the total Ca left in
those segments.
Based on this assumption I was then able to calculate Ca recoveries based on the total
amount added (known), Ca remaining at the end of the leaching (assumed to be equal to the 1 M
KCl extractable Ca2+), and the cumulative mass balance (calculated from the leachate
concentrations). The calculated Ca recoveries for the amended surface material were between 94
and 103 percent (Table 3-4). I therefore assumed that the cumulative mass balance calculations
were reasonable approximations of the actual mass balances. Additionally, Table 3-4 shows that
the difference in extractable Ca between the first and second experiment corresponded very well
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with the calculated cumulative loss of Ca from the first segment during the sampling phase of the
second experiment.

Table 3-4:

Mass balance calculations for Ca in the first segments of the L and LG treatments
for both experiments.

First experiment
A

B
C
Total leachate Ca2+ accounted for
Treatment extractable Ca2+† mass balance†
A-B
-1
-1
mmolc kg
mmolc kg
mmolc kg-1
117.4
-125.6
Ln
243.0
125.6
-130.0
Lc
255.6
277.4
-208.4
LGn
485.8
285.3
-207.1
LGc
492.4

D

C/D

Total Ca2+ added
mmolc kg-1
260.0
260.0
520.0
520.0

Recovery
kg kg-1
0.941
0.989
0.940
0.953

Second experiment
A

B
Total leachate
Treatment extractable Ca2+‡ mass balance‡
mmolc kg-1
mmolc kg-1
88.0
-40.6
L
209.8
-117.7
LG

C
Loss during
pre-leaching§
mmolc kg-1
-125.6
-208.4

D
E
D/E
Ca2+ accounted for
A-B-C
Total Ca2+ added Recovery
-1
mmolc kg
mmolc kg-1
kg kg-1
254.2
260.0
0.978
535.9
520.0
1.031

† Taken from Table 3-2
‡ Taken from Table 3-3
§ Assumed to be equal to total mass balance for the first experiment of the Ln and LGn treatments and taken from Table 3-2

3.3.2

Subsoil

3.3.2.1

pH

In both experiments, adding CaCO3 to the surface increased subsoil pH, while gypsum had no
additional effect (Table 3-5 and Table 3-6). Surface incorporated compost also increased subsoil
pH, indicating some acid neutralizing contribution of the soluble organic matter (Table 3-5).
While pH generally decreased with depth in the L and LG treatments the pH in the third segment
of these treatments was still higher than in the control (Table 3-5 and Table 3-6). Even though
significant, the maximum treatment differences detected in the first experiment were 0.13 pH
units, too small to alleviate Al3+ toxicity. In the second experiment with twice as much leaching
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volume, the subsoil pH of the L and LG treatments was between 0.1 and 0.5 pH units higher than
that of the control treatment. While leachate pH increased slightly in the second segments of L
treatments, the overall pH change was very small (Figure C-3). Compost seemed to increase pH
slightly in the first experiment, but hardly in the second. Had the compost had any effect, I would
have expected to see the pH of the leachate solutions increase after the compost was applied
(Figure C-3).

16
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First experiment

12
compost added

10
8
6
4

Second experiment

30
1st segment
2nd segment
3rd segment

25
20
15

open: no compost
filled: compost
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compost added

0

0

CaCO3

14

CaCO3

35

12

Ca [mmol c L -1 ]

Al [mmol c L -1 ]

First experiment

5

2

10
8
6
4
2

30
25
20
15
10
5

0

0

CaCO3 + Gypsum

CaCO3 + Gypsum

35

Ca [mmol c L -1 ]

14

Al [mmol c L -1 ]

Control

35

Second experiment

Ca [mmol c L -1 ]

Al [mmol c L -1 ]

40

Control

12
10
8
6
4
2
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25
20
15
10
5

0

0
0

200
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leachate volume [mL]

Figure 3-4:

600

0

200

400

600

leachate volume [mL]

Leachate Al (left panel) and Ca (right panel) concentrations. Data for both
experiments are printed in one graph because the compost free treatments in the
first experiment can be assumed to represent the leachate conditions during the
pre-leaching in the second experiment. The vertical arrow indicates the addition of
compost in the second experiment. Means of two replicates for first experiment and
three replicates for the second experiment.
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Table 3-5:

Analysis of variance results for the data in Table 3-2 (first experiment with
incorporated compost, three factors with repeated measures on segment). Only
data for the subsoil segments were included in the analysis, with two replicates per
treatment.
Extractable cations
Al

Ca

Fe

Cumulative mass balance
Al/Ca†

pH

Al

Ca

–––––––––––––––––––––––––––––––––– p values ‡––––––––––––––––––––––––––––––––––
Between columns
Calcium source (S)
Compost (O)
SxO

0.000

0.000

0.000

0.003

0.002

0.000

0.000

0.542

0.531

0.001

0.518

0.003

0.535

0.109

pooled§

0.202

pooled

pooled

pooled

0.001

pooled

Within columns
Segment (D)

0.000

0.000

0.000

0.000

0.000

0.243

0.017

SxD

0.010

0.003

0.014

0.000

0.023

0.573

0.104

OxD
SxOxD

0.319

0.474

0.839

0.071

0.141

0.958

0.587

pooled

pooled

pooled

pooled

pooled

pooled

pooled

––––––––––––––––– Significant factor and treatment level differences¶ –––––––––––––––––
Calcium source

LG > L > C

D=2

C > L, LG#

L, LG > C

C > L, LG

NS

L, LG > C

D=3

C > L > LG

LG > L > C

C > L, LG

L > LG

L, LG > C

O=c

C, L > LG

O=n

C > L, LG

Organic matter

n>c

c>n

S=L

c>n

S = LG

NS

S=C

n>c

Segment
S=L

†

3>2

2>3

3>2

3>2

2>3

S = LG

3>2

S=C

NS††

2>3

3>2

3>2

2>3

NS

3>2

––†

NS

The control treatments (Cc, Cn) were excluded in the analysis of Al/Ca because their values were several orders of magnitude
higher than in the L and LG treatments (Table 1).
‡ 6LJQLILFDQWDWWKH  IDPLO\OHYHOIRUDOOVHYHQWHVWVLIS-value was smaller than 0.015 (Kimball inequality)
§ ,QGLFDWHVWKDWWKHLQWHUDFWLRQWHUPZDVQRWVLJQLILFDQWDW  DQGWKHVXPVRIVTXDUHVZHUHSRROHGZLWKWKHHUURUVXPVRI
squares as recommended by Neter et al. (1996).
¶ 6LJQLILFDQWDWWKH  IDPLO\OHYHOIRUDOOVKRZQFRPSDULVRQVZLWKLQHDFKUHVSRQVHYDULDEOH)DPLO\-wise error rate
controlled by the Bonferroni method.
# C = Control; L = CaCO3; LG = CaCO3 + gypsum; n = no compost; c = compost; 2 = first subsoil segment; 3 = second subsoil
segment.
†† 1RVLJQLILFDQWGLIIHUHQFHVDWWKH  IDPLO\OHYHO
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Table 3-6:

Analysis of variance results for the data in Table 3-3 (second experiment with preleaching and surface applied compost, two factors with repeated measures on
segment). Only data for the subsoil segments were included in the analysis, with
three replicates per treatment.
Extractable cations
Al

Ca

Fe

Cumulative mass
balance
Al/Ca†

pH

Al

Ca

––––––––––––––––––––––––––––––––– p values‡ –––––––––––––––––––––––––––––––––
Source of variation
Between columns
Calcium source (S)

0.000

0.000

0.002

0.007

0.000

0.120

0.002

Segment (D)

0.000

0.000

0.666

0.001

0.000

0.360

0.073

SxD

0.001

0.002

0.016

0.045

0.008

0.056

0.076

Within columns

––––––––––––––– Significant factor and treatment level differences§ –––––––––––––––
Calcium source

L > LG†
C > L, LG¶

LG > L > C

C > L, LG

L, LG > C

D=3

C > L > LG

LG > L > C

C > L, LG

L, LG > C

S=L

3>2

2>3

NS

2>3

S = LG

3>2

2>3

NS

2>3

S=C

NS#

NS

NS

NS

Segment

†
‡
§
¶
#

LG > L, C

D=2

3 > 2†

The control treatment (C) was excluded in the analysis of Al/Ca because its values were several orders of magnitude higher
than in the L and LG treatments (Table 3).
6LJQLILFDQWDWWKH  IDPLO\OHYHOIRUWKHWKUHHWHVWVLIS-value was smaller than 0.017 (Kimball inequality)
significant at tKH  IDPLO\OHYHOIRUDOOVKRZQFRPSDULVRQVZLWKLQRQHUHVSRQVHYDULDEOH)DPLO\-wise error rate
controlled by the Bonferroni method.
C = Control; L = CaCO3; LG = CaCO3 + gypsum; 2 = first subsoil segment; 3 = second subsoil segment.
No significDQWGLIIHUHQFHVDWWKH  IDPLO\OHYHO

3.3.2.2

Aluminum

In the first experiment, leachate Al concentrations decreased rapidly in all subsoil segments
within the first 100 mL of leachate volume, but never dropped below the AA detection limit of
0.0037 mmol L-1. Neither CaCO3, nor gypsum, nor compost in the surface segment greatly
affected Al concentrations in the subsoil leachates (Figure 3-4). As in the first experiment, Al
concentrations during the sampling phase in the second experiment were similar in all treatments
and decreased with increasing leachate volume (Figure 3-4). At the end of the second
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experiment, however, leachate Al concentrations in the L and LG treatments were lower than in
the control in both subsoil segments. In both experiments leachate Al concentrations increased
with increasing depth, showing that there was a cumulative effect, that is Al leached from upper
segments added to the Al being leached from lower segments.
Compost did not affect extractable subsoil Al (Table 3-5), but adding a Ca source to the
surface decreased extractable subsoil Al compared to the control in both experiments (Table 3-5
and Table 3-6). While no difference was observed in extractable subsoil Al between L and LG
treatments in the second segment, less Al was extracted from the third segment of the LG
treatments in both experiments (Table 3-5 and Table 3-6), indicating a deeper reaching effect
when gypsum was added to the surface.
3.3.2.3

Calcium

Some Ca was leached from the control treatment in the first experiment (Figure 3-4). Leachate
Ca concentrations were much lower in the second experiment where pre-leaching had depleted
most of the readily soluble Ca. The differences in Ca leaching from the first segment of the L
and LG treatments discussed in section 3.3.1 also affected leachate Ca concentrations in the
subsoil (Figure 3-4). During the first experiment, concentrations in the L treatments continually
decreased. They also decreased with depth, showing that Ca was sorbed in the subsoil. In the
second experiment leachate Ca continued to decrease, but concentrations did not change with
depth (Figure 3-4), indicating that no more Ca sorption was taking place. In the LG treatments
Ca concentrations did not decrease greatly in the leachate of any of the segments during the first
experiment but decreased with depth (Figure 3-4) indicating that Ca was sorbed in the subsoil. A
decrease of Ca in the first segment leachate during the sampling phase of the second experiment
seemed to indicate depletion of gypsum. However, decreasing concentrations with increasing
depth hinted at ongoing Ca sorption in the subsoil.
Cumulative mass balances calculated from leachate concentrations showed that more Ca was
sorbed in the subsoil of LG treatments than in the subsoil of L treatments in both experiments
and that Ca was lost from the control treatments (Figure C-2, Table 3-5 and Table 3-6).
However, in the first experiment there was no difference in extractable subsoil Ca between L and
LG treatments, while both had more extractable Ca than the control and in both more Ca was

59
extracted in the second than the third segment (Table 3-5). In the second experiment, where
cumulative mass balance indicated that after pre-leaching no more Ca sorbed in the subsoil of the
L treatment, extractable subsoil Ca was higher in the LG than in the L treatment (Table 3-3 and
Table 3-6). Again, except for the control, there was more extractable Ca in the second segment
than the third (Table 3-6). Compost did not affect either mass balance or extractable Ca in the
subsoil (Table 3-5). It is also interesting to note that in both L and LG treatments the sum of
estimated Ca sorption in the two subsoil segments was small compared to the total Ca leached
out of the first segment (Figure C-2).
3.3.2.4

Iron

Extractable subsoil Fe at the end of the experiment showed trends similar to Al (Table 3-2
through Table 3-6), but the total amount was small compared to Al and Ca, except for the control
treatments. Application of CaCO3 in the surface (L, LG) reduced subsoil Fe, especially in the
second segment (Table 3-2 and Table 3-3). In contrast to Al, compost did reduce extractable Fe
in the subsoil, most likely through the formation of insoluble Fe-DOM complexes.

3.4

Discussion

The only detectable effect of compost was a reduction of extractable Fe. The most likely form of
Fe in the subsoil should have been Fe(III) hydroxide solid phases with some possible
contribution from exchangeable Fe. On the one hand application of compost in the surface might
have had an influence on redox status, leading to reduction and dissolution of the Fe(III)
hydroxides. On the other hand, compost derived DOM might have formed complexes with solid
phase and exchangeable Fe. It is generally believed that Fe has stronger affinity for organic
matter than Al and that Fe-organic-matter complexes are stronger than Al-organic-matter
complexes (Schnitzer and Skinner, 1964). The formed complexes may have either leached out or
more likely precipitated due to their insolubility at high metal to organic carbon ratios (Schnitzer
and Skinner, 1964). The precipitated Fe-organic matter complexes may have been too strong for
Fe to be extracted by 1 M KCl, as indicated by the decrease of extractable Fe from 10.2 to 0.2
mmolc kg-1 in the first segment of the control treatment when compost was added (Table 3-2).
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Overall, Fe chemistry was not a focus of these experiments, but these result indicate that it may
be interesting to include closer scrutiny of Fe in future experiments with similar objectives.
I could not find evidence that compost derived DOM significantly affected subsoil Al and Ca
chemistry in the highly acidic minespoil used in this experiment. The minespoil material was
probably too acidic for the soluble organic matter to have an impact, even though the compost
was applied at a rate more than three times higher than that used by Hue and Licudine (1999),
who found that surface applied manure significantly reduced extractable subsoil Al in the acidic
subsoil of a tropical Ultisol.
Another beneficial effect of DOM could have been an increase in Ca solubility and thus
transport into the subsoil (Stehouwer et al., 1995a, Hue and Licudine, 1999). The experiments in
chapter 2 had shown that compost derived DOM can complex significant amounts of Ca2+.
However, Ca solubility was very similar in CaCO3 and CaCO3 + gypsum treatments. The acidity
(SMP buffer pH method) of the minespoil at the beginning of the experiment was
285 mmolc kg-1 and may have been enough to dissolve most or all of the 130 mmol kg-1 CaCO3
added. Figure 3-1 has shown that at the near-neutral pH that I measured in the surface segments
(Table 3-2, Table 3-3) CaCO3 solubility is very close to gypsum solubility. Additionally, acidic
minespoils contain high sulfate concentrations due to the oxidation of pyrite that might have
increased mobility of CaCO3 derived Ca2+. Thus, transporting sufficient amounts of Ca into the
subsoil was not the limiting factor in changing subsoil chemistry. In the second experiment we
did not explicitly test for a compost effect, but the fact that Ca sorption ceased in the L treatment
with continued leaching indicates that the surface applied compost did not enhance Ca sorption
in the subsoil.
Cumulative mass balances calculated from the leachate data showed that a significant portion
of the Ca mobilized in the amended surface was adsorbed in the subsoil, with sorption decreasing
with increasing depth (Table 3-2). However, a large amount of Ca also passed through the
subsoil without being sorbed. Even though Ca2+ concentrations still ranged between15 and 5
mmolc L-1 in the L treatment during the second experiment, sorption appeared to cease in both
subsoil segments. This is particularly surprising, as leachate Al concentrations had also dropped
to very low levels (Figure 3-4). However, due to the higher selectivity of soil colloids for Al3+
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(Bruggenwert and Kamphorst, 1982), the remaining Al might have prevented further Ca
sorption. Nonetheless, there is evidence that overall some exchange of Ca2+ for Al3+ had taken
place in all treatments but the control. Besides H+, Ca2+ would most likely have exchanged for
Al3+ and Fe3+ in the subsoil. Figure 3-5 shows that a very high correlation existed between
extractable Ca2+ and the sum of extractable Al3+ and Fe3+ for all treatments except the control.
The structural relations calculated according to Webster (1997) have a slope close to one for both
experiments. This means that for each equivalent of sorbed Ca2+ the sum of extractable Al3+ and
Fe3+ in the subsoil was permanently reduced by about one equivalent.
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Figure 3-5:

Correlation between the sum of extractable Al and Fe and extractable Ca in the
subsoil. Lines calculated by structural analysis assuming the error for both
variables was approximately equal (Webster, 1997).
C = Control, L = CaCO3, LG = CaCO3 and gypsum.
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Mass balances for Al on the other hand provided evidence that subsoil Al was only partially
affected by exchange for Ca. While the control treatment lost significant amounts of Al during
the sampling phase of both experiments, extractable Al at the end of the second experiment had
not changed compared to the first (Table 3-2 and Table 3-3). Clearly, mineral dissolution must
have played a key role in controlling Al leachate concentration in the control treatments. Since
mineral dissolution should add to any Al exchanged by Ca, one would expect higher subsoil
leachate Al concentrations in the L and LG treatments. However, Al concentrations in subsoil
leachates differed only slightly between control and L and LG treatments. Additionally, there
was no significant difference in Al loss during the sampling phase of the second experiment
despite ceased Ca sorption in the L treatment and continuing Ca sorption in the LG treatment
(Figure C-2 and Table 3-6). Similar observations were made by Oates and Caldwell (1985) and
Sumner et al. (1986) who found significant reduction in exchangeable Al in naturally acidic
subsoils after surface application of gypsum without finding an accompanying increase in
leachate Al. Figure 3-6 shows that the control treatments in both experiments were
undersaturated with respect to diaspore (AlOOH), one of the least soluble Al-hydroxide solid
phases (Lindsay and Walthall, 1996). To plot the data in Figure 3-6 I calculated activity
coefficients using the Davis equation (Stumm and Morgan, 1995) assuming that Al3+ and Ca2+
were the dominant cations and SO42- was the dominant anion. Formation of AlSO4+ complexes
can significantly reduce Al3+ activity in the presence of significant concentrations of sulfate. I
therefore calculated Al3+ concentrations by reducing the total measured Al concentration by the
estimated concentration of AlSO4+ using the thermodynamic constant for the AlSO4+ formation
from Lindsay and Walthall (1996) and estimated SO42- activities. Because SO42- concentrations
were not measured they were assumed to be equal to the sum of Al3+ and Ca2+ equivalents. Since
sulfate could be expected to be the major anion in solution I also added lines for the hydroxy-Alsulfate minerals jurbanite (AlSO4(OH)·5H2O), alunite (KAl3(SO4)2(OH)6), and basaluminite
(Al4(OH)10SO4·17H2O), which were constructed for the average of the calculated log(SO42-),
using log K values from Lindsay and Walthall (1996). In both experiments solution Al3+ activity
in the first two segments was most closely approximated by jurbanite solubility (Figure 3-6).
Slight deviations in the Cc, Lc and LGc treatments of the first experiment (Figure 3-6a, b) could
be caused by organically complexed Al that lead to an overestimation of Al3+ activity in those
leachate samples, because Al3+ activities were calculated from total Al concentrations, correcting
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only for AlSO4+ formation and ionic strength, but not for complexation by organic ligands. In the
third segments of both experiments, where the influence of DOM could be assumed to be
smaller, solution data were very closely distributed around the line representing jurbanite
solubility (Figure C-4).
Because I only measured pH, Al3+, and Ca2+ concentrations in the leachates and had to
approximate SO42- concentrations and because solubility calculations assume equilibrium, which
might not have existed because of the fairly rapid leaching, the data in Figure 3-6 and Figure C-4
have to be interpreted carefully. However, there is ample evidence in the literature for jurbanite
control of Al3+ activity under acidic and high sulfate conditions. Nordstrom (1982) showed that
jurbanite is stable in natural waters up to a pH range of 3-5, with alunite being stable up to values
of pH 4-7. Many other studies have shown the possibility of jurbanite controlling Al3+ activity in
acidic soils (Evans, 1991; Menzies et al., 1994; Vogt et al., 2001) and in stream waters (Kram et
al., 1995). Moreover, Tin and Wilander (1995) showed that jurbanite precipitated in acid water
leached from acid sulfate soils in Viet Nam. Monterroso et al. (1994) concluded that jurbanite
controlled Al3+ activities in minespoil solutions. Additionally, it appeared that jurbanite
controlled Al3+ activities in soils affected by acid mine waters (de Anta and Otero, 1994) and in
acid mine pit lakes (Eary, 1999). Karathanasis et al. (1988) found that “the control of soluble Al
by Al sulfate minerals was not affected by mineralogical and textural composition of soils and
geologic strata” in watersheds affected by acid mine drainage. Myneni et al. (1998), looking at
the dissolution of ettringite, hypothesized the formation of a Ca-Al-hydroxy-sulfate solid phase
of unknown properties. While they did not include jurbanite in their study, Prietzel and Hirsch
(1998) note that the dissolution kinetics of Al-hydroxy-sulfates in soils were slow, which might
be the reason that Ludwig et al. (2001) found leachates from an open pit coal mine sediment
undersaturated with respect to jurbanite and alunite. Unfortunately a mineralogical proof of
jurbanite presence, which I did not attempt, might not be easy. Karathansis et al. (1988) found
very conclusive evidence from solution data for the presence of a jurbanite solid phase, but
where unable to find jurbanite peaks in x-ray diffraction experiments, attributing this to the
presence of jurbanite in a poorly crystalline or amorphous form.
Despite the approximate nature of my solubility calculations, these other reports support the
assumption that subsoil Al3+ activity was less affected by exchange reactions and more
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influenced by dissolution and precipitation of a jurbanite-like solid phase. This constitutes a great
difference to highly weathered acidic soils, where most of the buffering of Al3+ activity is
influenced by the Al3+ saturation of the exchange sites. It might therefore explain, why subsoil
conditions improved only up to a certain point and why, even with high Ca solution
concentrations, significant amounts of Al remained sorbed in the subsoil of the LG treatments
(Table 3-2 and Table 3-3). If a jurbanite-like solid phase buffered Al3+ solution activity, the
amount of extractable subsoil Al would ultimately not be controlled by the solubility of Ca in the
surface.
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Solubility diagrams for (a) first segment, first experiment, (b) second segment, first
experiment, (c) first segment, second experiment, (d) second segment, second
experiment. Error bars are for log(SO42-)-1 and log(SO42-)+1 respectively.
C = Control, L = CaCO3, LG = CaCO3 + gypsum, n = no compost, c = 68.8 g kg-1
compost. Al3+ activities were corrected for AlSO4+ complexes. Graphs for the third
segments are shown in Figure C-4.
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3.5

Conclusions

In highly acidic minespoil, exchangeable Al in the subsoil decreased only to a certain extent by
exchange with Ca. Subsoil Al3+ activity was likely controlled by a jurbanite-like solid phase and
consequently considerable Al saturation of the exchange sites remained even after extensive
leaching with soil solution high in Ca. CaCO3 solubility in the amended surface horizon was
similar to that of gypsum and compost did not affect Ca mobility. Adding gypsum in addition to
CaCO3 ensured more Ca sorption in the subsoil and a deeper reaching effect, but did not increase
subsoil pH. These results suggest that in highly acidic minespoil material the reclamation effort
must ensure the transport of alkalinity into the subsoil or direct mixing of acid neutralizing
material into the subsoil, as this will be the only way to significantly reduce Al3+ activity and
restore conditions favorable to root growth. Incorporation of organic matter in the surface may
aid insofar as released DOM provides additional alkalinity to the subsoil, but it may not help in
detoxifying subsoil solution Al3+ because of the potential buffering effect of a hypothesized
jurbanite-like solid phase.

Chapter 4

Amelioration of Minespoil Surface and Subsurface
Acidity Using Limestone, Gypsum, and Compost

4.1

Introduction

I already discussed the need and motivation for examining the effect of surface amendments
containing compost and gypsum in addition to CaCO3 on subsoil acidity during acid minespoil
reclamation in chapters 1 and 3. Concurrent with the small laboratory experiment described in
chapter 3 I conducted a greenhouse experiment with larger columns and plant growth.
The objective of this experiment was to examine the impact of different surface amendments
on plant growth and subsoil chemistry, especially Ca and Al mobility, using soil columns filled
with acidic minespoil material and amended with CaCO3, gypsum, and two different rates of
compost in a greenhouse experiment.

4.2

Material and Methods

4.2.1

Minespoil and compost material

I used the same minespoil material as in the small column experiment (Chapter 3). It was
collected from an abandoned mine land site in Jefferson County, Pennsylvania. The material was
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mainly shale, with many coarse fragments and moderate amounts of soil separates. During
collection I screened it through a metal screen, eliminating fragments with diameters larger than
2 cm. The collected spoil material was thoroughly mixed before being packed in columns. A
subsample crushed in a mortar to < 2 mm contained 0.8 mmolc kg-1 K+, 10.8 mmolc kg-1 Mg2+,
and 13.6 mmolc kg-1 Ca2+ (Mehlich 3 extract). Exchangeable Al3+ and titratable acidity in 1 M
KCl extracts (1:5 solid/solution suspension ratio, one hour horizontal shaker, filtered) were 43 ±
3 mmolc kg-1 and 77 ± 4 mmolc kg-1, respectively. Acidity as measured by the SMP buffer pH
method (Eckert and Sims, 1995) was 285 mmolc kg-1.
The experiments reported in chapter 2 had shown that compost age did not seriously affect
Ca complexation capacity. For the compost amendments I therefore used compost from the
University Area Joint Authority Composting Facility (State College, PA) that had just finished
the controlled composting process and was about 23 days old. The material sampled for this
experiment contained 430 g kg-1 C, 22 g kg-1 N, 1.26 g kg-1 Ca (63 mmolc kg-1 Ca2+), and had a
pH of 6.8. It was the same compost that was used for the small column experiment described in
chapter 3.

4.2.2

Experimental design

I built 36 soil columns from Schedule 40 polyvinylchloride (PVC) pipe with 0.15 m internal
diameter. Each column was 0.5 m long with a PVC plate at the bottom. Flexible tubing with an
internal polytetrafluoroethylene lining was attached to a hole in the bottom plate to collect
leachate from the columns (see Figure D-1). The lower 0.3 m of the columns was filled with
untreated minespoil material (8.21 kg dry weight) and compacted to a bulk density of
1.5 Mg m-3. Above this subsoil material, amended spoil material (3.56 kg dry weight) was
packed and compressed to 0.15 m thickness and a bulk density of 1.3 Mg m-3. The different
amendment treatments consisted of all possible combinations of adding CaCO3, gypsum, or no
Ca source with three different rates of compost (Table 4-1). CaCO3 was added so that the added
Ca2+ equivalents equaled the previously determined total exchangeable acidity of the mine spoil
material in the soil column. Gypsum was added at the same Ca2+ equivalent as CaCO3. The Ca
added with compost at the high compost rate amounted to eight percent of the Ca added by
CaCO3 or gypsum. The 12 different treatments (Table 4-1) were replicated three times in a
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randomized complete block design. Figure D-2 shows an overview of the layout of the
experiment in the greenhouse.

Table 4-1:

Matrix and names of the treatments used in the greenhouse column study

Ca added
No Ca added
Gypsum† (22.3 g kg-1)
CaCO3‡ (13.0 g kg-1)
CaCO3 (13.0 g kg-1), gypsum (22.3 g kg-1)
†
‡

No compost
Nc0
Gc0
Lc0
LGc0

Medium compost rate
(34.4 g kg-1)
Ncm
Gcm
Lcm
LGcm

High compost rate
(68.8 g kg-1)
Nch
Gch
Lch
LGch

Analytical grade (ICN Biomedicals, Inc., Aurora, OH)
Analytical grade (EM Science, Gibbstown, OH)

After filling the columns I fertilized them with 1.17 g NH4NO3, 1.45 g Ca(H2PO4)2, and
0.324 g KCl per column (224-448-224 kg ha-1) and added 0.9 L of deionized water (50 mm of
irrigation) to each column, which were then covered with plastic bags to prevent evaporation.
The leachate was collected after 24 hours and analyzed. I weighed all columns to obtain a
reference weight for future irrigation. Each column was then seeded with 40 seeds of birdsfoot
trefoil (Lotus corniculatus L.) and 25 seeds of Kentucky 31 tall fescue (Festuca arundinacea
Schreb.). After emergence of the seedlings the covers were taken off and I watered the columns
every day with deionized water to meet plant needs. Once a week I weighed the columns and
added water up to the previously determined reference weight to equalize moisture conditions
among all treatments. Every four weeks I leached the columns by adding 0.1 L increments of
deionized water to each column once an hour for a total of 0.9 L. The leachate generated within
24 hours after I added the last 0.1 L increment was collected and analyzed. Any leachate
generated afterwards and until the next leaching event was collected separately. All leachates
were analyzed for pH (Orion Ross Semi-Micro pH electrode, Orion Research, Beverly, MA). In
leachates collected from the 0.9 L leaching events I additionally measured dissolved organic
carbon (DOC) as non-purgeable organic carbon on a Shimadzu TOC-5000A analyzer (Shimadzu
Scientific Instruments, Columbia, MD) and Ca and Al concentrations by atomic absorption
spectrophotometry (AA).
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Plants received 16 hours of light per day (6:00 to 22:00). The average temperature was 22ºC
during the day and 20ºC at night. After 12 weeks of growth I cut the plants to 4 cm immediately
before the 0.9 L leaching. From there on the vegetation was cut to 4 cm every four weeks for a
total of four harvests. The harvested cuttings were dried (70°C, 48 hours) and weighed. Fertilizer
was added to all columns after the first and third harvest at the same rate as the first application.
The total amount of Ca added with fertilizer was eight percent of the Ca added in the CaCO3 or
gypsum treatments.
After a total of 5 months and 20 days the columns were taken apart. I took soil samples from
the amended layer (0–0.15 m) and from three subsoil layers (0.15–0.20, 0.20–0.25, and 0.25–
0.35 m). The lowest 0.10 m of the soil columns was discarded. The samples were stored moist at
4°C until extraction with 1 M KCl. Because of the heterogeneity and coarseness of the material
50 g of the moist mine spoil material was extracted with 500 mL 1 M KCl (horizontal shaker, 1
hour, filtration). Major cations (Al3+, Fe3+, Ca2+) were determined in the extracts by AA; pH was
measured with an Orion Ross Sure-Flow Model 81-72 combination electrode connected to an
Orion Model 520A pH Meter (Orion Research, Inc., Beverly, MA).

4.2.3

Statistical analyses

All statistical analyses of the measured response variables were conducted with S-Plus
(Mathsoft, 1999). Leachates and amended surface segments were analyzed separately from the
subsoil.
I analyzed chemistry of the surface segment, biomass production, and leachate volume as a
two factor completely randomized block design with the factors Ca source and compost. This
ANOVA involved six simultaneous tests (3 main factors and 3 two way interactions). Due to
insufficient degrees of freedom the three way interaction (block x Ca source x compost) could
not be included in the model. At a family confidence leveORI HDFKLQGLYLGXDOWHVWKDGWR
SDVVDW i XVLQJWKH.LPEDOOLQHTXDOLW\ 1HWHUHWDO 
For the analysis of the subsoil extract data, I had to take into account that responses in lower
subsoil layers were not independent of preceding layers. Depth could therefore not be viewed as
an independent predictor variable, but had to be treated as a factor with repeated measures.
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Accordingly, the statistical model was a randomized block factorial design with repeated
measures on the depth factor and complete randomization for the Ca source and compost factors.
ANOVA followed the general procedures outlined in Neter et al. (1996) and the
recommendations for repeated measures models in Girden (1992) and Kirk (1995). The ANOVA
tables for these repeated measures designs contained two error strata, one for the between
columns effects (Ca source, compost) and one for the error associated with the repeated
measures factor (depth), the within columns effect. Due to a lack of degrees of freedom I did not
consider interaction between block and the other factors. Main factor level differences were
tested with the appropriate error stratum mean square error. If there was interaction between the
repeated measures variable (depth) and the other main factors, separate ANOVA tables were
calculated for each layer in order to obtain the appropriate error variances for testing factor level
effects.
Seven simultaneous tests had to be conducted to test three main factor level effects, three
two-way interactions, and one three-ZD\LQWHUDFWLRQ$WDIDPLO\FRQILGHQFHOHYHORI 
HDFKRIWKHVHVHYHQWHVWVKDGWREHVLJQLILFDQWDW i XVLQJWKH.LPEDOOLQHTXDOLW\ 1HWHU
et al., 1996). Treatment and factor level mean differences were tested at a family confidence
OHYHORI ZLWKLQGLYLGXDOWHVWOHYHOVFDOFXODWHGXVLQJWKH%RQIHUURQLLQHTXDOLW\ 1HWHUHW
al., 1996).

4.3

Results and Discussion

4.3.1

Biomass production, surface horizon properties and leachate volumes

Columns that received no CaCO3 and no or the medium rate of compost (Nc0, Ncm, Gc0,
Gcm) did not sustain plant growth. High compost alone and with gypsum (Nch, Gch) resulted in
intermediate biomass production. In the presence of CaCO3, neither compost nor gypsum had
any additional effect on biomass production (Table 4-2, Table 4-3, see also Figure D-3 for
pictures of the plant growth). Growth of plants in the Nch and Gch treatments was surprising,
because the pH (1 M KCl) in the surface soil of those columns at the end of the experiment was
around 3.3 (Table 4-2). In the Ncm and Gcm treatments the pH was not much lower, but they
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were not able to sustain any plant growth (Table 4-2). Plants cannot usually grow at low soil pH
because of phytotoxic levels of Al3+ activity (Marschner, 1995; McGray and Sumner, 1990;
Pavan et al., 1982). It is, however, well known that Al3+ forms strong complexes with humic
substances (Schnitzer and Skinner, 1964; Vance et al., 1996). The compost content in the surface
soil of the high compost treatments was 68.8 g kg-1. An estimate of the cation exchange capacity
for both the solid and soluble fractions of the compost was 100 mmolc kg-1 based on the sum of
extractable cations in the compost (Na+, K+, Ca2+, Mg2+). The surface horizon of the high
compost treatment therefore had an estimated minimum Al3+ binding capacity due to the added
compost of about 7 mmolc kg-soil-1. The total 1 M KCl extractable Al from the surface horizon
of all treatments without CaCO3 (Nc0, Ncm, Nch, Gc0, Gcm, Gch) ranged from 17 to 35 mmolc
kg-1 (Table 4-2). While it clearly could not complex all extractable Al, it is plausible that the high
compost rate provided just enough Al sorption capacity to keep solution Al3+ activity low enough
to allow plant growth. When taking the columns apart it was, however, quite obvious that the
root system in the Nch and Gch treatments was not as well established and dense as in the CaCO3
containing treatments (Figure D-4).
As expected, I found significantly more extractable Ca at the end of the experiment in the LG
treatments than in the L or G treatments, which did not differ significantly from each other but
still had about 20 times more Ca than the N treatments (Table 4-2 and Table 4-3). Compost had
no effect on exchangeable Ca. Al could only be extracted from the N and G treatments. The
addition of gypsum in the G treatments led to about one third lower values of extractable Al
without an increase in pH (Table 4-2), indicating that added Ca exchanged or permanently
removed some of the extractable Al. Despite high Ca concentrations in the surface soil of the Gc0
and Gcm treatments, exchange of Al for Ca was limited and did not suffice to alleviate phytotoxic
Al3+ activity in the soil solution as no plants grew in these treatments. In the Nch treatment
extractable Al was higher and exchangeable Ca was much lower than in the Gc0 treatment, yet
plants grew in the Nch treatment, but not the in Gc0 treatment (Table 4-2). This is further
evidence that the large amount of compost added in the Nch treatment was able to significantly
reduce phytotoxic Al3+ solution activity by forming non-toxic Al-organic matter complexes, even
at high amounts of extractable Al.
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Table 4-2:

Irrigation volume, leachate volume, total biomass production, and chemistry of the
amended topsoil. Means of three replicates. ANOVA results with factor and
treatment level comparisons are given in Table 4-3.

Total
Treatment† irrigation
volume
Nc0
Ncm
Nch
Gc0
Gcm
Gch
Lc0
Lcm
Lch
LGc0
LGcm
LGch
†
‡
§

Total
Leachate
volume

––––––––– L ––––––––––
14.8
6.0
15.2
6.1
27.4
9.4
14.8
5.5
14.8
6.0
27.4
9.0
32.5
5.8
32.5
6.6
32.5
5.1
32.5
5.2
32.5
4.7
32.5
3.8

Total leachate as a
Total
fraction of total
biomass
irrigation volume production
-1

LL
0.41
0.40
0.34
0.37
0.41
0.33
0.18
0.20
0.16
0.16
0.14
0.12

g
0.0
0.0
28.1
0.0
0.0
29.5
52.1
52.3
54.4
55.0
61.7
57.8

Spoil
pH‡

1 M KCl extractable
Al

Ca

Fe
-1

2.74
3.03
3.25
2.87
3.15
3.36
6.58
6.79
6.95
6.94
6.87
6.74

––––––––– mmolc kg –––––––––
34.32
5.3
3.42
30.00
10.1
0.37
28.54
12.1
<0.02§
21.24
196.5
1.29
20.75
244.1
<0.02
17.06
395.3
<0.02
<0.04§
237.6
<0.02
<0.04
198.0
<0.02
<0.04
225.1
<0.02
<0.04
510.0
<0.02
<0.04
500.5
<0.02
<0.04
442.2
<0.02

N = No Ca added (control), G = gypsum, L = CaCO3, LG = CaCO3 + gypsum, c0 = no compost, cm = 34.4 g kg-1 compost,
ch = 68.8 g kg-1 compost
Determined in 1 M KCl
Indicates values below the detection limit

Total irrigation volumes ranged from about 15 L for columns without plant growth (Nc0,
Ncm, Gc0, Gcm) to 27 L for Nch and Gch to over 30 L for all treatments with vigorous plant
growth (L and LG treatments) (Table 4-2). For our column geometry 30 L equaled about 1700
mm of irrigation, almost twice the mean annual rainfall in Central Pennsylvania of 970 mm (The
Pennsylvania State Climatologist, 2001). The total volume added during the six controlled
leaching events was 5.4 L, a small amount compared to the total irrigation volume. However, I
irrigated with the intent to produce leachate only during the 0.9 L leaching events, so that most
of the transport in the spoil material should have occurred as a result of these 5.4 L. Except for
Nch and Gch the total leachate volumes indicate that this assumption is valid (Table 4-2).
A first indication that neither surface treatment had significant influence on the subsoil could
be seen in the root distribution. At the end of the experiment root growth was completely
confined to the amended surface horizon. The sharp boundary to the subsoil that was completely
free of roots was very visible in all columns with a CaCO3 treated surface (Figure D-4). In the
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Gch and Nch treatments with moderate plant growth, the boundary was equally sharp, but less
visible because the root density was much lower and the roots were brown and did not have a
good contrast to the spoil material (Figure D-4)

Table 4-3:

ANOVA results with factor and treatment level comparisons for the data from
Table 4-2 (total irrigation volume, total leachate as a fraction of total irrigation
volume, and KCl extractable Fe were not analyzed).

Treatment†

Source of variation§
Ca source (S)
Compost (O)
SxO

Total leachate
volume

Total biomass
production

Spoil
pH‡

1 M KCl extractable
Al

Ca

Analysis of Variance results
–––––––––––––––––––––––––––––––––––– p-values¶ ––––––––––––––––––––––––––––––––––––
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.004
0.000
0.270
0.000
0.000
0.050
0.001
0.015
–––––––––––––––––– Significant factor and treatment level differences# –––––––––––––––––––––

Ca source (S)
O = c0:
O = cm:
O = ch:
Compost(O)
S = C:
S = G:
S = L:
S = LG:

NS††
L, G, C > LG
C, G > L > LG

L, LG > C, G
L, LG > C, G
L, LG > C, G

LG, L > C, G

C > G > L, LG
C > G > L, LG
C > G > L, LG

LG > L, G > C

ch > c0
ch > cm, c0
ch > cm, c0
ch > c0
ch > cm

ch > cm, c0
ch > cm, c0
NS
NS

c0 > ch, cm
cm, c0 > ch
NS
NS

N = No Ca added (control), G = gypsum, L = CaCO3, LG = CaCO3 + gypsum, c0 = no compost, cm = 34.4 g kg-1 compost, ch
= 68.8 g kg-1 compost
‡ Determined in 1 M KCl
§ Block main effects (B) and interactions (B x S and B x O) were not significant for any of the variables
¶ 6LJQLILFDQWDWWKH  IDPLO\OHYHOLIS .LPEDOOLQHTXDOLW\
# $OOIDFWRUDQGWUHDWPHQWOHYHOGLIIHUHQFHVZHUHWHVWHGDWDIDPLO\OHYHORI  IRUDOOSRVVLEOHFRPSDULVRQVThe familyZLVHHUURUUDWHIRUDOOFRPSDULVRQVZDVFRQWUROOHGE\D0RQWH&DUORVLPXODWLRQEDVHGPHWKRGWKDWJXDUDQWHHVWKHDFWXDO WR
EHZLWKLQRIWKHWUXH ZLWKFRQILGHQFH 0DWKVRIW 2QO\VLJQLILFDQWUHODWLRQVDUHUHSRUWHG7UHDWPHQWV
separated by commas indicate non-significant differences.
†† 1RVLJQLILFDQWGLIIHUHQFHVDWWKH  IDPLO\OHYHO

†
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4.3.2

Leachate and subsoil chemistry

My results were affected not only by the different treatments but also by the varying total
leachate volumes (Table 4-2). I therefore present the leachate Al, Ca and DOC data as
cumulative losses from the columns, calculated by integrating the measured leachate
concentrations over the leachate volumes (Figure 4-1 and Figure 4-2).
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Figure 4-1:

Cumulative dissolved organic carbon (DOC) leaching, calculated from the
leachates collected at the bottom of the columns. Means of three replicates ±
standard deviations. N = No Ca added, G = gypsum, L = CaCO3, LG = CaCO3 +
gypsum, c0 = no compost added (all values for N, G, L, LG fell on this line),
cm = 34.4 g kg-1 compost, ch = 68.8 g kg-1 compost.

None of the treatments had any significant effect on leachate pH at the bottom of the
columns. It increased only from about 2.25 to 2.4 during the experiment (Figure D-5). At the end
of the experiment the subsoil pH (1 M KCl) remained below pH 3 and decreased significantly
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with depth, but the absolute decrease was very small (Table 4-4). Overall, any pH changes, even
in the first 5 cm of subsoil material were too small to affect Al toxicity and root growth.
In treatments without compost very little dissolved organic matter (DOM) was leached as
indicated by low cumulative DOC values. Compost addition increased leachate DOC in all
treatments, with the largest increase in treatments without CaCO3 (Ncm, Nch, Gcm, Gch). Because
more DOM is generally released with increasing pH (Vance and David, 1989) more DOC should
have been detected in leachates from treatments where the surface soil was amended with both
compost and CaCO3 (Lcm, Lch, LGcm, LGch). The small laboratory column study without plants
and with minimal biological activity showed that more DOC was released in the surface and
leached through the columns when CaCO3 or CaCO3 and gypsum were added to the surface
compared to treatments where no CaCO3 was added (section 3.3.1, Figure C-1). In the
greenhouse columns I could not measure leachate concentrations immediately below the
amended surface. Therefore I do not know how much DOM leached out of the surface horizons,
but I believe that less DOM leached from the bottom of the CaCO3 amended columns (Figure
4-1) because the dense root system and the compost increased microbiological activity in the
CaCO3 containing surface layer, metabolizing labile DOM before it could leach out of the
amended surface. The rate of compost application had no effect in L and LG treatments (Figure
4-1), but DOC increased with increasing compost rate in treatments without CaCO3 (N and G
treatments), further indicating that CaCO3 and roots, enhancing microbial activity in the surface,
were responsible for lower than expected DOM leaching from L and LG treatments.
Contrary to my expectations, compost application did not increase Ca leaching, but rather
seemed to slightly decrease Ca leaching at the bottom of the columns. The G and LG treatments
had consistently higher total Ca leaching than all other treatments independent of compost rate
(Figure 4-2). The very dense root system in the LG treatments might have been the reason that
less Ca leached from the LG treatments than from the G treatments (Figure 4-2), even though the
LG treatments received twice the amount of Ca that was applied in the G treatments. Overall,
however, leachate Ca concentrations in the N treatments were not much lower than in the G, L,
and LG treatments. Over the course of the experiment I calculated a total loss of 86 – 110 mmolc
Ca2+ from the N treatment columns (Figure 4-2). In the controlled laboratory experiment with
small, segmented columns I found that the same minespoil material released 6.8 mmolc kg-1 Ca2+
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from the control treatment1. In the greenhouse experiment each column contained 11.8 kg
minespoil material, which would equal a potential to release approximately 80 mmolc Ca2+. The
added Ca phosphate fertilizer amounted to 16 mmolc Ca2+ and 15 mmolc Ca2+ were added with
the high rate of compost. These numbers could explain the large amount of Ca that was leached
from the N treatments. Plant uptake for the duration of our experiment could be ruled out as a
significant loss of Ca from the surface horizons. Assuming a maximum Ca content of 15 g kg-1
for turf grasses (P.J. Landschoot, 2002, personal communication) an estimated maximum of 20
mmolc Ca2+ was removed from the amended surfaces in the L and LG treatments, less than two
percent of the total Ca that was added to the G and L treatments and less than one percent of the
Ca that was added to the LG treatments. While the small column experiment described in chapter
3 indicated that most Ca leached past the first 0.1m of subsoil, I have to conclude for the
greenhouse columns that most of the Ca mobilized in the CaCO3 and gypsum amended surface
was adsorbed in the 0.3 m of subsoil material. This was supported by the data for extractable Ca
(Table 4-4). They showed that at all depths more Ca was extractable in the G, L, and LG
treatments than in the N treatments under no or medium compost. There was no difference
between Nch, Lch, and LGch treatments, but all had less extractable Ca than the Gch treatment
(Table 4-5). This unexpected observation might have been a result of the low total leachate
volume in the Lch and LGch treatments, caused by vigorous plant growth and increased water
holding capacity of the surface due to the applied compost. Additionally, increased CO2
concentrations due to the higher biological activity could have decreased the solubility of CaCO3
(see equation (3-2) and Figure 3-1). Extractable Ca generally decreased with increasing depth, in
agreement with the hypothesis that most of the Ca leached out of the surface is sorbed in the
subsoil.

1

Calculated as the weighted average from the data for the Cn treatment in Table 3-2.
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Figure 4-2:
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Cumulative leaching of Ca (left panel) and Al (right panel) calculated from the
leachates collected at the bottom of the columns. Means of three replicates ±
standard deviations. N = No Ca added, G = gypsum, L = CaCO3, LG = CaCO3 +
gypsum, c0 = no compost, cm = 34.4 g kg-1 compost, ch = 68.8 g kg-1 compost.
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Table 4-4:

pH and extractable cations (1 M KCl) in the subsoil layers (0.15–0.20 m, 0.20–
0.25 m, and 0.25–0.35 m) at the end of the experiment. Means of three replicates.
ANOVA results with factor and treatment level comparisons are given in Table
4-5.

Treatment†

0.15-0.2

Nc0
Ncm
Nch
Gc0
Gcm
Gch
Lc0
Lcm
Lch
LGc0
LGcm
LGch
Treatment†
Nc0
Ncm
Nch
Gc0
Gcm
Gch
Lc0
Lcm
Lch
LGc0
LGcm
LGch
†

2.75
2.82
2.95
2.78
2.89
2.99
2.73
2.76
2.71
2.74
2.78
2.72

pH
0.2-0.25

0.25-0.35

2.72
2.68
2.72
2.69
2.85
2.72
2.73
2.70
2.80
2.73
2.86
2.78
2.70
2.66
2.70
2.66
2.69
2.67
2.69
2.63
2.74
2.67
2.67
2.66
Iron
0.15-0.2 0.2-0.25 0.25-0.35
––––––––– mmolc kg-1 –––––––––
3.8
4.9
6.2
1.9
3.2
4.3
1.2
2.0
3.1
3.2
4.1
5.6
1.2
2.0
3.4
0.7
1.5
2.6
3.9
5.2
6.5
2.6
3.7
5.3
4.1
4.4
5.4
3.6
5.8
7.6
2.9
4.1
6.4
4.3
6.1
7.2

Aluminum
Calcium
0.15-0.2 0.2-0.25 0.25-0.35
0.15-0.2 0.2-0.25 0.25-0.35
–––––––––––––––––––––––– mmolc kg-1 ––––––––––––––––––––––––
32.5
34.1
35.8
4.5
4.2
4.6
30.3
31.8
34.2
9.7
8.4
7.3
25.5
27.2
31.0
16.4
12.4
7.6
28.7
30.6
35.0
22.7
17.7
14.4
27.6
29.6
33.6
27.5
22.0
19.2
21.6
22.3
28.4
40.2
27.8
20.6
25.6
29.3
31.9
22.6
16.4
13.4
26.3
28.6
35.3
30.0
19.5
13.9
32.4
34.7
36.3
20.3
13.5
11.3
23.5
28.2
32.5
28.1
19.5
13.4
24.2
28.4
33.7
26.5
17.9
12.5
29.2
32.9
35.2
18.3
14.7
11.9

N = control, G = gypsum, L = CaCO3, LG = CaCO3 + gypsum, c0 = no compost, cm = 34.4 g kg-1 compost, Ch = 68.8 g kg-1
compost
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Table 4-5:

ANOVA results with factor and treatment level comparisons for the subsoil data in
Table 4-4.

pH
Aluminum
Calcium
Iron
Analysis of Variance Results
Source of variation† ––––––––––––––––––––––––––––––––––––– p-values‡ –––––––––––––––––––––––––––––––––––––
Between columns
Ca Source (S)
0.000
0.025
0.000
0.000
Compost (O)
0.000
0.554
0.009
0.000
SxO
0.001
0.000
0.000
0.000
Within Columns
Depth (D)
0.000
0.000
0.000
0.000
DxS
0.044
0.110
0.000
0.131
DxO
0.124
0.641
0.249
0.316
DxSxO
0.038
0.649
0.000
0.989
––––––––––––––––––––– Significant factor and treatment level differences§ –––––––––––––––––––––
Ca source (S)
O = c0¶
O = cm
O = ch
Compost (O)
S=C
S=G
S=L
S = LG
Depth

NS#
G>L
C, G > L, LG

C > LG
NS
L, LG > G and L > C

see text††

NS
L, LG > G
L, LG > C, G

ch > cm, c0
ch > c0
NS
NS

ch > c0
ch, cm > c0
ch > c0
NS

c0 > cm, ch
c0 > cm, ch
NS
ch > cm

2>3>4

4>3>2

4>3>2

†
‡
§

Block effects were not analyzed for significance
6LJQLILFDQWDWWKH  IDPLO\OHYHOLIS .LPEDOOLQHTXDOLW\
$OOIDFWRUDQGWUHDWPHQWOHYHOGLIIHUHQFHVZHUHWHVWHGDWDIDPLO\OHYHORI  IRUDOOFRPSDULVRQV7KHIDPLO\-wise error
rate for all comparisons was controlled by the Bonferroni method (Neter et al., 1996). Only significant relations are reported.
Treatments separated by commas indicate non-significant differences.
¶ C = control, G = gypsum, L = CaCO3, LG = CaCO3 + gypsum, c0 = no compost, cm = 34.4 g kg-1 compost, ch = 68.8 g kg-1
compost
# 1RVLJQLILFDQWGLIIHUHQFHVDWWKH  IDPLO\OHYHO
†† Due to the significant three-way interaction that included the repeated measures factor we did not analyze all possible
pairwise comparisons for this variable. Only relations relevant to the discussion were analyzed and are discussed in the text.

Leachate Al concentrations initially ranged from 40 to 50 mmolc L-1 and generally decreased
with increasing leachate volume to between 10 and 30 mmolc L-1 (Figure D-6). Compost did not
significantly affect Al leaching in L and LG treatments, but high compost decreased overall Al
export at higher leachate volumes in N and G treatments (Figure 4-2). In these treatments
without CaCO3, compost derived DOM might have contributed significant alkalinity or
immobilized Al through precipitation of Al-DOM complexes, while that effect was surpassed by
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the alkalinity produced by dissolving CaCO3 in the L and LG treatments. The G treatments
showed the highest overall export of Al, but only slightly more than the LG treatments that
received the same amount of gypsum, but where no Al could be contributed to the leachate by
the amended surface segment (Figure 4-2).
The Boltzmann equation predicts that soil solutions in equilibrium with exchangeable Al3+
and H+ maintain a constant log{Al3+}+3pH value (Lindsay et al., 1959), where {Al3+} stands for
Al3+ activity. If the solution was in equilibrium with an aluminum oxide or hydroxide solid
phase, this value would also be a constant, with values between 7.92 for diaspore (AlOOH) and
9.66 for amorphous Al(OH)3 (Lindsay and Walthall, 1996). Assuming that all Al in leachate
solutions was present as Al3+ or AlSO4+ I calculated log{Al3+}+3pH values in the leachates. Al3+
activities and AlSO4+ formation were estimated as described in section 3.4. The log{Al3+}+3pH
values were not influenced by any of the treatments and increased slightly from 3.00 at the
beginning to about 3.5 at the end of the experiment (Figure D-7). The constant log{Al3+}+3pH
values indicate that cation exchange reactions were affecting leachate Al concentrations, but they
also show that the solutions were undersaturated with respect to aluminum oxide and hydroxide
solid phases. Due to the pyrite oxidation that created the acidic minespoil material, the dominant
anion in the subsoil must have been sulfate, even in those treatments that did not receive gypsum
in the surface amendment. As in the small column laboratory experiment (Chapter 3) I examined
whether aluminum hydroxy-sulfate solid phases could have affected Al3+ solution activity.
Figure 4-3 shows a stability diagram with lines for jurbanite (AlSO4(OH)·5H2O), alunite
(KAl3(SO4)2(OH)6), basaluminite (Al4(OH)10SO4·17H2O), and diaspore (AlOOH), a
representative of the aluminum hydroxides. For the construction of the diagram Al3+ solution
activity was estimated by assuming that the major cations in solution were Al3+ and Ca2+ and that
the major anion was SO42- with a charge concentration equaling the sum of Al3+ and Ca2+
equivalents. Because the calculated ionic strength was above 0.1, I estimated the activity
coefficients for Al3+ and SO42- using the Davies equation in its modified form (Stumm and
Morgan, 1996). The stability diagram (Figure 4-3) shows that leachate solutions might have been
in equilibrium with a jurbanite-like solid phase and undersaturated with respect to alunite,
basaluminite, and diaspore. I have already discussed aluminum solubility control in great detail
in chapter 3 (section 3.4), where I concluded that subsoil Al3+ activity in small columns of the
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same minespoil material was controlled by a jurbanite-like solid phase. That discussion applies
here as well and I conclude from the results in Figure 4-3 that a jurbanite-like solid phase
influenced Al3+ activity in the subsoil of the greenhouse column experiment.

pH
2.0

2.2

2.4

2.6

2.8

3.0

1
diaspore

0

basaluminite

log(Al 3+ )

-1
alunite

-2
-3
-4
jurbanite

-5
Figure 4-3:

Solubility diagram for jurbanite (AlSO4(OH)·5H2O), alunite (KAl3(SO4)2(OH)6),
basaluminite (Al4(OH)10SO4·17H2O), and diaspore (AlOOH). Thermodynamic
data taken from Lindsay and Walthall (1996). Lines were calculated by assuming
log{SO42-} = -1.83. Error bars are for log{SO42-} = -0.83 and log{SO42-} = -2.83.
For alunite I assumed log{K+} = -5.6. Black dots represent measured data. {}
indicate activities. Al3+ activities were corrected for AlSO4+ complexes.

Extractable Al increased with increasing depth (Table 4-4). Even in the first 5 cm below the
amended surface there was very little difference between extractable Al in the N treatments and
in the G, L, and LG treatments. There seemed to be a significant effect of total leachate volume,
as more Al was extractable in the Lch and LGch treatments than in the Nch and Gch treatments,
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even though one would have expected a reduction of extractable Al due to the leaching of
alkalinity and Ca from the surface into the subsoil in the Lch and LGch treatments. These results
agree, however, with the observation that extractable Ca was low in the Lch and LGch treatments,
which I attributed to low total leachate volumes. These results are also compatible with the
assumption that a jurbanite-like solid phase controlled Al3+ solution activity. At the medium
compost rate there was no significant effect of surface treatment on extractable Al in the subsoil.
In the absence of compost, the treatment without any Ca added to the surface (Nc0) had the most
extractable Al while LGc0 had the least, as would be expected if Ca and alkalinity from the
surface treatment were transported into the subsoil (Table 4-4).
Besides Ca2+ and Al3+ another potentially important cation in the subsoil was Fe3+. We did
not measure Fe3+ in the leachate solutions, but Table 4-4 shows that amounts of extractable Fe3+
were very small compared to Al3+ and Ca2+.
In the small column experiment with the same minespoil material (chapter 3), I found a good
linear correlation between extractable Ca2+ and the sum of extractable Al3+ and Fe3+ with a slope
close to –1, indicating that roughly one equivalent of exchangeable (Al3+ + Fe3+) was replaced
for each equivalent of Ca2+ sorbed. For the G, L, and LG treatments of this experiment I also
found a significant negative correlation between extractable Ca2+ and the sum of extractable Al3+
and Fe3+ (r = -0.82***). The major principal axis, determined by structural analysis (Webster,
1997), was Ca2+ = –1.26 (Al3+ + Fe3+) + 62.55, when cation concentrations were in
mmolc kg-soil-1. This shows that, as in the laboratory study, each equivalent of Ca2+ sorbed in the
subsoil reduced the amount of extractable (Al3+ + Fe3+) by about one equivalent. However, the
extent of these exchange reactions is determined by Ca2+ activity as well as Al3+ activity in the
soil solution. Therefore, exchange of Al3+ by Ca2+ could never be complete as long as solution
Al3+ activity is buffered by a jurbanite-like solid phase. Because of this, even increasing Ca
concentration in the subsoil solution through Ca containing surface amendments might not
necessarily result in complete replacement of Al by Ca in the subsoil.
On the other hand, I also found evidence that there was a relationship between Ca transport
into the subsoil and extractable Ca. Due to the high Ca leaching in the control treatments and the
possible contribution from compost, I calculated for all Ca treatments (G, L, and LG ) the
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difference between total Ca loss and the total Ca loss of the corresponding control treatment, i.e.
Gch – Nch, Lcm – Ncm, etc. I then calculated the same differences for extractable Ca in the whole
subsoil. The relationship between these two variables showed a high linear correlation
(R2 = 0.98***) (Figure 4-4). This means that increases over the control in the Ca leached through
the subsoil were directly related to increases over the control of extractable subsoil Ca. The
interpretation of the exact numbers is difficult because of the differences in total leachate
volume, but it clearly shows that increased Ca mobility led to increased Ca sorption in the
subsoil. Unfortunately, because subsoil Al3+ solution concentration seemed to be buffered by a

Exchangeable Ca in subsoil
(difference to control) [mmol c]

jurbanite-like solid phase this did not reduce subsoil acidity and Al toxicity.
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Figure 4-4:

Extractable subsoil Ca (differences to respective Ca free control treatments)
versus total cumulative Ca loss as calculated from the leachate concentrations and
volumes (differences to the respective Ca free control treatments)
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4.4

Summary and Conclusion

Unless large amounts of compost were added to the very acidic minespoil material, plants did not
grow without adding CaCO3 to raise the pH. Less DOC was leached from columns that were
amended with both compost and CaCO3 than from columns that only received compost. This
was attributed to increased microbiological activity in the CaCO3 treated soils, mineralizing
some of the compost derived DOM before it could leach into the subsoil. Reasonable plant
growth at pH 3.3 in the high compost treatments without CaCO3 demonstrated the strong Al3+
detoxifying potential of compost and compost derived DOM. Contrary to experience with
amelioration of naturally acidic subsoils, application of gypsum and compost did not improve
subsoil conditions for root growth, even in the first 5 cm of the subsoil. Consequently, root
growth of plants was restricted to the amended surface material. Due to reduced downward water
movement caused by vigorous plant growth and compost application there was actually less
extractable Ca and more Al and Fe and lower pH in the subsoil of treatments that received
CaCO3 and compost in the surface. At the same time there was no beneficial effect of compost
on subsoil chemistry in these treatments. Leachate Al3+ activity in the subsoil seemed to be
controlled by a jurbanite-like solid phase in addition to cation exchange reactions. As a
consequence, permanent reduction of extractable Al3+ would only be achieved by directly
increasing the pH in the subsoil even though I found indication that extractable Ca was
correlated with total Ca leached through the columns. Adding compost to the surface layer of this
highly acidic minespoil material did not increase Ca transport or detoxification of subsoil
solution Al3+, despite increased DOM flux. Thus, the benefits of using compost in reclamation of
highly acidic minespoils appears to be limited to amelioration of physical and chemical
conditions in the zone of incorporation. It would therefore be important to incorporate CaCO3 or
other acid neutralizing materials deep enough to create a sufficiently deep root zone. It could not
necessarily be expected that the reclaimed layer and with it the root zone would expand
downwards. Despite these conclusions it might be beneficial to examine the subsoil effects of
gypsum and compost in less acidic minespoil material, where Al3+ solution activity may not
necessarily be controlled by a jurbanite-like solid phase and controlling Al3+ toxicity might only
involve reducing exchangeable Al3+ and exchangeable acidity.

Chapter 5

Evaluating Capillary Electrophoresis as a Tool for Al
Speciation in Dissolved Organic Matter Solutions

5.1

Introduction

5.1.1

The need for a direct Al speciation method

The greenhouse column experiments in chapter 4 have demonstrated the power of natural
organic matter, in that case compost, to significantly reduce phytotoxic Al3+ concentrations, even
at very low pH. At the highest compost rate of 68.8 g kg-1, plants were able to grow despite a pH
of 3.3 in the root zone. At that pH all inorganic uncomplexed Al is present as Al3+ (Chapter 1).
The power of humic materials to complex and detoxify Al3+ has been known for a long time
(Mattson and Hester, 1933) and it has been shown that Al-organic matter complexes can be very
stable (Stevenson, 1994, Sposito, 1996). In the minespoil experiments the impact of soluble
organic matter on subsoil chemistry appeared to be small. The fact that roots did not venture into
the subsoil below the zone of compost or CaCO3 incorporation underlined the suspicion that
there was not much effect of surface mobilized DOM on subsoil chemistry. Part of this was
attributed to the extremely acidic material used in those experiments (pH 2.5). In less acidic
material soluble organic matter may have similar beneficial effects as were observed for acidic
subsoils in highly weathered soils (Bartlett and Riego, 1972; Hoyt and Turner, 1975; Hargrove
and Thomas, 1981; Hue et al., 1986; Hue and Amien, 1989; Hue, 1992; Liu and Hue, 1996; Hue
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and Licudine, 1999). Many of these reports of successful subsoil amelioration in highly
weathered naturally acidic soils with surface applied compost or sewage sludge attribute the
success to formation of non-toxic Al-DOM complexes. None of them have actually measured the
effect directly, instead relying on the empirical knowledge that Al forms very stable complexes
with humic substances. While this can explain the observed phenomenon qualitatively it would
be beneficial to be able to quantify the effect and actually measure by how much DOM can
decrease Al3+ activity. In my minespoil experiments it would have been valuable to prove that
compost derived DOM was able to decrease Al3+ activity in the soil solution, allowing plants to
grow fairly well at a pH of 3.3. It might have been possible to determine why plants could not
grow when less compost was added while the pH was only 0.2 units lower.
The reason that very little quantitative data are available for Al-organic matter interactions is
a lack of satisfactory analytical tools to quantify inorganic Al speciation in solutions with soluble
organic ligands. In order to measure complex formation between Al and DOM it is necessary to
quantify free Al3+ concentrations in Al containing DOM solutions. In chapter 2 I used a Ca2+
selective electrode to measure free Ca2+ activity in DOM solutions to which known quantities of
Ca2+ had been added. Unfortunately, electrodes selective for Al3+ (or Fe3+) do not exist. In
contrast to Ca2+, Al3+ (and Fe3+) speciation is also greatly influenced by solution pH. So far only
indirect methods have been reported for estimating Al3+ concentration (Sposito, 1996). Ares
(1986) used Al:F reaction kinetics, measured by F- selective electrode, to estimate Al3+
concentrations in soil solutions. Bertsch et al. (1986) compared a timed colorimetric procedure
with results from 27Al NMR spectroscopy. The NMR technique could be used in a range of 10-3
to 10-2 mol L-1 Al and was useful to identify higher order Al-hydroxy-polymers like the
hypothesized Al13 polymer. Other authors have developed fractionation techniques that analyze
operationally defined Al pools that are then attributed to different Al species. Hodges (1987)
evaluated 5 different indirect methods for Al speciation and concluded that using an F- selective
electrode to measure F- activity and derive Al3+ concentration was slow and worked well only in
the absence of organic ligands. He further found that colorimetric methods employing
8-hydroxyquinoline or ferron were not useful in the presence of high DOC concentrations
because the reagent degraded a portion of the Al-DOM complexes. Two methods using ion
exchange and chelating resins overestimated Al3+ concentrations. Clark et al. (1992) adopted the
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8-hydroxyquinoline method for use with flow injection analysis, but Göttlein (1998) showed that
complexation of Al3+ by small organic acids with known Al complexation constants was not
accurately measured by that technique. Very recently Wickstrom et al. (2000) compared five
methods for Al speciation in natural water samples, all of them also indirect methods.
Kinniburgh et al. (1999) report Al-DOM binding results obtained indirectly through F- activity
measurement, but they do not describe their methods in detail and point out the limited quality of
the data and the limits of this indirect technique that relied on a series of simplifying assumptions
that introduced additional error into the results.
Clearly there would be great potential for a direct, fast, routinely applicable method for direct
measurement of Al3+ in aqueous solutions. Surprisingly, Wu et al. (1993) have already reported
such a method: capillary electrophoresis (CE). That report received little attention by
environmental chemists and soil chemists. Later Göttlein (1998) demonstrated that CE could be
used to measure Al3+ concentrations in aqueous solutions without affecting solution equilibria
and that Al speciation and Al complexation by small organic acids with known complexation
constants could be measured much better by CE than by any of the indirect methods commonly
used to estimate Al speciation. The main motivation of Göttlein (1998) to use CE was the
capability of analyzing very small sample volumes (a few µL only). I did not find any reports
that employed CE to measure Al binding to humic substances.
The aim of the work presented in this chapter was to evaluate the method reported by
Göttlein (1998) for measuring Al-DOM binding in acidic DOM solutions through direct
measurement of Al3+ in those solutions.

5.1.2

Capillary electrophoresis

Capillary electrophoresis (CE) separates charged ions based on their electrophoretic mobility.
It employs narrow capillaries of usually less than 100 µm diameter and high electric fields of up
to 30 kV. The narrow capillaries are necessary to avoid excessive heating of the solution in the
capillary. CE can be used to separate cations, anions, or with the appropriate buffer solution
cations, anions, and neutral species at the same time (Jandik and Bonn, 199). It is a fairly
recently developed technique and has not found its way into many environmental analytical
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chemistry laboratories. The focus in metal analysis by CE has mainly been on separating many
different metal cations at the same time and measuring their total concentration in aqueous
solutions (Timerbaev, 2000). Different materials are used for the capillaries, but the most
prevalent type employed in most free solution CE experiments are simple, inexpensive fused
silica capillaries (Jandik and Bonn, 1993). The most widely used detection method is UV
detection, where the UV light passes directly through a section of the capillary and a UV detector
measures changes in adsorption (Jandik and Bonn, 1993). Because many metal cations do not
adsorb light in the UV spectrum, methods have been developed that use a UV absorbing
background electrolyte. The metal cations are then detected as negative peaks (Jandik and Bonn,
1993).
Unlike in chromatographic methods, in CE only the analytes of interest migrate through the
capillary. There is no intentional flow of sample solution or background electrolyte, but
depending on analytical conditions the high electric field induces a mass flow phenomenon
called electroendoosmotic flow (EOF). The interior of fused silica capillaries carries a small
negative charge that is dependent on the pH of the buffer solution used. The higher the buffer
pH, the higher the negative charge. This results in slightly higher cation concentrations close to
the capillary surface, which in turn induces a mass flow in the direction of the cathode. The
lower the pH, the lower the surface charge at the capillary surface and the lower the EOF (Jandik
and Bonn, 1993).
During CE analysis all cations move in the same direction, albeit at different velocities
depending on their electrophoretic mobility. This generates problems for adjusting the ionic
strength in the solution because the cation peak resulting from the background electrolyte cation
(e.g. Na+) can obscure other peaks. In theory any charged ions can be separated and detected by
CE. In this chapter I explore the potential of CE to measure free Al3+ and Fe3+ concentrations in
aqueous solutions with and without DOM.

5.2

Methods

All experiments were conducted with water soluble DOM that was extracted from the same
compost used in chapters 3 and 4.
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5.2.1

Exploratory Al complexation experiments

As I explained in Chapter 1, inorganic Al speciation in aqueous solutions is strongly pH
dependent. Because Al3+ is the predominant Al species below pH 4.5 (Figure 1-1), I carried out
all Al3+ experiments at pH 4 or lower. This ensured that the difference between total added Al
and measured free Al3+ could be assumed to be a good estimate of the amount that was bound by
DOM.
5.2.1.1

DOM solution

During initial titrations of DOM extracts with Al3+, dark precipitates formed that most likely
consisted of insoluble Al-DOM complexes. The objective of these experiments was to evaluate
whether the CE method could provide reasonable estimates of Al3+ concentrations in equilibrium
with soluble Al-DOM complexes. Any Al that precipitated would be permanently removed from
solution. To ensure that I truly tested if soluble Al-DOM complexes were stable during CE
analysis I decided to use pre-conditioned DOM solutions.
I extracted freeze-dried compost samples with deionized water at a 1:10 solid solution ratio.
After filtering these extracts through 0.5 µm glass fiber filters (Metrigard, Pall Life Sciences,
Ann Arbor, MI) I added 2M HCl to lower the pH to 2.5, the pH found in the untreated minespoil
material used in the experiments in chapters 3 and 4, and allowed the solutions to equilibrate for
several hours. They were then centrifuged at 10,400 g for 5 minutes and filtered through 0.5 µm
glass fiber filters. I then added AlCl3 to achieve an Al concentration of 2.22 mM. Initial titrations
had indicated this to be high enough to precipitate most of the insoluble Al-DOM complexes.
After several hours of equilibration the solution was centrifuged and filtered as described above.
Subsequently, I removed all Al3+ by two consecutive batch equilibrations (1 hour each) with a
partially Na+ saturated cation exchange resin (DOWEX HCR-W2) that was adjusted to pH 3 to
prevent an increase of solution pH during equilibration. The resin was removed from solution by
filtration (0.5 µm glass fiber filter). After this treatment the only detectable cations in the
solution were H+ and Na+. Total Al3+ concentration of the final solution was below the atomic
adsorption spectrophotometer detection limit of 3.7 µM. The DOC concentration of this preconditioned DOM solution was 0.7 g L-1.
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5.2.1.2

Titrations

I diluted the preconditioned DOM solutions to a DOC concentration of 0.35 g L-1, adjusted the
pH to 3 or 4 with 2 M HCl, and titrated them with small increments of 9.26 mM AlCl3 solution
that had been adjusted to pH 3 or pH 4, respectively. Base was added after each AlCl3 increment
to maintain the pH at 3 or 4 in the DOM solution. Deionized water samples, adjusted with NaCl
and HCl to the same ionic strength and pH as the samples, were titrated in the same way to
obtain calibration solutions, where total added Al equaled free Al3+. The ionic strength in these
solutions was 0.02.
Capillary electrophoresis requires only very small sample volumes. The actual volumes
injected are of the order of a several nanoliters. After each AlCl3 increment I sampled and stored
a 0.5 mL aliquot of the DOM solution. Before CE analysis all these samples were centrifuged at
10,400 g and 298 K for 10 minutes. Even at the highest total Al concentrations I did not see any
precipitates in the pH 3 solutions, indicating that the pre-conditioning of the DOM solutions had
been effective and that all Al-DOM complexes were still in solution and would remain there
until CE analysis. At pH 4 I observed a dark precipitate at higher Al concentrations, which will
be discussed in section 5.3.2.2 below.
5.2.1.3

Capillary Electrophoresis analysis of Al3+

All CE analyses were performed on a Beckman P/ACE 2200 Capillary Electrophoresis apparatus
with UV detector that was connected to a computer system with Beckmann System Gold
Software V8.1. I slightly modified the method reported by Göttlein (1998) who did not specify a
pH for the background electrolyte solution. Because Al3+ does not absorb in the UV spectrum
this method relies on indirect detection with a UV absorbing background electrolyte (BGE). The
term background electrolyte here refers only to the solution that is used to fill the capillary and
that the two ends of the capillary are immersed in during analysis. The BGE solution used by
Göttlein (1998) contained 5 mM Metol (4-methylaminophenol sulfate), 1 mM ascorbic acid and
2 mM crown ether 18-crown-6 and had been shown to allow analysis of Al3+. For my purposes
the crown ether was unnecessary. It is mainly needed for the separation of NH4+ and K+, which
would otherwise co-migrate. Without adjusting the pH of the BGE there were no detectable Al3+
peaks. Adjusting the pH to 2.5 with 1M HCl produced good, reproducible Al3+ peaks. I also
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reduced the Metol concentration to 2.5 mM, which increased the sensitivity and decreased
baseline noise. Separation occurred in an uncoated fused silica capillary (47cm long with 40 cm
distance to the detector, 75 µm internal diameter). The samples were injected by pressure (0.5 psi
= 3.45 kPa) for 4 seconds, followed by pressure injection of BGE for 2 seconds to prevent
leakage of sample out of the capillary into the buffer vials during the start of the separation.
Separation voltage was 10kV, which generated a current of approximately 25 µA.
Göttlein (1998) reported the method to be linear from 3.7 µM to 74 µM Al3+. With my
modifications I obtained peak areas that were linear from 3.7 µM up to more than 1.8 mM.

5.2.2

Using CE for the simultaneous measurement of Al3+, Fe3+, and Ca2+

As long as the electrolyte concentration can be kept low, CE should allow the simultaneous
analysis of several free cations in a solution. I examined the possibilities to use the method
discussed above to simultaneously analyze Ca2+, Fe3+, and Al3+, which would open up great
opportunities for competitive complexation experiments.
5.2.2.1

pH dependent speciation of Al3+, Fe3+, and Ca2+

Aluminum and Fe speciation is pH dependent. Simultaneously measuring Al3+ and Fe3+
concentrations at various pH values and comparing the results to theoretical speciation can be
used to evaluate any potential effect of the CE protocol and BGE on sample speciation. I
measured changes of Al3+ and Fe3+ concentrations over a pH range from 2 to 5.5. For
comparison I included Ca2+ in the solution. Its concentration should not be affected by the
solution pH.
5.2.2.2

Competitive sorption of Al and Fe to DOM at pH 2

I used the same DOM solution generated for the Al3+ complexation experiment (see 5.2.1.1) to
conduct competitive sorption experiments with Al3+ and Fe3+. To ensure that Fe3+ was the
dominant free Fe species and to facilitate Fe3+ analysis, this experiment was performed at pH 2.
DOM-free calibration solutions were simultaneously titrated with 0.1 M AlCl3 and 1000 mg L-1
FeCl3 solutions. For the sorption experiment I added two increments of Al3+ to pH 2 DOM

92
solution for total Al concentrations of 46.7 and 140 µM. Then I added increasing amounts of
Fe3+ until a total of 688 µM Fe was reached. After each titration step I sampled a 4 mL1 aliquot,
centrifuged it at 10,400g and 298 K for 10 minutes and analyzed the solutions as described in
section 5.2.1.3. To achieve better separation of the peaks I used a longer capillary (57cm x 75
µm, 50cm path length to detector) and an electric field of 12.5 kV.

5.3

Results and Discussion

5.3.1

Technical limitations encountered

The decision to explore CE was made towards the end of my research activities. I was fortunate
to find an instrument that I could have free access to and experiment with. While I was able to
test my ideas regarding Al3+ and Fe3+ speciation experiments and suitability of CE for metalDOM binding experiments, the specific instrument (Beckman P/ACE 2200) was an older model
and had some major technical shortfalls that made it difficult to conduct full and valid
complexation experiments. As I already mentioned, the autosampler did not have a temperature
control. During a longer run I noticed that the temperature in the autosampler area increased
significantly. This could have affected not only equilibria in the samples but also their viscosity.
Changes in viscosity induce error in the amount of sample that is injected into the capillary. The
sample vials are also not completely sealed and long runs combined with the elevated
temperature could cause some of the sample to evaporate before analysis, especially when using
microvial inserts to work with small volumes. In general it was therefore not possible to conduct
thermodynamically accurate Al3+ of Fe3+ binding experiments, which will have to be performed
on an instrument with better temperature control. Nonetheless, the experimental results described
below clearly demonstrate the capabilities of capillary electrophoresis for metal-DOM binding
studies.

1

Unfortunately, the CE instrument at my disposal did not have a temperature-controlled autosampler. When using
microvial inserts in the 4mL sample vials I found that over the course of a longer analytical run significant
amounts of the solution evaporated, falsifying the results. Here I used the full 4 mL sample vials to avoid too
much error due to the lack of temperature control.
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5.3.2

Initial Complexation Experiments

5.3.2.1

Influence of sample ionic strength on CE analysis of Al3+

The biggest obstacle to using CE for analyzing free cation concentrations in sorption
experiments can be seen from the sample electropherogram in Figure 5-1. Usually sorption
experiments are carried out at different ionic strengths, achieved by adding different amounts of
a monovalent cation with low affinity for the sorbent, e.g. Na+. During CE separation the
background electrolyte ion moves in the same direction as the Al3+ ions to be analyzed. Figure
5-1 shows a big Na+ peak generated by 0.02 M Na+ background concentration in the sample.
Cations moving slower than Na+ are affected by the size of the Na+ peak. In fact, under the CE
settings used for the analysis in Figure 5-1 a Ca2+ peak could not be separated from the large Na+
peak. The Na+ peak can be reduced by injecting less sample into the capillary. Unfortunately this
will reduce the sensitivity for Al3+ or other lower concentrated cations and with it the possibility
to observe the important initial part of the binding isotherm of the cation of interest.
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Figure 5-1:

Sample electropherogram of DOM solution with added Al. The large Na+ peak
corresponds to roughly 0.02 mol L-1 Na+, the smaller Al3+ peak corresponds to 67
µmol L-1 Al3+. Note that indirect UV detection was used and that for practical
purposes the peaks have been inverted so that they appear as positive peaks.
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In the absence of a reliable alternate analytical method to directly verify the CE data I
examined how consistent the results were for different experimental conditions. Figure 5-2
shows that neither variation in total DOC concentration nor changing the BGE concentration in
the CE protocol affected the shape of the Al3+ binding isotherm. Combining these observations
with the findings of Göttlein (1998) and Wu et al. (1993) who have shown that Al-oxalate
complexes were stable during CE analysis, I concluded that capillary electrophoresis was
capable of providing a reasonable direct estimate of free Al3+ concentrations without disrupting
the Al-DOM sorption equilibrium and without changing the inorganic speciation of Al3+.
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Figure 5-2:

Al-DOM sorption isotherms at pH 3 determined by measuring free Al3+ by
capillary electrophoresis. Comparison of results for two different DOC
concentrations and two different CE background electrolyte concentrations.
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5.3.2.2

Al3+-DOM complexation at pH 3 and 4

At pH 3 the sorption of Al to DOM reaches a plateau value of around 0.3 mmol g-C-1 (Figure
5-3). Because of the reduced competition by protons I expected to see more Al sorption at pH 4
compared to the same free Al3+ concentrations at pH 3. The measurements did not confirm this
expectation. Initially the sorption isotherm at pH 4 looked very normal, but it did not differ from
sorption at pH 3. However, at around 120 µM free Al3+ increases in total Al concentration did
not lead to any further increases in free Al3+. All added Al3+ appeared to be bound to DOM. The
last measured point seemed to indicate that 1.6 mmol Al3+ g-C-1 were sorbed, which would equal
4.8 molc kg-C-1. This may still be below the maximum binding capacity of the DOM, but it does
not explain the vertical shape of the isotherm at that point. It seems more likely that some other
reaction controlled Al3+ concentration at pH 4. In the pH 4 calibration solution without DOM the
relationship between total added Al concentration and peak area was linear beyond 500 µM total
Al concentration.
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I observed a dark precipitate in the DOM solutions at pH 4 at the higher total Al
concentrations. No precipitation occurred at pH 3 at any Al concentration. The dark brown color
of the pellet indicated that some DOM precipitated. It would seem logical to conclude from this
that the precipitation of Al-DOM complexes was responsible for the strange adsorption isotherm
at pH 4 (Figure 5-3). It is however a mystery why that would happen at pH 4 rather than at pH 3.
One would expect DOM to be less soluble at the lower pH. Additionally, it seemed very strange
that free Al3+ did not increase at all beyond 120 µM Al3+. The Al complexation capacity of
precipitated DOM could not have been endless. One would not have expected to suddenly see
very strong Al3+ binding up to very high values of bound Al3+ (4.8 molc kg-1) with no increase in
free Al3+, especially after the initial regular looking phase of the adsorption isotherm. Sorption to
DOM might not have been the only process responsible for removing Al3+ from solution at pH 4.
Possibly, Al3+ concentrations were controlled by some inorganic solid Al phase. An evaluation
of saturation indices using ECOSAT revealed that at 120 µM Al3+ the solution was oversaturated
with respect to diaspore (α-AlOOH) at pH 4 but not at pH 3. Even though the DOM-free
calibration solution at pH 4 was also oversaturated with respect to diaspore no solid phase
precipitated. My preliminary hypothesis is that the presence of DOM somehow facilitated the
formation of a solid Al hydroxide phase. A proposed mechanism could involve the increase of
Al3+ activity close to the negatively charged surface of the DOM molecules, facilitating
nucleation and subsequent precipitation. The small amount of pellet generated in this experiment
did not allow analysis of this solid phase. This phenomenon warrants further investigation, which
was beyond the scope of this work.

5.3.3

Using CE for the simultaneous measurement of Al3+, Fe3+, and Ca2+

5.3.3.1

pH dependent speciation of Al3+, Fe3+, and Ca2+ in DOM free solutions

As one would have expected, measured Fe3+ and Al3+ concentrations in DOM free solutions
decreased with increasing pH, while Ca2+ concentrations were unaffected (Figure 5-4). Two
separate analyses of the same solutions with separate calibrations showed high reproducibility of
the data. In order to evaluate the accuracy of these results I calculated the theoretical speciation
using ECOSAT. The measured values agree very well with calculated expected values when
precipitation of an amorphous Al and Fe hydroxide solid phase was included. This experiment
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strongly supports the premise that analysis by CE with the chosen BGE does not disrupt solution
equilibria and speciation and that it can provide reasonable estimates of free cation
concentrations in equilibrium with negatively charged dissolved sorbents.
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Figure 5-4:

5.3.3.2

Simultaneously measured free Al3+, Fe3+, and Ca2+ concentrations at different pH
values. Filled and open symbols represent two separate analytical runs of the same
solutions with separate calibrations. Lines correspond to theoretical equilibrium
values calculated using ECOSAT either with (dashed) or without (solid) allowing
precipitation of an amorphous solid Fe or Al hydroxide phase.

Competitive sorption of Al and Fe to DOM at pH 2

The possibility to simultaneously measure free concentrations of several metal cations at once is
a unique advantage of CE. It might open up the possibility to conduct competitive complexation
experiments with two or more competing metal cations at once. Here I will briefly demonstrate
the potential of using CE to measure competitive sorption of Al and Fe to DOM.
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Figure 5-5 shows the electropherograms of the calibration solutions. Because I used a 1000
mg L-1 AA Fe standard in dilute nitric acid, I had to add base to the solutions to maintain
constant pH. This resulted in the increasing Na+ peak size. Because the Fe3+ peak started to
merge with the Na+ peak I only calculated the calibration for Al3+.
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Electropherograms of DOM-free calibration solutions for simultaneous
measurement of Al3+ and Fe3+ at pH 2

If the electrolyte concentration in a DOM solution does not change the reproducibility of the
CE method can be very high as seen for the three electropherograms for DOM solutions with 0,
46.7, and 140 µM total Al concentration in Figure 5-6. The K+ peak was caused by the leaking of
K+ ions from the liquid junction of the pH electrode that was used to monitor and maintain
constant pH during the titration.
When Fe3+ was added to the Al-DOM solution maintaining a constant pH again resulted in
increasing Na+ peaks (Figure 5-7). The merging Na+ and Fe3+ peaks did not allow me to analyze
free Fe3+ concentrations in this experiment. The Al3+ peaks increased with increasing Fe3+
concentration, indicating desorption of Al3+ by the added Fe3+. The relationship between total Fe
added and sorbed Al3+ (Figure 5-8) indicates that most of the Al3+ is replaced by Fe3+. Because
the ionic strength increased significantly with increasing Fe concentrations, resulting in increased
migration times for Al3+, these results have to be viewed with caution and need to be confirmed
under conditions where the ionic strength is maintained constant.
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Figure 5-6:

Electropherograms of pH 2 DOM solution with increasing amounts of Al3+ added.
Alt = total Al added, Alfree = free Al3+ concentration corresponding to the shown
peaks.
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Figure 5-7:

Electropherograms for the lowest and highest total Fe concentration added to the
DOM solution that also contained 140 µM Al.
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5.4

Change of DOM bound Al with increasing total Fe concentration.

Conclusions

I was able to demonstrate the possibility of directly measuring Al sorption to DOM by analyzing
free Al3+ concentration with capillary electrophoresis. The results indicate that the UV absorbing
background electrolyte used in the CE protocol did not affect Al-DOM complex stability or
inorganic speciation. The CE method showed linear peak area response over almost 3 orders of
magnitude of free Al3+ concentration. Provided that temperature of the samples in the
autosampler can be controlled I believe that accurate Al3+ binding results can be obtained using
capillary electrophoresis, data that have not yet been directly measured in any other way.
To my knowledge these experiments have for the first time evaluated the use of CE to
measure metal complexation by DOM. I believe they open up an interesting new area of metalDOM binding research that is worth exploring. An especially promising approach would be to
combine the CE separation with detection by mass spectrometry. CE-MS systems are now
commercially available, but I have not seen any published reports using CE-MS for metal-DOM
complexation studies yet.

Chapter 6

Detection of negatively charged DOM macromolecules
or colloids at pH 2.5

6.1

Introduction

The exploratory experiments reported in this chapter evolved from my curiosity about the
capabilities of capillary electrophoresis (CE). The work described in Chapter 5 has shown that
CE can be used to measure concentrations of free cations in DOM solutions, making it possible
to conduct sorption experiments with Fe and Al. I then wanted to find out whether CE could also
be used to measure the effect of metal binding on the negatively charged DOM molecules.
Binding of cations to DOM molecules clearly changes their charge density, which should change
their electrophoretic behavior. In theory it should be possible to detect these changes with CE.
The polarity of CE instruments can easily be reversed, causing negatively charged molecules to
migrate towards the detector, where they can be directly detected by UV adsorption.
In the chapters 3 and 4 I described experiments with highly acidic minespoil material. Since
the CE experiments were motivated by the interest in metal-DOM interactions at low pH, I
decided to use pH 2.5 for the experiments reported here. While conducting my exploratory trials
I encountered extremely sharp peaks in the electropherograms at long migration times. Initially I
perceived them as errors and tried to eliminate them through careful reexamination of the
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experimental protocol. However, they did not disappear, but turned out to be reproducible. They
were somehow related to properties of the analyzed DOM solution.
A number of authors have already shown that free solution capillary electrophoresis can be
used to characterize humic substances (Ciavatta et al., 1997; De Nobili et al., 1998; Garrison et
al., 1995). Due to the heterogeneity of humic substances, this characterization is not much more
than a fingerprinting, not a true separation of individual components, resulting in rather
nondescript electropherograms. In most cases the background electrolyte used is a borate
solution at an alkaline pH and the humic substance sample is usually dissolved in an alkaline
NaOH solution. Schmitt-Kopplin et al. (1998) have shown that the borate anions in the
background electrolyte can form complexes with 1,2 and 1,3-diols present in the humic
substances, affecting separation results. High pH buffer solutions ensure that most acidic
functional groups are deprotonated and that the humic substance molecules migrate quickly
towards the anode and the detector. However, electroendoosmotic flow (EOF), which always
occurs in the direction of the cathode, increases with increasing pH, reducing the effective
mobility of the negatively charged ions. Under alkaline conditions it is often necessary to
suppress or reverse EOF by adding modifiers (cationic surfactants that mask the negatively
charged capillary surface) to the buffer for good separation of anions. Alternatively, one can use
a very low pH buffer, which significantly reduces EOF (Jandik and Bonn, 1993).
Even at low pH, there will still be some deprotonated sites on humic molecules. Work by de
Wit et al. (1993) and Benedetti et al. (1996) indicates that the net negative charge on humic acids
and fulvic acids at pH 2.5 – 3 is in the range of 1 – 2 molc kg-1. However, these values were at
the low end of their experimental binding data and I only view them as a general indication that
there is net negative charge on dissolved organic matter at pH 2.5. The low charge density at pH
2.5 will lead to slow migration times, making it essential to ensure low EOF to allow significant
movement towards the anode and the detector. This can be achieved by using a buffer with very
low pH. Phosphate buffers at pH 2.5 with concentrations between 25 mM and 100 mM have
previously been used in CE separations of anions (Timerbaev, 2000). To my knowledge there are
no reports of using a pH 2.5 phosphate buffer for the separation of negatively charged humic
molecules, but I also found no indication why it should not be attempted.
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This chapter shows that capillary electrophoresis can be used to separate and detect
individual negatively charged DOM colloids or macromolecules using a pH 2.5 phosphate
buffer. Furthermore I will show that this analytical protocol can be used to look at the effect of
cations with different affinities for humic substances (Ca2+, Fe3+, Al3+) on these negatively
charged DOM molecules and colloids at pH 2.5.

6.2

Materials and Methods

6.2.1

DOM extraction

The same compost sample as in chapters 3, 4 and 5 was used here. I extracted 15 g of the ground
freeze-dried sewage sludge compost with 150 mL deionized water for one hour on a horizontal
shaker. The suspension was centrifuged at 10,400g for 15 minutes and filtered through 0.5 µm
glass fiber filter (Metrigard, Pall Life Sciences, Ann Arbor, MI). The filtered DOM extract had a
pH of 6.8. I diluted this DOM solution 4 times with deionized water and brought the pH to 2.5 by
adding 2N HCl. After stirring for 1 hour, the solution was centrifuged at 10,400 g for 15 minutes.
I added a potassium saturated cation exchange resin to the decanted supernatant and allowed it to
equilibrate for 2 minutes while shaking. The purpose of the cation exchange resin was to replace
all other cations with K+. The DOM solution was once more filtered through 0.5 µm glass fiber
filters and the pH was readjusted to pH 2.5 using 2N HCl.

6.2.2

Metal-DOM experiments

I added small increments of 0.1 M FeCl3, 0.1 M AlCl3, and 0.1 M CaCl2 to 20 mL aliquots of the
pH 2.5 DOM solution to obtain solutions with 0, 0.25, 0.5, 1, and 2 mmolc of Fe3+, Al3+, and
Ca2+ respectively. Where necessary I readjusted to pH 2.5 using 2N HCl. Differences in
electrical conductivity between samples can greatly affect peak sizes, shapes, and migration
times in capillary electrophoresis. I therefore determined the conductivity in all sample solutions
and adjusted each individually with 1 M KCl solution to 2.6 mS cm-1, the highest measured
conductivity. The resulting solutions were then centrifuged at 10,400g for 15 minutes, decanted,
and stored at room temperature in a dark closet until analysis.
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Of the three cations used, Fe3+ is the only one that could be expected to form colloids at the
concentrations and pH used. I therefore prepared a control with 2 mmolc Fe3+ analyzed it under
the same conditions as the DOM solutions.

6.2.3

CE conditions

All analyses were conducted on a Beckmann P/ACE 2200 capillary electrophoresis instrument
connected to a computer system running System Gold V8.10 software. The capillary was a fused
silica capillary, 47cm long with an internal diameter of 75 µm and 40 cm path length to the UVdetector (254 nm). Separation occurred at 25°C in 100 mM pH 2.5 potassium phosphate buffer in
a 10 kV electric field with the anode at the detector side. I matched the buffer pH to the sample
pH in order to minimize any interference of the buffer on the analyzed DOM solutions. Before
use the buffer was filtered through a 0.22 µm membrane filter (Durapore® PVDF, Millipore,
Bedford, MA). All samples were filtered through 0.45 µm membrane syringe filters (Durapore®
PVDF, Millipore, Bedford, MA) when I filled them into the 4 mL autosampler vials. Both
buffers and samples were degassed in a vacuum chamber before analysis to avoid formation of
gas bubbles within the capillary.
In an effort to create the same capillary conditions for each sample run, the capillary was
rinsed before each sample or standard analysis with 0.1 M NaOH under high pressure (20 psi)
for 1 minute, followed by a rinse with deionized water for 30 seconds (20 psi) and a rinse with 1
M HCl for 1.5 minutes (20 psi). Finally the capillary was rinsed for 1.5 minutes with the pH 2.5
phosphate buffer (20psi). The samples were introduced under 0.5 psi pressure for 15 seconds,
resulting in a total injected sample volume of 107.4 nL or 24.15 mm plug length. After the
sample, a plug of phosphate buffer was injected (5 seconds under 0.5 psi pressure = 35.8 nL =
8.05 mm) in order to prevent sample from leaking back into the buffer vial before all negatively
charged analyte molecules had started to migrate towards the detector. Separation run times
started at 30 minutes but were later extended to 90 minutes.

105

6.3

Results and Discussion

6.3.1

Exploration of a new method

When I started these experiments, I was interested in general changes in electropherograms of
DOM solutions when adding different cations. Since nobody had conducted these experiments
under similar conditions I was unsure what kind of changes I would observe. I expected the
strongest effect on DOM from adding Fe3+ and started with an exploratory experiment where I
added increasing amounts of Fe to pH 2.5 DOM solution and performed CE separations at 25 kV
for 30 minutes per run. The resulting electropherograms did not show great variations in UVabsorbance but had some visible features between 5 and 10 minutes migration time that seemed
to change slightly when Fe3+ was added (Figure 6-1).
A series of extremely sharp peaks occurred at the longer migration times in the Fe free DOM
solution and at lower Fe concentrations. They seemed to disappear at higher Fe concentrations.
Not having seen anything like that before I initially interpreted them as errors, caused by bubbles
in the capillary due to excessive heating under the high electric field, or by unclean sample vials
and/or buffer and sample solutions. If air bubbles had been the cause I should have seen a drop in
current in the capillary, which is monitored by the instrument and remained stable for the
duration of the runs. Nonetheless, I checked my analytical protocol, found that 25 kV was too
high for the 100 mM phosphate buffer, and decided to decrease the field strength to 10 kV. I also
prepared fresh buffer solutions and filtered new samples into new and clean sample vials.
Together with the new protocol I increased the analysis time to 90 minutes. The
electropherogram and the migration times changed, but the peaks appeared again (Figure 6-2). I
checked the reproducibility of these peaks by filtering the same DOM solution into three
different sample vials and analyzing them separately. While there was no peak for peak
reproducibility, all three electropherograms looked very similar and the overall pattern of the
sharp peaks matched very well from one analysis to the next (Figure 6-3). The peaks repeatedly
appeared between 30 and 60 minutes of migration time only. This was a most striking
phenomenon that I had not seen described in the literature before. My initial hypothesis was that
I detected individual macromolecules or colloids, because the peaks were so sharp at such long
migration times.
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Figure 6-1:

Electropherogram of pH 2.5 DOM solution with increasing concentrations of
Fe3+. Results from exploratory experiments (20 second injection time, separation
at 25 kV).

The plate heights calculated for these sharp peaks were between 10-8 and 10-7 m, which is
smaller than usually achievable by CE. It is possible to calculate the contribution of finite
injection volume and finite detector length on theoretical plate heights. In my case the theoretical
plate height contribution from the finite detector length of 200 µm was 8.3·10-9 m, the
contribution from the finite injection volume was 1.2·10-4 m. Because the theoretical plate height
contributions are additive (Jandik and Bonn, 1993), this means the peaks should have been much
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broader if they represented groups of identical molecules or groups of identical colloids. The
only logical explanation seemed to be that each peak represented an individual macromolecule or
colloid.
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Figure 6-2:

Electropherogram of pH 2.5 DOM solution. Different separation conditions than
in Figure 6-1 (15 seconds injection, 10 kV separation, longer run time).

The next question I asked was whether the pH of the DOM solution had a significant effect
on the electropherograms. DOM extracted at near neutral pH will most likely consist of a
mixture of fulvic and humic acids, the latter being less soluble at lower pH (Stevenson, 1994).
Some precipitation was observed after acidification of the compost extract to pH 2.5. At low pH
a larger fraction of the negatively charged functional groups of the DOM molecules will be
protonated, reducing intermolecular repulsion and facilitating aggregation and flocculation,
which would result in the formation of DOM colloids. At pH 6.8 the DOM should be more
dissolved and less likely to flocculate, all other conditions being the same. I analyzed the pH 6.8
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DOM solution and compared the electropherogram to the one obtained from pH 2.5 solution
(Figure 6-4). There were many sharp peaks in the pH 6.8 DOM electropherogram, but their
migration times were not restricted to the 30 to 60 minute windows observed for the pH 2.5
solutions. Additionally, some of the peaks were much higher than observed at pH 2.5. At this
point it is impossible to judge whether the peaks in the pH 6.8 DOM sample represent individual
macromolecules, colloids present at pH 6.8, or colloids that were induced by the pH 2.5 buffer in
the capillary during analysis.
If the peaks were caused by individual colloids they might be removable by filtration through
narrower pores. I filtered the pH 2.5 DOM solution through a 0.22 µm membrane filter and
compared the resulting electropherogram to the one previously obtained where the solution was
filtered through a 0.45 µm membrane filter (Figure 6-5). The peaks decreased dramatically in
size and also in number, but they did not disappear completely while the total DOC
concentration did not change (Table 6-1). A significant amount of the material that caused the
peaks apparently was in the size range from 0.22 to 0.45 µm. This indicates that the peaks were
caused by individual colloids rather than by macromolecules.

Table 6-1

DOC concentrations in DOM solutions of different added cation concentrations
DOC Concentration at the following cation concentrations
0 mmolc L
0.25 mmolc L-1
0.5 mmolc L-1
1 mmolc L-1
2 mmolc L-1
-1
––––––––––––––––––––––––––––––––––– mg L –––––––––––––––––––––––––––––––––––
347
349
-1

DOM < 0.45 µm†
DOM < 0.22 µm
Ca2+
Al3+
Fe3+

347
347
347

357
342
349

340
355
357

365
346
340

340
345
304

† The carbon concentration in the DOM solution at pH 6.8, before the pH was dropped to 2.5, was not measured.
Earlier experiments indicate that a 15 to 25% loss of DOC after acidification is a reasonable estimate.
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Figure 6-3:

Three replicate analysis runs of pH 2.5 DOM solution with direct UV detection at
254 nm. The individual electropherograms have been shifted for greater clarity.
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Figure 6-4:

Electropherograms of extracts at pH 6.8 and pH 2.5. The lower electropherogram
is identical to the uppermost one in Figure 6-3.
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Figure 6-5:

Electropherogram of pH 2.5 DOM solutions filtered through 0.45 µm and 0.22 µm
membrane filters.
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Figure 6-6:

Electropherograms of pH 2.5 DOM solution at 3 different DOC concentrations.

Yet another way to look at the phenomenon was to dilute the original DOM solution (347 mg
L-1 DOC) while maintaining the electrical conductivity by adding appropriate amounts of 1 M
KCl. Peak sizes decreased dramatically with increasing dilution (Figure 6-6). This observation
gives further support to the colloid hypothesis. Aggregation of DOM molecules to colloids or
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small colloids to larger colloids can be expected to decrease with decreasing DOM concentration
because the rate of colloid aggregation usually follows a second order rate law (Stumm and
Morgan, 1995). At lower DOM concentrations fewer and smaller colloids might have formed,
leading to the observed decrease in peak size. Otherwise the electropherograms at lower DOC
concentrations should only show fewer peaks, but not smaller ones. This has to remain
speculation however, until a way can be found to characterize the observed peaks in more detail.

6.3.2

Effect of Ca2+, Al3+, and Fe3+

The exploratory experiments have shown that the interesting part of electropherograms of pH
2.5 DOM solutions were a series of sharp peaks between 30 and 60 minutes, attributed to
individual macromolecules or colloids. Due to their different affinities for DOM ligands I
expected Ca2+, Al3+, and Fe3+ to have different effects on these electropherograms. The affinity
increases from Ca2+ to Al3+ to Fe3+ (Stevenson, 1994). Accordingly the electropherograms did
not change very much with increasing Ca2+ concentrations (Figure 6-7). More change occurred
with increasing Al3+ concentrations (Figure 6-8). The most striking effect was observed for Fe3+,
where the heights of the peaks decreased dramatically with increasing Fe3+ until the peaks
completely disappeared at 2 mmolc Fe3+ (Figure 6-9). This agreed well with observations made
after centrifuging the metal-DOM solutions. I observed most precipitation in the Fe samples and
very little precipitation in the Ca and Al samples. The DOC concentrations in the supernatants
confirmed this (Table 6-1). The only sample with a measurable decrease in DOC was the
solution with 2 mmolc L-1 Fe3+.
By chance I made another confirming observation when I left the metal-DOM solutions that
had been centrifuged and decanted in a closet. About 2 months after the CE analysis I took them
out again. Even though the solutions had been centrifuged at 10,400g for 15 minutes and
decanted before the CE analysis, I now observed dark brown precipitates (Figure E-1). The
visual impression was that the amount of precipitate formed was inversely proportional to the
reduction in peak size in the electropherograms. While Ca2+ had no effect, less precipitate had
formed in 2 mmolc Al3+ solutions than at 0.25 mmolc Al3+ solutions. The clearest effect could be
seen for Fe3+ where almost no precipitate had formed in the 2 mmolc Fe3+ solution. The
corresponding electropherogram had shown no peaks. All material that could flocculate and
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precipitate was removed by 2 mmolc Fe3+. Due to its high affinity for DOM, Fe3+ might have
accelerated the coagulation process, removing all negatively charged macromolecules and
colloids before the solutions were centrifuged. The coagulation process eventually occurred in
the other solutions as well, albeit at a slower rate. Therefore peaks were visible at the time of CE
analysis and a precipitate had formed after a very long time. This observation underlines that in
order to fully evaluate the peaks and their causes it will be necessary to include some kind of
kinetic experiment, looking at the change in peak distribution in the same sample over a longer
time period.
Finally, note the strange electropherogram of the DOM-free 2 mmolc L-1 Fe3+ solution. It
seems counterintuitive that this solution without DOM should also produce sharp peaks that were
attributed to colloids in the DOM solutions. At 2 mmolc L-1 and pH 2.5, Fe3+ solutions are
supersaturated with respect to iron hydroxides. While the formation of iron hydroxide colloids
was possible, they should not have been negatively charged at pH 2.5 (Stumm and Morgan,
1995). However, Stumm and Sigg (1979) have shown that these colloids can undergo charge
reversal at low pH in the presence of phosphate through formation of phosphate surface
complexes. The background electrolyte in the capillaries was a 100 mM potassium phosphate
buffer. Any positively charged iron hydroxide colloids migrating out of the sample plug away
from the detector and into the buffer solution might have adsorbed phosphate ions, reversing
their charge and with it their direction of movement, now migrating towards the detector.
Alternatively phosphate ions from the background electrolyte could have migrated into the
sample plug and reacted with Fe colloids present there, with the same net effect that they became
mobile towards the detector. The few very sharp peaks in the electropherogram of the DOM free
2 mmolc L-1 Fe3+ solution (Figure 6-9) might therefore be considered as more circumstantial
evidence that these sharp peaks represent individual colloids.
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Figure 6-7:

Electropherograms of pH 2.5 DOM solutions with various amounts of Ca2+ added.
For better comparisons the baselines were shifted so that all electropherograms
could be plotted in one graph.
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Figure 6-8:

Electropherograms of pH 2.5 DOM solutions with various amounts of Al3+ added.
For better comparisons the baselines were shifted so that all electropherograms
could be plotted in one graph.
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Figure 6-9:

Electropherograms of pH 2.5 DOM solution with various amounts of Fe3+ added
and of a 2 meq Fe3+ solution without DOM. For better comparison the baselines
were shifted so that all electropherograms could be plotted in one graph
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6.4

Conclusions

Using pH 2.5 phosphate buffer in capillary electrophoresis to separate humic materials in
acidic DOM solutions has never before been reported. Contrary to expectations based on
published work with CE and humic substance separation at alkaline pH using borate buffers, I
did not obtain broad featureless electropherograms, but found reproducible patterns of very sharp
peaks between 30 and 60 minutes migration time in pH 2.5 DOM solutions. Because their
calculated plate height was smaller than theoretically possible based on the actual injection
volume used, it seemed unlikely that individual peaks were caused by groups of identical
molecules or colloids. Several experiments yielded supporting evidence for the hypothesis that
each peak represented an individual macromolecule or colloid. A final unequivocal conclusion
cannot be made based on these preliminary experiments.
Assuming the peaks represented colloids I investigated the effect of various concentrations of
Ca, Al, and Fe on the electropherograms of these pH 2.5 DOM solutions. The results agreed with
expectations and the assumption that the peaks represented colloids or humic macromolecules.
Ca had little effect, Al had some effect, while Fe had the most pronounced effect, eliminating the
peaks altogether at 2 mmolc L-1 Fe3+.
While I have provided much circumstantial evidence for the colloid/macromolecule
hypothesis, these experiments and the CE instrument at my disposal were not suitable to
unequivocally prove or reject that hypothesis. However, if the hypothesis holds up, these
experiments have opened the door to interesting future experiments. Like gas chromatography
and HPLC, CE separation has been coupled with mass spectrometry. With a CE-MS system it
may be possible to further characterize the sharp peaks.
Characterization of humic substances has long been extremely complicated by the fact that
humic substances are such heterogeneous mixtures. This experiment was not conducted with
well defined forms of humic substances such as humic or fulvic acids, but rather with compost
extracted DOM. Nonetheless, the results indicate that CE separation approaches other than those
used so far may prove valuable in the separation and characterization of humic materials.

Chapter 7

Overall Summary and Conclusions

This work has focused on molecular interactions between compost derived DOM and Ca at
pH 6 and DOM and Al at acidic pH, and on the effect of different surface amendments on
subsoil chemistry in highly acidic minespoil material.
I have shown that DOM derived from a composted mixture of sewage sludge and hardwood
sawdust could significantly increase Ca solubility in equilibrium with gypsum. Ca-DOM
sorption isotherms, measured with a Ca selective electrode, could be well described by a
Langmuir-Freundlich isotherm model. Estimated maximum sorption capacities at pH 6 ,
obtained from model fits, were mostly in the range of 3 to 6 molc kg-C-1, but there was large
error in some samples and no trend with compost age. This was contrary to an expected increase
in carboxylic functional group content during the composting process based on reports of organic
matter transformation during the composting process. Calcium sorption capacity should have
increased with increasing carboxylic functional group content. The lack of an observed trend of
Ca sorption capacity with compost age might have been due to high variability in the binding
data. An examination of error propagation in Ca-DOM binding experiments using ion selective
electrodes demonstrated that the nature of these experiments leads to a magnification of a small
constant error in electrode accuracy to a large relative error in calculated Ca sorption. It was
therefore not possible to decide firmly whether there was no trend in Ca sorption capacity with
age or whether the trend was obscured by experimental error. I showed for the planning of future
experiments that error in calculated sorption is inversely proportional to sorbent concentration.
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Additionally, I proposed that sorption isotherms should only be used up to a free cation
concentration where the ratio of free to total cation concentration is below 0.95. If higher free
cation concentrations are desired, then the sorbent concentration has to be increased accordingly
in order to keep the error in calculated sorption at a reasonable level.
The column experiments with acidic minespoil material have shown that contrary to
experiences from highly weathered acidic soils, solubility of CaCO3 and mobility of Ca was not
a limiting factor in improving subsoil conditions. Ca solubility was similar in CaCO3 and
gypsum treatments, an observation confirmed by activity ratio diagrams. Both a small laboratory
column experiment and a large greenhouse column experiment with plants showed that compost
had very little effect on subsoil properties. Compost slightly increased subsoil pH in the small
laboratory columns, the effect being most likely caused by some alkalinity contribution of the
compost derived DOM, and not by increased Ca mobility. In both experiments some of the Ca
that leached into the subsoil sorbed there and replaced Al and Fe. However, only a small portion
of the Ca that leached out of the surface was sorbed in the subsoil in the small column
experiment. A slight increase in subsoil pH of less than 0.5 units was observed in the small
column experiments, too small to have an effect on Al toxicity in the subsoil. In the large column
experiments the pH of the subsoil remained unaffected by surface treatments and root growth
was completely restricted to the amended surface layer. Because large amounts of Al were
leached from the subsoil of the control treatments and because Al leachate concentrations in the
subsoil of amended columns did not differ very much, I concluded that some solid phase
influenced Al solubility and subsoil concentration. Calculations showed that solutions were
clearly undersaturated with respect to Al hydroxide solid phases. Because the major anion in
acidic minespoils could be assumed to be SO42-, I evaluated equilibria with Al-hydroxy-sulfate
solid phases such as jurbanite, alunite, and basaluminte. Stability diagrams indicated that subsoil
solution Al concentration could have been controlled by a jurbanite-like solid phase in both
experiments. As a result of this, none of the surface treatments that were designed to maximize
Ca transport into the subsoil could have a significant effect, because Al concentrations in the
subsoil were buffered by the jurbanite-like solid phase. This prevented complete replacement of
Al by Ca, because subsoil solution Al could always be replenished from the solid phase. The
consequence of this observation is that in extremely acidic minespoils no surface treatment
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would be able to significantly affect subsoil conditions as long as the Al-hydroxy-sulfate solid
phase was present in the subsoil. Successful subsoil amelioration would necessitate direct
treatment of the subsoil with acid neutralizing materials. These considerations may only apply to
extremely acidic material as used for these experiments. In less acidic material my expectations
that methods proven in reclamation of subsoil acidity in highly weathered soils would also work
on acidic minespoils may well hold true. While a subsoil pH increase of 0.1 to 0.5 pH units is not
relevant at pH 2.5, neutralization of the same amount of acidity might make a huge difference at
pH 4. It is therefore necessary to repeat the experiments reported here with less acidic minespoil
material in order to finally judge the effects of compost and/or gypsum on subsoil chemistry
during minespoil reclamation.
The greenhouse column experiment had one surprising result, however. At a compost ratio of
68.8 g kg-1 plants grew moderately well in the surface soil despite a soil pH (1M KCl) of 3.3.
While the pH was only 0.2 units lower at 34.4 g kg-1 compost ratio, plants could not grow at all
under those conditions. These observations underline the strong detoxifying effect that compost
and compost derived DOM have by reducing toxic free Al3+ concentration through formation of
stable complexes. To better understand the effect of compost on Al toxicity it is necessary to
quantify and characterize Al-DOM complexation. Additionally, since the hypothesized jurbanitelike solid phase in the subsoil of highly acidic minespoils must be finite, it might be desirable to
speed up its dissolution. Once the Al buffering solid phase is depleted subsoil conditions might
actually improve. Due to the known strong affinity of DOM for Al3+, DOM may aid in speeding
up dissolution of the Al buffering solid phase in the subsoil, depending on mobility of DOM in
the subsoil, the affinity and capacity of DOM for Al and the fate and stability of DOM-Al
complexes. Unfortunately, quantitative data on Al-DOM interactions are very limited due to the
analytical difficulty in measuring free Al3+ concentrations. Current methods rely on indirect
measurements because there are no Al3+ selective electrodes.
The need to analyze Al-DOM interactions led me to evaluate a new analytical technology,
capillary electrophoresis (CE). I was able to demonstrate that CE can be used to measure free
Al3+ concentration in solutions with and without DOM without affecting the solution equilibrium
and the Al speciation. Moreover, I showed that CE can be used to analyze several cations at the
same time, opening up interesting avenues for competitive complexation experiments. A brief
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exploration measuring the increase in Al3+ concentration in a Al-DOM solution when Fe3+ was
added showed that Al3+ and Fe3+ can easily be analyzed at the same time. This experiment
showed that Fe3+ was more strongly bound to DOM than Al3+. No other methods aside from CE
currently exist to directly measure Al3+ and Fe3+ concentrations on a routine basis. The presented
CE method will make it possible to generate much needed Al-DOM and Fe-DOM binding data
that will aid in describing and understanding many processes occurring at acidic pH ranges in
soil solutions and aquatic environments. Because the CE instrument that I used did not have a
temperature controlled autosampler I was not able to produce these data myself at this point.
Finally, I examined whether CE can also be used to measure effects of different cations on
DOM. At acidic conditions I showed that a novel approach of analyzing an acidic DOM solution
with a pH 2.5 phosphate buffer caused very unexpected results. I observed extremely sharp peaks
at reproducible migration times and provided powerful circumstantial evidence that these peaks
represented individual macromolecules or colloids. To my knowledge this was the first time that
detection of individual DOM colloids by CE has been described. A combination of CE with mass
spectrometry may open up exiting new research opportunities based on these experiments. Using
this new method it may be possible to determine the importance of DOM colloids on transport
and Al detoxification in acidic subsoils.
In summary, I did not find relevant effects of surface amendments on subsoil chemistry in
highly acidic minespoils because subsoil Al concentrations were buffered by a jurbanite-like
solid phase. However, I was able to improve a capillary electrophoresis method and could show
that it can be used to directly measure much needed Al-DOM binding data and I demonstrated
that capillary electrophoresis might be able to separate and detect DOM colloids under acidic
conditions.
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Appendix

This appendix contains supplemental data tables and figures for Chapters 1, 2, 3, 4, and 6 in
sections A, B, C, D, and E, respectively.
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The following reactions and constants needed to be considered to evaluate the solubility of Al in
equilibrium with gibbsite, Al(OH)3 and construct the diagram in Figure 1-1 (all thermodynamic
data taken from Lindsay and Walthall, 1996)1:

Dissolution of gibbsite:
Al(OH)3 (gibbsite) + 3H+ ↔ Al3+ + 3H2O

log K = 8.04

A.2

Al3+ + H2O ↔ AlOH2+ + H+

log Ka = -5.0

A.3

Al3+ + 2H2O ↔ Al(OH)2+ + 2H+

log Kb = -10.1

A.4

Al3+ + 3H2O ↔ Al(OH)30 + 3H+

log Kc = -16.8

A.5

Al3+ + 4H2O ↔ Al(OH)4- + H+

log Kd = -22.7

A.1
Hydrolysis of Al3+:

In equilibrium the reaction constant of a reaction
A.6

aA + bB ↔ cC +dC

is defined as
A.7

c
d
{
C } {D}
K=
{A}a {B}b

, where {} indicate activities.

Taking the logarithm yields:
A.7a

1

log K = c log{C } + d log{D} − a log{A} − b log{B}.

Lindsay, W.L. and P.M. Walthall. 1996. The solubility of aluminum in soils. p. 333-361. In G. Sposito (ed.)
The Environmental Chemistry of Aluminum. Lewis Publishers, Boca Raton, FL.
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Remembering that {solid phase} DQG^+2O} DQGS+ - log{H+}, equations A.1 –
A.5 can be converted into a form where log Al3+ = f(pH) in the following way:
A.1a

log K = log{Al3+} + 3pH
⇔ log{Al3+} = 8.04 – 3pH

A.2a

log Ka = log{AlOH2+} – pH – log{Al3+}
⇔ log{AlOH2+} = -5 + pH + log{Al3+}
⇔ log{AlOH2+} = -5 + pH + 8.04 – 3pH
⇔ log{AlOH2+} = 3.04 – 2pH

A.3a

log Kb = log{Al(OH)2+} – 2pH – log{Al3+}
⇔ log{Al(OH)2+} = -10.1 + 2pH + log{Al3+}
⇔ log{Al(OH)2+} = -10.1 + 2pH + 8.04 – 3pH
⇔ log{Al(OH)2+} = -2.06 – pH

A.4a

log Kc = log{Al(OH)30} – 3pH – log{Al3+}
⇔ log{Al(OH)30} = -16.8 + 3pH + log{Al3+}
⇔ log{Al(OH)30} = -16.8 + 3pH + 8.04 – 3pH
⇔ log{Al(OH)30} = -8.76

A.5a

log Kd = log{Al(OH)4-} – 4pH – log{Al3+}
⇔ log{Al(OH)4-} = -22.7 + 4pH + log{Al3+}
⇔ log{Al(OH)4-} = -22.7 + 4pH + 8.04 – 3pH
⇔ log{Al(OH)4-} = -14.66 + pH

These five equations were then used to construct the lines in Figure 1-1.
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… Figure B-1 continued
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Figure B-1: Experimental Ca-DOM adsorption isotherms for DOM extracts from compost
ofdifferent ages. Lines represent Langmuir-Freundlich model fits. Parameters for
these fits are shown in Table B-3. Different symbols represent replicate titrations.
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Table B-1:

Effect of sample preservation method on extractable DOC and on Ca solubility in
DOM solutions equilibrated with CaSO4·2H2O.
Preservation Method

Organic C

Ca2+

days
10
10
10
10

Air dried
Frozen
Fresh
Freeze dried

mg L-1
1316
1297
1375
1439

mg L-1
554
518
668
675

20
20
20
20

Air dried
Frozen
Fresh
freeze dried

1116
1094
1180
1218

550
617
688
693

Compost Age

Table B-2:
Age
days
7
8
9
10
13
14
15
16
17
20
21
22
23
47
83
†

Select properties of the compost samples used for Ca2+ complexation experiments

Water
ash
content
content
––––––– g g-1 –––––––
0.78
0.104
0.96
0.105
0.76
0.112
0.75
0.108
0.57
0.111
0.65
0.107
0.68
0.111
0.58
0.113
0.52
0.115
n.a.
0.111
0.62
0.112
0.64
0.116
0.59
0.113
0.49
0.120
0.37
0.125

Total C

Total N

C/N

––––– g kg-1 –––––
472
17.6
469
19.8
457
17.7
455
21.9
461
19.6
455
22.3
446
19.0
444
20.0
451
20.1
438
22.1
431
21.1
435
21.9
449
20.9
469
20.6
463
24.0

g g-1
26.8
23.7
25.8
20.8
23.5
20.4
23.5
22.2
22.4
19.8
20.4
19.9
21.5
22.8
19.3

Water extractable DOC (1:10 solid-solution ratio)

pH

7.0
7.0
7.0
7.1
6.9
7.1
7.0
7.0
7.0
6.8
6.9
6.8
6.8
7.0
5.9

CEC

DOC†

––––––––– mmolc kg-1 –––––––––
7.2
12
43
62
7.6
13
48
68
9.7
16
55
80
9.2
15
50
74
9.5
17
60
87
7.9
14
45
66
10.1
18
63
91
9.2
16
55
115
10.8
19
63
92
12.4
22
75
110
10.7
19
63
92
11.5
20
65
96
11.9
20
70
102
12.5
20
58
90
13.0
23
63
138

g kg-1
17.34
15.70
14.00
14.98
16.63
15.34
14.47
14.11
14.71
14.60
14.62
14.62
14.02
12.38
20.56

K

Mg

Ca
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Table B-3:

Langmuir-Freundlich model parameters for Ca binding to compost derived DOM
and R2 values of the fit.
Age of compost
days
7

8

9

10

13

14

15

16

17

20

21

22

23

47

83

†

Replicate
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

K
L mol-1
319.4
112.1
139.3
42.6
24.5
2.2
57.9
165.8
269.5
167.2
222.7
410.4
163.0
149.4
172.9
115.0
129.1
108.4
118.0
182.7
35.3
54.9
200.8
10.5
141.4
149.5
13.7
242.4
320.1
148.0
88.3
1.3
85.8
110.5
152.7
49.2
5.6
56.2
89.6
60.8
31.2
57.5
45.9
137.2
61.3

n
1.08
0.81
0.86
0.77
0.70†
0.69
0.78
0.93
1.04
0.90
1.01
0.95†
0.92
0.85
0.82
0.83†
0.89
0.79
0.86
0.80
0.74
0.80
0.96
0.76
0.84
0.80
0.54
0.88
0.93
0.79
0.81
0.69
0.84
0.81
0.79†
0.78
0.69
0.72
0.78
0.71
0.70†
0.69
0.70
0.76
0.67

qmax
mol kg-1
2.1
3.4
2.5
6.0
5.5
25.0
3.9
2.7
2.7
2.5
2.7
1.3
3.1
2.4
2.0
2.3
3.3
3.0
3.7
1.7
6.3
4.7
2.4
14.6
2.8
2.3
2.8
2.1
1.8
2.4
4.2
45.4
4.6
2.9
1.9
4.9
15.0
3.2
3.4
5.1
7.0
5.0
4.7
2.5
3.2

R2
0.994
0.993
0.994
0.996
0.987
0.995
0.996
0.995
0.997
0.997
0.998
0.990
0.997
0.983
0.996
0.998
0.990
0.999
0.995
0.992
0.985
0.998
0.997
1.000
0.993
0.997
0.998
0.997
0.996
1.000
0.996
0.991
0.996
0.997
0.990
0.998
1.000
0.999
0.997
0.998
0.994
0.996
0.999
0.997
0.996

These values were fixed at the mean of the other two replicates because the fitting routing did not converge otherwise
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Figure C-1: Leachate DOC concentrations. Data for both experiments are printed in one graph
because the compost treatments in the first experiment can be assumed to
represent the leachate conditions during the pre-leaching phase in the second
experiment. The vertical arrow indicates the addition of compost in the second
experiment. Means of two replicates for the first experiment and three replicates
for the second experiment.
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Figure C-2: Cumulative mass balances for Al and Ca calculated from the leachate data
presented in Figure 3-4. Data for both experiments are printed in one graph. The
vertical arrow indicates the addition of compost in the second experiment. Means
of two replicates for the first experiment and 3 replicates for the second
experiment. The curves for the second experiment were shifted by the final value of
the no compost treatments in the first experiment.
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Figure C-3: Leachate pH data for both experiments. The vertical arrow indicates the addition
of compost in the second experiment. Means of two replicates for the first
experiment and 3 replicates for the second experiment. pH values for the leachates
of the first segments of the CaCO3 (L) and CaCO3 + gypsum (LG) treatments were
close to 7 for the duration of both experiments.
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Figure C-4: Solubility diagrams for (a) third segment, first experiment, (b) third segment,
second experiment. Error bars are for log(SO42-)-1 and log(SO42-)+1 respectively.
C = Control, L = CaCO3, LG = CaCO3 + gypsum, n = no compost, c = 68.8 g kg-1
compost.
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Figure D-1: Picture of one of the greenhouse columns.
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Figure D-2: Overview of the greenhouse column experiment in progress. The three rows of
columns represent the three blocks. To avoid systematic errors by unequal
environmental conditions (light, edge effects, etc.) the columns were rotated each
week when the reference weight was checked.
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a)

b)

c)

d)

Figure D-3: Exemplary pictures of plant growth in the greenhouse columns. (a) all treatments
with no CaCO3, no compost (pH §  E DOOWUHDWPHQWVZLWKQR&D&23, low
compost rate (34.4 g kg-1) (pH §  F DOOWUHDWPHQWVZLWKQR&D&23, high
compost rate (68.8. g kg-1) (pH §  G DOOWUHDWPHQWVZLWK&D&23 (pH § 
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Figure D-4: Pictures of the cut open soil columns at the end of the experiment. Length of the
ruler is 0.3 m.

154
Nc0
Nc0

2.8

Gc0
Gc0
Lc0
Lc0

pH

2.6

LGc0
LGc

2.4
2.2
2.0
Ncm
Ncm

2.8

Gcm
Gcm
Lcm
Lcm

pH

2.6

LGcm
LGc

2.4
2.2
2.0
Nch
Nch
Gch
Gch

2.8

pH

Lch
Lch

2.6

LGch
LGc

2.4
2.2
2.0
0

2500

5000

7500

10000

Leachate volume [mL]
Figure D-5: pH of greenhouse column leachates. Means of three replicates. N = No Ca added,
G = gypsum, L = CaCO3, LG = CaCO3 + gypsum, c0 = no compost, cm = 34.4 g
kg-1 compost, ch = 68.8 g kg-1 compost.
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Figure D-6: Al3+ concentrations of greenhouse column leachates. Means of three replicates
with standard deviations. N = No Ca added, G = gypsum, L = CaCO3, LG =
CaCO3 + gypsum, c0 = no compost, cm = 34.4 g kg-1 compost, ch = 68.8 g kg-1
compost
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Figure D-7: log{Al3+}+3pH values for the greenhouse column leachates. Constructed by
assuming that all Al was present in the form of Al3+. {} indicate activities. Activity
coefficients were estimated by assuming that Al3+ and Ca2+ were the dominant
cations and SO42- was the dominant anion. SO42- concentrations, which were not
measured, were assumed to equal the sum of the Al3+ and Ca2+ charges. Al3+
activity was corrected for AlSO4+ complexes.
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Figure E-1: DOM solutions with indicated concentrations of cations two months after these
solutions had been centrifuged and decanted.
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