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Summary
Controlling subsurface flow is crucial to prevent: the spreading of contaminants, the failure of dykes
or any undesirable water flow. Subsurface flow can be controlled by changing the soil permeability.
In order to change soil permeability rigid structures are often installed (for example the installation of
sheet pile walls into dyke bodies), however, these solutions are costly and disrupts the environment.
Alternatively, the SoSEAL project aims to provide an in-situ solution to reduce the permeability of highly
permeable soil layers in an ecological friendly and cost-effective way. The SoSEAL project is inspired
by podzolization, which is a soil formation process. It reduces soil permeability via the precipitation of
metal-organic matter complexes in the pore space. During earlier practices a need has arisen for a
cheap, environmentally friendly and naturally available aluminum source. Accordingly, the goal of this
research is to investigate if gibbsite can be used as the aluminum source to form metal-organic matter
precipitates.

A literature study was conducted to investigate the interplay between gibbsite and dissolved organic
matter (DOM). Four processes are primarily studied in this research, they are: the release of free Al via
dissolution of gibbsite; the complexation between free Al and DOM; the protonation and subsequently
precipitation of DOM and the adsorption of Hዄ/DOM onto the gibbsite surface. Thereafter the following
hypotheses were formulated:

• The extent of gibbsite dissolution is larger at low pH. However, due to its low solubility and slow
dissolution kinetics, a low concentration of free Al is expected.

• The organic matter (OM) source used in this study is a humic acid, therefore it is expected to
become completely insoluble when the pH is below two.

• The contradicting pH dependency of gibbsite dissolution and OM solubility leads a narrow transi-
tional pH range, that is favourable for the occurrence of complexation between free Al and DOM.

These hypotheses are tested by performing experiments in the laboratory, where the pH varies from
2 to 8 and the aluminum/carbon (mol/mol) ratio is 0 ; 0.05; 0.1; 0.3 and 1. A synthesized crystalline
gibbsite powder and a potassium humate is used.

The results are subdivided into three pH ranges in which similar behaviour was found. In the low pH
range (pH = 2 - 2.5), the protonation and subsequently precipitation of DOM is the dominant process in
short term. However, when considering the long term behaviour, gibbsite dissolution is the dominant
process as the DOM has precipitated. Due to the difference in time scale, there is very little complex-
ation between free Al and DOM. In the transitional pH range (pH = 3 - 3.5), the competition for Hዄ

between DOM and gibbsite is profound. This increases the solubility of DOM and slows the dissolution
of gibbsite down. As a consequence, this favours the gradual complexation between free Al and DOM.
Nevertheless, due to ambiguity of the free Al measurement method used in this research, it is difficult
to quantify the complexation. In neutral to high pH range (pH = 4 - 8) DOM undergoes protonation
over time but stays soluble. The release of free Al via the dissolution of gibbsite is negligible in this pH
range. Therefore complexation between free Al and DOM should not be expected.

The results presented in this research indicate that gibbsite may not be suitable as the aluminum source
to form precipitates with organic matter in engineering solutions that require fast soil permeability re-
duction. However, the slow release of free Al from gibbsite in combination with the gradual formation
of precipitates with organic matter might be interesting for robust problems that require a self healing
ability. For efficiency concern, another OM source that is rich in fulvic acids (higher solubility at low pH
than humic acid) and a natural gibbsite source (higher solubility than synthesized gibbsite) should be
investigated.
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1
Introduction

Permeability is a crucial characteristic of soil (Holtz, 1974). The permeability can be defined as the abil-
ity of a porous mass to allow passage of water through itself. A great deal of civil engineering problems
have to do with soil permeability. The permeability can either be too low, in for example consolidation
problems. In this case drains are often installed to lower the drainage path and subsequently reduce
the consolidation time (Yong and Townsend, 1986). Or the permeability can be too high, for example
in hydraulic problems as the pollution of ground- and drinking water by the spreading of contaminants
or the intrusions of seawater (Uddameri et al., 2014). Another common high permeability problem is
the seepage through dikes. By internal erosion of the dike this seepage can lead to dike instability (Xu,
2013). Existing techniques to lower soil permeability are based on the installation of rigid structures
and therefore costly and radically, there is room for improvement.

Therefore a new idea of permeability reduction has been tested in the SoSEAL (Soil Sealing by Enhanced
Aluminum and DOM Leaching) project. The aim of the SoSEAL project is to reduce the permeability of
high permeable soil layers in-situ without much disruption of the above ground activities in a ecological
friendly way. Furthermore, by being an in-situ method and using natural materials the technique also
has the potential to be more cost-effective than existing techniques.

The SoSEAL concept is inspired by podzolization. Podzolization is a complex soil formation process in
which metal ions and dissolved organic matter (DOM) form complexes and precipitate, occupying the
pore space and thereby creating a low permeability layer (Lundström et al., 2000a). A more detailed
description of the podzolization process is given in appendix A.

In podzols aluminum and iron are the crucial metal ions. These trivalent metal ions showed to bind
stronger and be more effective in forming insoluble complexes with DOM then divalent or monovalent
metal ions (Nierop et al., 2002; Weng, 2002). The reduced state of iron, Fe2ዄ, is less efficient in
complexing with DOM than Fe3ዄ and Al3ዄ (Jansen et al., 2001), moreover Fe2ዄ-DOM complexes
stay soluble (Nierop et al., 2002). Because organic matter (OM) can mediate the reduction of Fe3ዄ

(Clarke and Danielsson, 1995) and Fe3ዄ-DOM complexes can be microbially reduced to the lesser
stable Fe2ዄ-DOM complexes (Eusterhues et al., 2014), aluminum is used as metal ion source in the
SoSEAL project.

Previous studies within the SoSEAL project have been carried out by Bonfiglo (2016); Hopman (2016);
Popma (2017) and Vis (2015). Furthermore, one pilot project has been successfully finished (Laumann
et al., 2016). Similarity between the studies and the pilot was the use of AlCl3-salt as the aluminum
source.

The use of AlCl3-salt means a high Cl
ዅ input (three times the amount of Al3ዄ). A high Clዅ concentra-

tion can be harmful for the environment (Verbruggen et al., 2008), but also increase the ionic strength
of the groundwater, which increases the solubility of existing minerals (Öhman et al., 2006) and could

1



2 1. Introduction

remobilize adsorbed contaminants (Wallace et al., 2012). Furthermore, production of aluminum chlo-
ride requires a large amount of energy (Choate and Green, 2003). There is therefore need for a new,
cheaper, more environmentally friendly and natural available aluminum source.

The mineral gibbsite (Al(OH)3) seems to meet these requirements as it is the main mineral of bauxite
and the world’s main source of aluminum. This leads to the idea that natural sources or even mine
tailings could be used.

1.1. Research goal
The goal of this research is to investigate if gibbsite can be used as aluminum source to complex and
precipitate with organic matter in the interest of soil permeability reduction. The research questions
resulting from this goal are:

• Is it possible to dissolve gibbsite?

– under which conditions?
– what is the efficiency?

• Is it possible to form Al-DOM complexes under these conditions?

– what is the efficiency?

1.2. Outline thesis
Chapter 2 starts with a graphical representation of all species and their mutual processes that are
involved in this thesis. Followed by background information and a literature review of these species
and processes. In Chapter 3 a description of materials that were used and the conducted experiments
is given. The results from these experiments are given and discussed in Chapter 4. Leading to Chapter
5 in which the conclusions and outlook of this research are given.



2
Background: A literature study

This research aims to investigate the suitability of gibbsite as aluminum source to form complexes and
precipitate with DOM in order to reduce soil permeability. Figure 2.1 gives a graphical representation
of the species and processes relevant to this research. This chapter gives an overview and discussion
of these species and processes and ends with hypothesis following from these discussions.

Figure 2.1: Graphical representation of the processes between the species: Gibbsite, free aluminum (Al) and Dissolved
Organic Matter (DOM). Gibbsite can dissolve to free Al, which consists of different hydrolysis products. Free Al can complex
with DOM and subsequently precipitate. Furthermore DOM can precipitate via protonation or adsorption to gibbsite, which can
also adsorb Hዄ. All processes depend on the existence and amount of the species but also on the pH, Ionic strength (I) and

Temperature (T) of the solution.

3



4 2. Background: A literature study

2.1. Particles in aqueous solution
Particles in aqueous solution are very likely to obtain a surface charge. This can have various reasons
for example: the dissolution of constituent ions, isomorphous substitution and specific adsorption of
ions (Gregory, 2005). But most commonly and the case for the species in this study, the surface has
chemical groups that can ionize. The ionization mechanism of gibbsite and DOM will be discussed in
respectively section 2.2.4 and section 2.3.2.

If a surface is charged there must be a corresponding excess of counter ions in solution to maintain
electrical neutrality. The combined system is called an electrical double layer. With the surface charge
being the first layer and the loosely associated counter ions surrounding the surface charge being the
second layer (Gregory, 2005).

The electrical double layer is important for the adsorption to gibbsite (section 2.2.4) and in the floccu-
lation of DOM (section 2.3.3). As approaching ions (i.e. Hዄ) and particles (i.e. DOM) are affected by
it.

2.2. Gibbsite
This section starts with structural characteristics of gibbsite. Thereafter its solubility is discussed fol-
lowed by the hydrolysis of aluminum. Lastly the adsorption of Hዄ is discussed.

2.2.1. Characteristics
Gibbsite is the most common aluminum trihydroxide (Al(OH)3 (s)), occurring in (tropical) soils and
as the major mineral in bauxite rocks (Hsu, 1977). Gibbsite exhibits polymorphism1 (Hemingway and
Sposito, 1996) and is composed of layers of two planes of close-packedOHዅ ions with Al3ዄ in between
(see figure 2.2) (Dixon and Weed, 1977). Single coordinated unsaturated hydroxide groups can ionize
(in the figure depicted as H2O).

Figure 2.2: Schematic representation of one layer of gibbsite. Copied from Dixon and Weed (1977).

1crystal is made up of two or more identical compounds



2.2. Gibbsite 5

The formation of gibbsite in nature happens through the precipitation of amorphous gibbsite and ex-
tended ageing (Karamalidis and Dzombak, 2010). With ageing the amorphous aluminum hydroxide
crystallizes to crystalline gibbsite. The slow crystallization of gibbsite yields a high crystallinity making
crystallized gibbsite a very stable mineral (Dixon and Weed, 1977).

Besides being abundant in nature gibbsite can also be synthesized. For example in the Bayern pro-
cess2 (Wefers and Misra, 1987). The difference between natural occurring gibbsite and synthesized
gibbsite is that synthesized gibbsite has a higher crystallinity as naturally occurring gibbsite often con-
tains impurities (Karamalidis and Dzombak, 2010). Furthermore the inter-planer distances in natural
gibbsite are bigger (Yang et al., 2015). As a result from these differences, natural gibbsite is relatively
more soluble than synthetic gibbsite (May et al., 1979; Wesolowski, 1992; Wefers and Misra, 1987;
Yang et al., 2015).

2.2.2. Solubility
The dissolution of gibbsite can be described as:

Al(OH)3(s) ←−−→ Al3ዄ + 3OHዅ

The solubility constants reported for gibbsite are mainly on synthesized gibbsite and vary consider-
ably, mostly because of difference in crystallinity (Lydersen, 1990). Reported solubility constants will
therefore be divided into amorphous and crystallized solubility constants.

For amorphous gibbsite Duan and Gregory (2003) reported LogKs,am = 10.5, which is in agreement
with the value that Hayden and Rubin (1974) found, LogKs,am = 10.4.

For crystalline gibbsite two broadly used values are by Lindsay (1979) logKs,cr−−8.04 and Palmer and
Wesolowski (1992) logKs,cr−−7.70. Weng (2002) fitted these values and concluded that the latter was
in good agreement with his measurements. This is in consonance with the findings of Wesolowski and
Palmer (1994), logKs,cr−−7.74. The results of (Wesolowski and Palmer, 1994) are shown in 2.3, it can
be seen that at low pH most gibbsite dissolves. At pH = 3 approximately 0.01 mol/L exists as free Al (it
must be noted that this is at equilibrium).

The chemical equilibrium model visual MINTEQ, that is used in this thesis, has the following solubility
constants in its database logKs,am = 10.8 ; logKs,cr−−7.74. These solubility constants fit well with the
values from literature.

Dissolution rate
Research on the dissolution kinetics of gibbsite is mostly performed at high pH and temperatures,
because these conditions are used in the Bayern process.

Grénman et al. (2010) researched the dissolution kinetics of gibbsite in concentrated sodium hydrox-
ide solutions (2 M - 6 M) at 60-85 °C. They concluded that the dissolution rate is strongly positively
dependent on increasing temperature, stirring rate and hydroxide concentration.

Bloom (1983) researched at acidic conditions (pH = 1.5 - 3) and 25 °C and stated that dissolution
was not diffusion controlled but controlled by reactions at the solid-solution interface. This means that
at low pH the gibbsite dissolution is independent of stirring rate. The findings of Ganor et al. (1999)
supported this statement. Nagy and Lasaga (1992) did research at acidic conditions (pH=3) and 80
°C. They proposed a sigmoidal function for the dissolution rate depending on the deviation of the gibbs
free energy of the reaction from the equilibrium value. From their research a constant dissolution rate
far from equilibrium and very slow linearly decreasing dissolution rates near equilibrium are expected.
Frink and Peech (1962), Wada and Kakuto (1999) and Su and Harsh (1994) reported on the slow
kinetics of gibbsite dissolution, equilibrium was established after months.

2process of refining bauxite to produce alumina
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Figure 2.3: Concentration of Al in equilibrium with crystaline gibbsite in relation to pH. Modified after Wesolowski and Palmer
(1994).

2.2.3. Hydrolysis
Al3ዄ is known to have a primary hydration shell consisting of six water molecules in octahedral co-
ordination (Richens, 1997). The water molecules in this primary hydration shell are polarized. Depend-
ing on the pH this can lead to the loss of protons. This means that water molecules in the hydration
shell can be progressively replaced by hydroxyl ions (Duan and Gregory, 2003), giving the so-called
monomeric Al species:

Al3ዄ −−−→ Al(OH)2ዄ −−−→ Al(OH)2ዄ −−−→ Al(OH)3 −−−→ Al(OH)4ዅ

Many researchers report the existence of aluminum dimer, trimer and polymers (Duan and Gregory,
2003; Ekberg and Brown, 2016; Xiao et al., 2008). However, research has shown that they do not
occur in significant proportions (Martin, 1991; Van Benschoten and Edzwald, 1990; Xiao et al., 2008),
especially not at low ionic strength (Ekberg and Brown, 2016). The hydrolysis of aluminum can therefore
be described by the monomeric Al species. The successive deprotonations can then be given by the
following equations and hydrolysis constants3 (Wesolowski and Palmer, 1994):

Al3ዄ +H2O ←−−→ Al(OH)2ዄ +Hዄ logK1 = −4.95

Al(OH)2ዄ +H2O ←−−→ Al(OH)2ዄ +Hዄ logK2 = −5.60
Al(OH)2ዄ +H2O ←−−→ Al(OH)3(aq) +Hዄ logK3 = −6.70
Al(OH)3(aq) +H2O ←−−→ Al(OH)4ዅ +Hዄ logK4 = −5.60

3Constants are at zero ionic strength and 25°C
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Using these hydrolysis constants and LogKs,am = 10.5 Duan and Gregory (2003) plotted the concen-
trations of the various species in equilibrium with amorphous hydroxide as a function of pH (see figure
2.4). It can be seen that under acidic conditions Al3ዄ predominates whereas under neutral and base
conditions Al(OH)4ዅ predominates. Comparing the concentrations of the Al species in equlibrium with
amorphous hydroxides (figure 2.4 right) with the concentrations at equlibrium with crystalline hydroxide
(figure 2.3 ) it is visible that crystalline gibbsite dissolves much less.

The hydrolysis (and dissolution) constants depend highly on: temperature (Lydersen, 1990;Wesolowski
and Palmer, 1994), due to the temperature dependency of the ion product of water (Van Benschoten
and Edzwald, 1990), and ionic strength (Wesolowski and Palmer, 1994; Öhman et al., 2006).

Figure 2.4: Left: Proportions of Al hydrolysis species in equilibrium with amorphous gibbsite. Copied from Duan and Gregory
(2003). Right: Concentrations of Al hydrolysis species in equilibrium with amorphous gibbsite. Copied from Duan and Gregory

(2003).

2.2.4. Adsorption
The surface of gibbsite can ionize, the surface ionization reactions can be expressed by a so called
2-pK formalism (Karamalidis and Dzombak, 2010). Which means that the surface acid-base behaviour
is described by the following two reactions:

−−−AlOH2
ዄ ←−−→ −−−AlOH0 +Hዄ Kapp

ዥ1

−−−AlOH0 ←−−→ −−−AlOዅ +Hዄ Kapp
ዥ2

with:

Kapp
ዥ1 = (−−−AlOH0){Hዄ}

(−−−AlOH2
ዄ)

Kapp
ዥ2 = (−−−AlOዅ){Hዄ}

(−−−AlOH0)

When using a diffuse layer model (DLM) to describe the adsorption of Hዄ to gibbsite the Kዥ1
app and

Kዥ2
app are apparent equilibrium constants because they include electrostatic contributions. This means

that they are dependent on the extent of surface ionization. To separate the chemical and electrostatic
contributions (theoretically) a variable electrostatic interaction term needs to be added, the so-called
Boltzmann factor. This leads an intrinsic equilibrium constant which does not depend on surface charge:

Kint
ዥ1 =

(−−−AlOH0){Hዄ}
(−−−AlOH2

ዄ)
e
ΔZFΨ
RT

Kint
ዥ2 =

(−−−AlO0){Hዄ}
(−−−AlOH0)

e
ΔZFΨ
RT
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where ΔZ is the change of equivalent charge taking place in the reaction (in this case withHዄ, ΔZ = -1),
F is the Faraday constant (96.485 C/mol), Ψ is the surface potential (V), R is the common gas constant
(8.314 J / (K mol)) and T is the temperature (K).

The pH at which the surface has zero net proton charge is called the point of zero net proton charge
(PZNPC). If Hዄ is the only adsorbing ion the PZNPC is equal to the point of zero charge (PZC), this
is known as the pristine point of zero charge (PPZC). The PPZC gives the pH at which the number of
negatively and positively charged sites is equal and the surface is uncharged. This point is halfway
between the two acidity constants and can be calculated with:

PPZC = 1
2
(pKint

ዥ1 + pKint
ዥ2 )

Karamalidis and Dzombak (2010) did an extensive study using data from 13 titration’s from various
studies on the intrinsic surface acidity constants. The weighted averages found were logKint

ዥ1 −−−7.17
and logKint

ዥ2 −−−11.18. From this follows PPZC = 9.17, which is close to values found in literature,
which means that below a pH of 9.17 Hዄ is adsorbed to gibbsite.

The full DLM Dzombak created especially for gibbsite is integrated in visual MINTEQ and used in this
thesis. A more detailed description of the DLM can be found in (Dzombak and Morel, 1990; Karamalidis
and Dzombak, 2010)

2.3. Organic Matter (OM)
This section starts with the classification of OM. Secondly the solubility of OM and the importance of its
functional groups is explained. Thereafter the stability of OM is discussed. Lastly potassium humate
will be described.

2.3.1. Characteristics
Natural organic matter in soils consist of litter, other plant residues, soil biomass and humus (Stevenson,
1994). From these, humus is the stable end product of the degradation of the other substances and
predominates in most soils (Tipping, 2002). Humus can be divided in humic substances and non humic-
substances. Humic substances are a series of unidentifiable organic compounds of relatively high
molecular weight. Non-humic substances are identifiable and can be placed in categories as sugars,
amino acids etc. (van Zomeren, 2008). The majority of the organic carbon in soils, natural waters and
their sediments is present as humic matter (Tipping, 2002).

Humic substances are classically fractionated in three main fractions based on their solubility (Tipping,
2002; van Zomeren, 2008; Stevenson, 1994):
1. Humin, insoluble in acid and base
2. Humic acids (HA), soluble in base and insoluble in acid
3. Fulvic acids (FA), soluble in both acid and base

The division is given as a scheme in figure 2.5. Generally HA is defined as completely insoluble below
pH = 2. Humin, HA and FA are old-fashioned terms and are of minor use for a precise description of
many soil processes on a molecular level. They are however used in this thesis because they have
been used in many (recent) studies, because of a lack of a proper redefinition of humic substances.

Another often used division is based on molecular weights. Distinguishing high molecular weight acids
(HMW) and low molecular weight (LMW) acids. HA an FA are considered to be high molecular weight
acids with molecular weights of >3000 g/mol for HA, 1000– 3000 g/mol for FA. LMW acids are defined
by <1000 g/mol (Lundström et al., 2000a).
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Figure 2.5: Classification of humic substances. Modified after van Zomeren (2008).

2.3.2. Solubility
A distinction between DOM and OM is made by filtration, with a 0.45 µm filter (Weng, 2002; Zsolnay,
2003).

DOM obtains its solubility from two important functional groups that can ionize: carboxylic and phenolic
groups (Motta et al., 2016; van Zomeren, 2008). Ionized groups interact with water molecules, this
interaction makes the DOM molecule more hydrophilic. The ionization of phenol and carboxylic acid
are given by the following equations and constants: (de Ruiter, 2005a):

Carboxylic:
RCOOH ←−−→ RCOOዅ +Hዄ logK = −4

Phenolic:
ROH ←−−→ ROዅ +Hዄ logK = −10

It can be concluded that carboxylic groups are relatively strong acids that ionize at low pHwhilst phenolic
groups are relatively weak acids that dissociate at high pH. It is important to note that the acidity of both
functional groups varies widely, depending on the overall structure of the acids (de Ruiter, 2005b;
Reusch, 2014; Stevenson, 1994).

A phenolic group is roughly a million times more acidic than an equivalent alcohol group (logK = -
16) because of the electron withdrawing capacity of the benzoic ring to which the alcohol group of
a phenolic group is attached (Reusch, 2014). The same way, the acidity of phenolic and carboxylic
groups can be (further) enhanced by electron-withdrawing groups (e.g. benzoic or Clዅ) or decreased
by electron-donating groups (e.g. methyl) (de Ruiter, 2005b). This effect is shown by the pK (pK =
-logK) distribution curve Manunza et al. (1992) created, shown in figure 2.6. As a result a titration curve
of humic (and fulvic) acids has a ”smeared out” S-shape appearance (see figure 2.7).
Besides the apparent pH dependency of the solubility of OM, it also depends on ionic strength. The
solubility of OM decreases with increasing ionic strength (Tipton et al., 1992).
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Figure 2.6: pK distribution function of a humic acid, calculated with a model based on well fitted humic acid titration tests.
Copied from Manunza et al. (1992).

Figure 2.7: Titration curve of two humic acids. Three zones are indentified, seperated by the dotted lines. Zone I is the region
where carboxylic groups ionize, zone III is the region where phenolic groups ionize and zone II is the region where ionization of

both groups overlap. Copied from Stevenson (1994).
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2.3.3. Stability
Colloid interactions happen on a short range (usually smaller than the particle size). These interactions
therefore happen when particles are nearly in contact. There are three significant ways particles come
into contact (Gregory, 2005):

• Brownian diffusion, collisions caused by random movements all particles in aqueous solution
undergo, as a results of thermal energy.

• Fluid motion, collisions caused by any form of shear by for example stirring or flow.
• Differential sedimentation, collisions caused by a difference in settlement rate.

If particles come into contact there are two important colloid interactions:
• van der Waals forces, the attraction between dipoles.
• Electrical double layers, as discussed in section 2.1, charged particles carry an electrical double
layer. When two charged particles come close together their double layers interact. Particles with
similar charge repulse each other.

Combining the two interactions gives the potential energy diagram (figure 2.8), with the important fea-
ture of an energy barrier. Particles approaching each other have to have a combined energy (from the
collisions mechanisms) exceeding this barrier to come into contact.

Figure 2.8: Potential energy diagram, with electrical (VE), van der Waals (VA) and total interaction energy (VT). Modified after
(Gregory, 2005).

This means that when pH decreases, protonation of the functional groups means less surface charge
and therefore a smaller energy barrier, creating the possibility for DOM-DOM aggregation.

The ionic strength of a solution has a strong twofold influence on the stability of DOM. Firstly, at higher
ionic strength the diffuse layer of the electrical double layer becomes smaller, thereby lowering the
energy barrier. Secondly DOM can be seen as polymers. Ionized functional groups repulse each other
stretching out the DOM. Repulsion between the functional groups is oppressed at increasing ionic
strength in the same way it reduces the width of the diffuse layer.

When lowering the pH (by adding acid and thereby increasing the ionic strength), the stability and
subsequently the solubility of DOM is affected in the following ways (mechanisms are schematically
given in figure 2.9):
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1. Protonation of the functional groups makes the particle more hydrophobic subsequently due to
charge neutralization the polymeric DOM rearranges to a more random coil figuration, thereby
increasing its density.

2. Protonation of the functional groups lowers the energy barrier for DOM particles to interact and
aggregate, thereby becoming more hydrophobic.

3. An increase in ionic strength compresses the polymeric DOM to rearrange to a more random coil
figuration, thereby increasing its density.

4. An increase in ionic strength compresses the diffuse layer of particles and subsequently lowers
the energy barrier for DOM particles to interact and aggregate, thereby becoming more hydropho-
bic.

Figure 2.9: Mechanisms lowering the stability of DOM when lowering the pH.
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2.3.4. Potassium humate
In this theis a potassium humate is used. Potassium humate is the potassium salt of humic acid,
derived from lignite brown coal (Kumar et al., 2013). A fraction of the protons from its functional groups
have been displaced by potassium (Levinsky, 2008). Stevenson (1994) proposed a general structure
of potassium humate given in figure 2.10. When a potassium humate is brought in aqueous solution,
the non-reactive potassium dissociates and some functional groups protonate again (reaction is given
below). As a result a potassium humate solution has a high pH.

RCOOK+H2O ←−−→ RCOOH+ Kዄ +OH-

Figure 2.10: General structural formula of potassium humate. Reproduced from Kumar et al. (2013).

2.4. DOM and gibbsite or free aluminum
This section describes two phenomena. Firstly the adsorption of DOM onto gibbsite and secondly the
complexation between DOM and free aluminum.

2.4.1. Adsorption
Adsorption of DOM onto gibbsite can occur via the formation of inner-sphere or outer-sphere com-
plexes. Inner-sphere complexes are formed by the replacement of one (or more) hydroxide ions (or
water molecules) from gibbsite by DOM. This way a direct bond exist between the metal ion, at the
gibbsite surface, and one or several functional groups of the DOM. Depending on the composition
and structure of DOM many inner-sphere complex coordinations are possible (Evanko and Dzombak,
1998; Guan et al., 2006c). In outer-sphere complexes no hydroxide ions are replaced. The complexes
are formed because of attraction due to opposite surface charge and hydrogen bonding (Nordin et al.,
1997). The formation reactions are described by:

Outer-sphere:
≡SOH2

ዄ +DOMዅ ←−−→ ≡SOH2
ዄDOMዅ

Inner-sphere:
≡SOH+DOMዅ ←−−→ ≡SDOM+OHዅ

Carboxylic and phenolic groups are considered to dominate the adsorption behaviour of DOM. The
maximum adsorption through carboxylic groups occurs at pH ± 4, whereas the maximum adsorption
through phenolic groups appears at pH ± 9 (Guan et al., 2006b). At these maxima there is an optimal
balance between the degree of the functional groups deprotonation and surface ionization of gibbsite
(Schneckenburger et al., 2018). The amount of deprotonated groups increase with rising pH, while the
number of positive charges on the gibbsite surface decrease with increasing pH. Because the carboxylic
groups protonate at much lower pH the adsorbed amount of DOM reach amaximum at pH 4 – 5.5mainly
due to the adsorption of carboxylic groups forming outer-sphere complexes (Schneckenburger et al.,
2018).
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From this it can be concluded that carboxylic groups are of primary importance in the adsorption of
DOM onto gibbsite. But many researchers underlined the importance of phenolic groups (Davis and
Leckie, 1978; Guan et al., 2006c). For example the presence of phenolic groups close to a carboxylic
group can increase the electron density within the carboxylic group, thereby increasing its capacity to
form gibbsite-carboxylic inner-sphere complexes (Guan et al., 2006c).

The adsorption mechanism of DOM is influenced by many aspects, as the: carboxylic content, phe-
nolic content, positions of these groups, aromaticity and temperature (Evanko and Dzombak, 1998;
Guan et al., 2006a,b; Korshin et al., 1997; Rosenqvist et al., 2003). But adsorption can be mainly at-
tributed to carboxylic outer-sphere complexation with a maximum around pH = 4 (Nordin et al., 1998;
Schneckenburger et al., 2018).

In this thesis adsorption of DOM onto gibbsite is considered to be only due to outer-sphere complexes,
therefore not affecting the pH.

2.4.2. Complexation
Al and DOM can form complexes, the positively charged Al ion (lewis acid) reacts with the negatively
charged functional group(s) of DOM (lewis base) forming a covalent bond. A part of the negative charge
of DOM is thereby compensated, potentially changing its solubility (Weng, 2002).

Similarly as for DOM adsorption onto gibbsite, complexation between dissolved Al and DOM can be
due to inner- and outer-sphere complexes. The formation of outer-sphere complexes is relatively fast
in comparison to inner-sphere complexation, but inner-sphere bonds are stronger (Sposito, 2008).

The formation of solubleAl−DOM complexes happens fast (Vis, 2015). Furthermore it is pH dependent
(Hagvall et al., 2015; Weng, 2002), as at higher pH more functional groups are deprotonated (section
2.2.2), whereas at lower pH more Al3ዄ is present (section 2.2.3).

Jansen et al. (2001, 2003) and Nierop et al. (2002) investigated the pH dependency of Al−DOM com-
plexation and precipitation in combination with Al/C ratio. The results of Jansen et al. (2003), shown
in figure 2.11, show the pH and Al/C ratio (molar) dependency of Al−DOM complexation and pre-
cipitation. Initially, at low Al/C, the soluble Al−DOM complexes were dominant at all three pH’s. With
increasing Al/C ratio different behaviour per pH level was observed. At all pH levels the fraction of solu-
ble Al−DOM complexes decreased but a profound difference in the precipitated fraction was found. At
pH = 3.5 it stayed the lowest fraction until Al/C > 0.1 whereas at pH = 4.5 a sharp increase in Al−DOM
precipitates was observed at Al/C > 0.03. These results are supported by the results of Nierop et al.
(2002). Additionally they added the fraction of precipitated C at different pH levels with increasing Al/C
ratio (molar) (figure 2.12), thereby emphasizing the sharp increase of precipitation at Al/C = 0.03.

The complexation of Al and DOM depends on pH because of an optimum between DOM deprotonation
and Al hydrolysis. The formation of insoluble complexes therefore highly depends on the DOM type
but seem to have an optimum around pH = 4.5. As Al is still available as Al3ዄ but more functional
groups are deprotonated then at lower pH. Moreover the formation of insoluble complexes requires a
certain Al/C ratio, which seems to be at least 0.03.
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Figure 2.11: Fractional distribution of total Al over free Al, soluble AlዅDOM complexes and AlዅDOM precipitates in relation to
molar Al/C ratio at pH = 3.5 ; 4 ; 4.5. Copied from Jansen et al. (2003).

Figure 2.12: Fraction of precipitated Al ( in AlዅDOM complexes) in relation to molar Al/C ratio (left), and fraction of precipitated
C (in AlዅDOM complexes) in relation to molar Al/C ratio (right). Copied from Nierop et al. (2002).
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2.5. Hypotheses for experiments
From all the processes depicted in figure 2.1, the goal is to achieve precipitation via complexation.
For this process to happen gibbsite needs to dissolve to Al and DOM needs to stay soluble. From the
background laid out in the previous sections a few hypothesis are formulated regarding these processes
and the conditions for them to take place. Because all processes are pH depended the hypothesis are
divided based on pH.

Low pH
At low pH gibbsite dissolution to Al3ዄ is expected. At equilibrium pH = 3 0.01 mol/L Al3ዄ is predicted
but because the dissolution kinetics are very slow lower values are expected.
At pH ≤ 2 potassium humate is expected to be completely insoluble.

Transitional pH range
Because gibbsite dissolution happens most profound at low pH and potassium humate is insoluble at
low pH, it is expected that at a narrow pH range conditions favour complexation. In this transitional
zone it is expected to still have gibbsite dissolution and soluble OM. Complexation of Al and DOM
might increase the dissolution rate.

Neutral pH
At neutral pH gibbsite dissolution is at its minimum and can be regarded as zero. OM is expected to
be soluble. No significant adsorption or complexation is expected.

High pH
At high pH gibbsite dissolution toAl(OH)4ዅ and soluble OM is expected. No complexation betweenOM
and Al(OH)4ዅ is foreseen. It must be noted that in this thesis very basic conditions are not researched.



3
Materials and methods

The goal of this research is to investigate the suitability of gibbsite as aluminum source to complex and
precipitate with organic matter. To achieve this goal some experiments were set up investigating the
processes (described in the theory, section 2) of and between gibbsite and OM.

This chapter describes the conducted experiments but addresses the materials (section 3.1) and mea-
surements (section 3.2) used in these experiments first. The experiments are divided into two series
(sections 3.3 & 3.4). Each series consisted of multiple experiments and each experiment consisted
of a certain amount of samples. The following coding is used to describe the samples from all the
experiments:

𝐸𝑥.𝑦𝑆𝑧
with x = series number, y = experiment number and z = sample number

3.1. Chemicals
The chemicals that were used in the experiments are organic matter, Gibbsite and acids. In this section
each chemical is shortly addressed.

3.1.1. Organic matter
The organic matter source that has currently been used in the SoSEAL project and in this thesis is
HUMIN-P775 (CAS - 68514-28-3), from now on abbreviated to HUMIN. It is a black powdered potas-
sium humate (see 2.3.4) produced by Humintech (see figure 3.1).

Figure 3.1: Photo of dry HUMIN-P775

17
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The Al/C ratio (mol/mol) is an important parameter in the DOM and aluminum interaction (section 2.4.2).
Therefore it is important to know the carbon content of HUMIN. At the Univerisy van Amsterdam (UvA)
an elemental analysis (CHNS analysis) has been carried out on HUMIN, given in table 3.1. With these
results, assuming that HUMIN is fully soluble in pure water, it can be calculated that a 3 g/L HUMIN
solution contains approximately 0.1 mol C/L.

Table 3.1: Elemental analysis on HUMIN

Sample ID Total N (wt%) Total OC (wt%) Total H (wt%) Total S (wt%)
Humic_01 1.05 41.81 3.12 0.83
Humic_02 1.00 42.54 3.83 0.88
Average 1.03 42.18 3.48 0.85

3.1.2. Gibbsite
A white coloured well crystallized gibbsite powder (CAS 21645-51-2) produced by Sigma-Aldrich is
used (see Figure 3.2). In aqueous solution it forms a colloidal suspension with 90% of the grains
smaller than 150 𝜇m. Hereafter it will be referred to as gibbsite, whereas the described dissolved
species will be referred to as Al.

Figure 3.2: Left: Photo of dry gibbsite powder ; Right: Gibbsite suspension under microscope.

3.1.3. Acids
The acids used to control the pH in the experiments are 0.1 M and 1.6 M HCl. HCl was used because
the counter ion, Clዅ, is assumed to be non-reactive.

3.2. Measurements
pH and EC measurements were performed using a Consort 3010 apparatus. Calibration of the pH and
EC electrodes were performed on a daily basis using buffer solutions of EC: 0.01 M and 0.1 M KCl and
pH: 4, 7 and 10.

DOM concentrations were measured using UV measurements at 254 nm as UV adsorbance at 254
nm is proportional to DOM concentration (Zhang, 2013; Deflandre and Gagné, 2001). For the UV
measurements two types of cuvettes with different diameters were used, because not enough cuvettes
of a single type were available. The calibration lines, created with known concentrations of DOM, for
both cuvette types are given in figures 3.3 and 3.4. The UV measurements are unreliable when the
absorbance is bigger than 2.5 (-), it was therefore chosen to accept UVmeasurements with absorbance
within the range of 0.4 – 2 (-). The HUMIN concentrations used in the experiments were far higher
than the DOM concentrations corresponding with UV absorbance within this range. Dilution of the
samples was therefore needed, with dilution factors varying between 2 - 40. Dilution was accomplished
by adding the appropriate amount of sample volume and demineralized water to a total of 2 mL. As
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discussed in section 2.3.2 DOM is defined as the fraction of OM that is smaller than 0.45 𝜇m. Due
to the high HUMIN concentrations applied in the experiments (up to 3 g/l) filtration was impossible,
because of clogging, and therefore disregarded. Sampling for the DOMmeasurements was performed
by extracting the necessary volume from a undisturbed sample just below the sample’s surface. It is
therefore assumed that all measurements were in fact measurements of Dissolved OM.

Al concentrations were measured using a standard Hach Lange aluminum measurement kit and UV
adsorbance at 620 nm. The kit measures free aluminum within the range of 0.02 – 0.5 mg/L Al (Hach,
2013). Dilution of the sample with pure water was therefore needed with dilution factors varying be-
tween 20 – 30. The variation coefficient1 of the kit is 2.2 % (König, 2007).

Figure 3.3: Relationship between the concentration of DOM and the absorbtion of UV light at 254 nm.

Figure 3.4: Relationship between the concentration of DOM and the absorbtion of UV light at 254 nm.

1The variation coefficient is the ratio of the standard deviation over the mean
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3.3. Experiment series 1 (E1.ySz)
For the first series of experiments stock solutions/suspensions of HUMIN and gibbsite were prepared
with a of concentration 3 g/L (0.1 mol C/L) and a amount of 7.8 g/L (0.1 Al-mol/L) respectively. Before
preparing any sample the stock solutions were shaken vigorously.

3.3.1. Gibbsite at low pH; E1.1Sz
To gain insight in the adsorption and dissolution behaviour of gibbsite at a low pH range, 100 mL of pure
gibbsite stock suspension was taken and distributed over five samples (all containing approximately 20
mL). The initial pH was just above 7 and the initial EC around 21 𝜇S/cm. The pH of the samples was
adjusted with 0.1 M HCl so that they ranged from 2.0 to 3.3.

Eighteen pH and EC measurements were performed during 41 days. In the beginning measurements
were performed on a daily basis whereas in the end amaximum of one week in betweenmeasurements
was used.

3.3.2. HUMIN at low pH; E1.2Sz
To describe the behaviour of HUMIN at a low pH range four samples with approximately 20 mL of
pure HUMIN stock solution were created. The initial pH was around 9.5. The pH of the samples was
adjusted with 0.1 M and 1.6 M HCl so that they ranged from 1.5 to 3.0.

Eight pH, EC and UV-DOM measurements were performed during 28 days.

3.3.3. HUMIN + gibbsite with differing pH; E1.3Sz
In this experiment the effect of pH on the behaviour of HUMIN plus gibbsite was investigated. A solu-
tion/suspension with a Al/C ratio of 0.1; pHinitial = 9.67 and ECinitial = 575 μS/cm was created by mixing
200 mL of pure HUMIN stock solution and 20 mL of pure stock gibbsite suspension and stirring it for
3 minutes. This solution/suspension was distributed over eight samples, with approximately 20 mL
each. The pH of the samples was then adjusted with 0.1 M HCl so that they ranged from 2 to 9 with
increments of ± 1.

Nine pH and EC measurements were performed during 41 days.

3.3.4. HUMIN + gibbsite with differing Al/C ratio; E1.4Sz
In this experiment the effect of the Al/C on the behaviour of HUMIN plus gibbsite was investigated. The
pH of approximately 120 mL pure HUMIN stock solution was adjusted with 1.6 M HCl to pH = 2 and
EC = 9340 𝜇s/cm. From this, four samples with approximately 25 mL were created. The Al/C ratio of
these samples was adjusted using the gibbsite stock suspension to Al/C values of 0.03 ; 0.05 ; 0.075
and 0.1.

Eight pH and EC measurements were performed during 27 days. During this period a few aluminum
measurement were carried out one two of the four samples. After day 8 until day 27 five UV-DOM
measurements were performed.
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3.4. Experiment series 2 (E2.ySz)
For the second series of experiments a HUMIN stock solution and a gibbsite stock suspension of
respectively 3 g/L (0.1 mol C/L) and 3.9 g/L (0.05 Al-mol/L) were created. The gibbsite suspension
was stirred continuously during sampling to create a homogeneous suspension. The second series of
experiments consisted of three experiments differing in Al/C ratio, HUMIN concentration and amount
of gibbsite (see Table 3.2). Each experiment consisted of ten samples with differing starting pH in the
range 2-8 (pH = 2 ; 2.5 ; 3 ; 3.5 ; 4 ; 4.5 ; 5 ; 6 ; 7 ; 8), the starting pH served as sample number.
Alternately a duplicate of the samples was created. The pH was adjusted with 1.6 M and 0.1 M HCl.
Samples with a pH deviation of 0.2 or more from the target starting pH were declined and recreated.
The declined samples were not discarded but used as extra measurement. A comprehensive overview
of the second series of experiments is given in Appendix B.

Table 3.2: Specifs of the second series of experiments

Experiment HUMIN 3 g/L
(mL)

Gibbsite 3.9
g/L (mL)

Total volume
(mL)

Al/C DOM (g/L) Gibbsite
(g/L)

E2.1Sz 30 0 30 0 3.0 0
E2.2Sz 27.25 2.75 30 0.05 2.7 0.35
E2.3Sz 18.75 11.25 30 0.30 1.9 1.45

Nine pH, EC and DOM measurements were performed during three weeks. After approximately nine
and eleven weeks from the start the measurements were repeated. Because these results were very
similar the results after eleven weeks will not be shown in the results section. During the whole period
a few aluminum measurement were performed.
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Results and Discussion

First the results of the gibbsite only experiment will be discussed in section 4.1. After which the results
of HUMIN and the results of HUMIN plus gibbsite experiments will be discussed in section 4.2. The
coding used to describe the samples from all the experiments was:

𝐸𝑥.𝑦𝑆𝑧

E stands for Experiment, x = series number, y = experiment number, S stand for Sample and z = sample
number In experiment series two the sample number equals the starting pH.

The EC measurements that were conducted on all the experiments showed a collective decrease that
could not be explained. The measurements did not give an insight in the occurring processes and will
therefore be presented in appendix C.

4.1. Gibbsite dissolution and adsorption
The dissolution of gibbsite and the adsorption ofHዄ onto gibbsite was modelled (using visual MINTEQ)
and experimentally determined. The modelled results are presented in section 4.1.1 and the experi-
mental results are presented in section 4.1.2.

4.1.1. Modelled gibbsite dissolution and adsorption
The adsorption of Hዄ onto gibbsite and the dissolution of gibbsite was modelled using Visual MINTEQ
(sections 2.2.4 & 2.2.2). The relative contributions of adsorption and dissolution to a Hዄ concentration
change strongly depend on pH (see figure 4.1). Where below 𝑝𝐻፬፭ፚ፫፭ = 3.5 dissolution is the main
process of the decrease in Hዄ concentration, while above 𝑝𝐻፬፭ፚ፫፭ = 3.5 adsorption is relatively more
important. At pH = 6 the contribution of dissolution becomes negative because of the formation of
Al(OH)4ዅ, thus releasing Hዄ instead of consuming it.

Although dissolution is the main process at low pH adsorption of Hዄ is still quite significant (figure 4.2).
Adsorption of Hዄ slowly decreases at increasing starting pH up until zero at PZC, pH = 9 (section
2.2.4). Whilst dissolution is prominent at low pH, it decreases fast with increasing starting pH. From
this follows that at low pH most Al is released (figure 4.3).

4.1.2. Experimental determination of gibbsite dissolution and adsorption
Experiment E1.1Sz, gibbsite at low pH, gave insight in the dissolution and adsorption behaviour of
gibbsite. Figure 4.4 shows the measured pH over time with the modelled equilibrium pH considering
bothHዄ adsorption and dissolution. It can be seen that the pH of E1.1S4 and E1.1S5 stabilized around
the expected modelled equilibrium after approximately 15 days. E1.1S2 and E1.1S3 are close to mod-
elled equilibrium (ΔpH = 0,52 and 0,39 respectively), whereas E1.1S1 was not near to the modelled
equilibrium after 41 days (ΔpH = 1,55).
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Figure 4.1: Modelled results of the relative distribution of the decrease of Hዄ concentration over adsorption and dissolution in
relation to starting pH.

From this it appears that the combined adsorption and dissolution rate is faster at the higher initial pH
levels, but it must be noted that pH on the y-axis is the Hዄ concentration on a logarithmic scale. When
the actual Hዄ concentration is plotted (see figure 4.5) it is visible that in fact the Hዄ ‘consumption’ is
much faster in E1.1S1. This indicates a higher dissolution rate at lower pH.

The results from experiment E1.1Sz confirm the applicability of the model. The results obtained are in
good agreement with literature. As Wada and Kakuto (1999) found that at pHstart = 3 equilibrium was
reached within 120 days. Whereas Su and Harsh (1994) found that at pHstart = 2.2 equilibrium was
reached after 485 days and at pHstart = 1.8 equilibrium was not reached within 861 days. This confirms
that the dissolution kinetics are slow and important and a non-equilibrium state can be expected, es-
pecially at low pH. From which it can be concluded that gibbsite might only be applicable as a slow but
continuous source of Al.
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Figure 4.2: Modelled results of the free Hዄ concentration change in relation to starting pH. At pH ≥6 dissolution increases the
Hዄ concentration due to the formation of Al(OH)4ዅ.

Figure 4.3: Modelled free Al3ዄ and total Al (Al3ዄ , Al(OH)2ዄ , Al(OH)2ዄ , Al(OH)3 andAl(OH)4ዅ) concentration in relation to
starting pH.
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Figure 4.4: Measured pH over time (dots) with the corresponding modelled equilibrium pH considering both adsorption and
dissolution (lines).

Figure 4.5: The measured ፇዄ concentration over time (dots) with the corresponding modelled equilibrium pH considering both
adsorption and dissolution (lines). E1.1S1 is plotted against the secondary y-axis.
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4.2. HUMIN and HUMIN plus gibbsite
The other experiments of series one and the experiments of series two gave insight in the behaviour
of HUMIN and of HUMIN with gibbsite at the starting pH range: 2 – 8. The results are presented in
sections based on pH-sub-ranges in which similar behaviour was found:

• 4.2.1. Low pH (pHstart = 2 - 2.5)
• 4.2.2. Transitional zone (pHstart = 3 - 3.5)
• 4.2.3. Neutral to high pH (pHstart = 4 - 8)

In each section corresponding colours are used to show the results. The results of the second series
of experiments are depicted in yellow (E2.1Sz), red (E2.2Sz) and blue (E2.3Sz), the corresponding
HUMIN concentration (H) and amount of gibbsite (G) are included in the captions. Furthermore, data
presented within a section with the same symbol has the same starting pH. The results of the first series
of experiments are depicted in grey. Alternatively an overview of the specifics of all the samples, that
are discussed within the section, are given at the beginning of each section (see tables 4.1, 4.2 and
4.3).

4.2.1. Low pH (pHstart = 2 - 2.5)

Table 4.1: Starting pH, final pH with the experimental duration, ጂHዄ concentration, HUMIN concentration and amount of
gibbsite of each sample discussed in section 4.2.1

pHstart pHfinal (days) Δ[Hዄ](𝑚𝑚𝑜𝑙/𝐿) HUMIN (g/L) Gibbsite (g/L)
E2.1S2 2.00 1.98 (61) 0.47 3.0 -
E2.1S2.5 2.45 2.51 (61) -0.46 3.0 -
E2.2S2 1.99 2.06 (61) -1.52 2.7 0.35
E2.2S2.5 2.53 2.70 (61) -0.96 2.7 0.35
E2.3S2 2.04 2.26 (61) -3.62 1.9 1.45
E2.3S2.5 2.52 2.81 (61) -1.47 1.9 1.45

E1.2S2 2.20 2.14 (28) 0.93 3.0 -
E1.2S3 2.52 2.59 (28) -0.45 3.0 -
E1.3S1 2.03 2.20 (41) -3.02 2.3 0.60
E1.4S1 1.99 2.15 (27) -3.15 2.9 0.23
E1.4S2 1.99 2.11 (27) -2.47 2.9 0.38
E1.4S3 1.99 2.07 (18) -1.72 2.8 0.54
E1.4S4 1.99 2.12 (27) -2.65 2.7 0.70

Figure 4.6 shows the measured pH over time of the samples of the second series of experiments with
low starting pH and E1.3S1 and E1.4S2. Data from E2.1S2 and E2.1S2.5 illustrate that HUMIN did not
significantly affect the pH over time. The results of E1.2S2 and E1.2S3 are not depicted in the figure
but showed the same behaviour.

The data of E2.3S2.5, E2.2S3, E2.3S3 and E1.3S1 show that the pH goes up when there is gibbsite
involved. This effect was less clear in E2.2S2.5 while E1.4S2 (with similar specifics) did show a slight
pH increase. Because HUMIN did not affect the pH over time the pH increase is attributed to adsorption
of Hዄ onto gibbsite and the dissolution of gibbsite. Furthermore the data shows that at higher amounts
of gibbsite the pH increase was higher (amounts of gibbsite are included in figure 4.6).

A higher amount of gibbsite means more adsorption sites for Hዄ. Although in section 4.1.1 it was
concluded that at pHstart = 2 the adsorption did not play a major role, it must be noted that it was
referring to modelled equilibrium. It was also concluded that reaching equilibrium at low starting pH is
a slow process and a non-equilibrium state can be expected. Stumm and Wollast (1990) stated that
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adsorption is fast and dissolution is slow. From this it can be concluded that the influence of adsorption
at low starting pH cannot be neglected. Furthermore the dissolution rate is enhanced by adsorption
(Stumm and Wollast, 1990). The combined influence of adsorption and subsequently an enhanced
dissolution rate are expected to be the cause of the higher initial pH increase at higher amounts of
gibbsite.

Figure 4.6: pH over time at low starting pH. Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L, G =
1.45 g/L. �: pHstart = 2 ; ▹: pHstart = 2.5. Amount of gibbsite (g/L) of E1.3S1 and E1.4S2 is depicted in graph next to the last

measurement point.

Figure 4.8 and figure 4.9 show the normalized measured DOM concentration over time of the samples
of the second series of experiments with low starting pH. The first DOM concentration measurement
was performed 3 days after sample preparation. It can be seen that most of the HUMIN precipitated
before the first measurement. Only a small fraction stayed soluble (3-4%). The stable pH of E2.1S2
and E2.1S2.5 and visual conformation of the quick formation of a clear supernatant (<2hr), indicate
that the HUMIN protonated fast during the acidification of the samples and subsequently precipitated.
Figure 4.7 shows the clear separation of a precipitation layer and a clear supernatant layer.

Data from E2.3S2.5 show a slight decrease in DOM fraction over time, which can be explained by
continuous protonation and subsequent flocculation of the DOM. The small difference in the soluble
fractions between the experiments at the end of the experiment could be explained by one or more
of the following reasons: 1) different HUMIN concentrations; 2) different ionic strength; 3) formation
of soluble Al−DOM complexes and 4) difference in pH level. Because the differences are small it is
difficult to draw a definite conclusion.

Some Al measurements were done on E2.2S2.5 and E2.3S2.5 during the experiment and one Al
measurement was done on E2.2S2 and E2.3S2 at the end of the experiment. The results confirmed
the pH dependency of dissolution (more dissolution at lower pH) but could not be fully explained. They
are given and discussed more extensively in appendix D.
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Figure 4.7: Photo of a sample showing the separation of precipitation and supernatant layers.

Figure 4.8: DOM concentration normalized to the initial DOM concentration (፭ኺ) over time.
Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L, G = 1.45 g/L.
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Figure 4.9: DOM concentration normalized to the initial DOM concentration (፭ኺ) over time.
Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L, G = 1.45 g/L.
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4.2.2. Transitional zone (pHstart = 3 - 3.5)

Table 4.2: Starting pH, final pH with the experimental duration, ጂHዄ concentration, HUMIN concentration and amount of
gibbsite of each sample discussed in section 4.2.2

pHstart pHfinal (days) Δ[Hዄ](𝑚𝑚𝑜𝑙/𝐿) HUMIN (g/L) Gibbsite (g/L)
E2.1S3 3.02 3.35 (61) -0.51 3.0 -
E2.1S3.5 3.60 4.13 (61) -0.18 3.0 -
E2.2S3 3.08 3.50 (61) -0.52 2.7 0.35
E2.2S3.5 3.53 4.15 (61) -0.22 2.7 0.35
E2.3S3 3.03 3.56 (61) -0.66 1.9 1.45
E2.3S3.5 3.56 4.28 (61) -0.22 1.9 1.45

E1.1S3 2.92 3.59 (41) -0.95 - 7.60
E1.1S4 3.11 4.12 (41) -0.70 - 7.60
E1.1S5 3.33 4.39 (41) -0.43 - 7.63
E1.2S4 2.98 3.27 (28) -0.51 ±3 -

Figure 4.10 shows the measured pH over time of the samples of the second series experiments with
starting pH’s: 3 – 3.5 and E1.2S4. In contrast to what was observed at starting pH’s 2 – 2.5, experiments
E2.1S3, E2.1S3.5 and E1.2S4 show that the pH increases over time when there is no gibbsite involved.
This means that the functional groups of HUMIN protonated over time.

The HUMIN concentration in the experiments that included gibbsite (E2.2S3; E2.2S3.5; E2.3S3 and
E2.3S3.5) were lower, so a smaller pH increase is expected due to the continuous protonation of
HUMIN. Considering that the pH increased stronger in these experiments means that adsorption and
dissolution took place.

When compared to E1.1Sz, the gibbsite only experiment described in section 4.1, the pH increase was
lower (because E1.1Sz did not have samples starting at exactly 3 or 3.5 it is not possible to give an exact
ΔpH, but averaging and extrapolating the results of E1.1Sz gives ΔpHstart = 3 = 0.33 and ΔpHstart = 3.5
= 0.49). This results can be attributed to the lower amount of gibbsite and the presence of HUMIN.
The continuous protonation of HUMIN causes competition for Hዄ between HUMIN and gibbsite. Con-
sequently, this competition slows the adsorption and, the already slow, dissolution of gibbsite down.

Figure 4.11 and figure 4.12 show the normalizedmeasured DOMconcentration over time of the samples
of the second series of experiments with starting pH’s 3 – 3.5. The results will be discussed per starting
pH level.

At starting pH = 3, when there was no gibbsite involved (E2.1S3), the HUMIN almost completely pre-
cipitated (95%) before the first measurement started at day 3 (figure 4.11). When gibbsite was involved
(E2.2S3 and E2.3S3) a fraction of the HUMIN stayed soluble and precipitated over time. This can be
explained by the fact that the protonation has to compete for Hዄ with the adsorption and dissolution
of gibbsite. Moreover, Al released from gibbsite dissolution has a higher affinity towards HUMIN func-
tional groups than Hዄ. Given the low Al/C ratio, Al forms soluble Al−DOM complexes with HUMIN
and this stabilizes the HUMIN. Over time, due to continuous protonation and flocculation (and partly
complexation), the DOM still precipitated.

The same phenomena, though delayed, can be seen at starting pH = 3.5 (figure 4.12). Data from
E2.1S3.5 show that when there was no gibbsite involved approximately half of the HUMIN precipi-
tated within 3 days, whereas with gibbsite involved (E2.2S3.5 and E2.3S3.5) almost all HUMIN stayed
soluble. Over time almost all HUMIN precipitated when there was no gibbsite involved whereas most
HUMIN was still soluble with gibbsite involved. This can once again be explained by the competition for
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Figure 4.10: pH over time in transitional zone. Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L, G
= 1.45 g/L. �: pHstart = 3 ; ▹: pHstart = 3.5. E1.2S4: H = ±3 g/L, G = 0 g/L.

Hዄ and the formation of soluble Al−DOM complexes as described earlier. Besides, during the experi-
ment the pH in E2.2S3.5 and E2.3S3.5 was also higher than E2.1S3.5 (figure 4.10) making protonation
less likely and DOM more stable.
SomeAlmeasurements were done on E2.2S3, E2.2S3.5, E2.3S3 and E2.3S3.5. The results confirmed
the pH dependency of dissolution (more dissolution at lower pH) but could not be fully explained. They
are given and discussed more extensively in appendix D.
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Figure 4.11: DOM concentration normalized to the initial DOM concentration (፭ኺ) over time.
Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L, G = 1.45 g/L.

Figure 4.12: DOM concentration normalized to the initial DOM concentration (፭ኺ) over time.
Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L, G = 1.45 g/L.
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4.2.3. Neutral to high pH (pHstart = 4 - 8)

Table 4.3: Starting pH, final pH with the experimental duration, ጂHዄ concentration, HUMIN concentration and amount of
gibbsite of each sample discussed in section 4.2.3

pHstart pHfinal (days) Δ[Hዄ](𝑚𝑚𝑜𝑙/𝐿) HUMIN (g/L) Gibbsite (g/L)
E2.1S4 -4 4.07 4.83 (61) -0.07 3.0 -
E2.1S4.5 4.50 5.30 (61) -0.03 3.0 -
E2.1S5 5.02 5.92 (61) -0.01 3.0 -
E2.1S6 6.02 7.21 (61) -0.00 3.0 -
E2.1S7 7.02 7.70 (61) -0.00 3.0 -
E2.1S8 8.02 8.19 (61) -0.00 3.0 -
E2.2S4 3.98 4.67 (61) -0.08 2.7 0.35
E2.2S4.5 4.45 5.23 (61) -0.03 2.7 0.35
E2.2S5 -2 5.00 5.84 (61) -0.01 2.7 0.35
E2.2S6 6.06 7.27 (61) -0.00 2.7 0.35
E2.2S7 7.08 7.77 (61) -0.00 2.7 0.35
E2.2S8 8.10 7.95 (61) 0.00 2.7 0.35
E2.3S4 4.03 4.85 (61) -0.08 1.9 1.45
E2.3S4.5 -2 4.52 5.40 (61) -0.03 1.9 1.46
E2.3S5 -2 4.99 5.98 (61) -0.01 1.9 1.46
E2.3S6 6.05 7.32 (61) -0.00 1.9 1.43
E2.3S7 7.01 7.74 (61) -0.00 1.9 1.45
E2.3S8 8.03 7.88 (61) 0.00 1.9 1.46

E1.3S3 4.01 4.83 (41) -0.08 2.6 0.67
E1.3S4 5.00 5.84 (41) -0.01 2.6 0.68
E1.3S5 5.99 6.95 (41) -0.00 2.7 0.69
E1.3S6 6.97 7.53 (41) -0.00 2.7 0.70
E1.3S7 8.07 7.68 (41) 0.00 2.7 0.70
E1.3S8 8.71 7.99 (41) 0.00 2.7 0.71

Figure 4.13 and figure 4.14 show the measured pH over time of the samples of the second series of
experiments and E1.3Sz with neutral to high starting pH. To give a clear overview, the pH range is given
in two smaller pH ranges, pHstart = 4 – 5 (figure 4.13) and pHstart = 6 – 8 (figure 4.14).

It can be seen that for all experiments within the starting pH range 4 – 7 the pH increased strongly
in the first ten days after which the pH stabilized. No trend difference between excluding or including
gibbsite can be found. This means that adsorption and dissolution did not happen significantly and the
pH increase can be attributed solely to the continuous protonation of HUMIN. With increasing starting
pH less continuous protonation of HUMIN happened.

E2.1S8, E2.2S8 and E2.3S8 (starting pH = 8) did not show this clear pH increase, indicating that at this
pH no protonation over time happened. An interesting small pH difference was found at the end of the
experiment between excluding and including gibbsite. This difference implies that a small amount of
gibbsite dissolved to Al(OH)4ዅ, thereby slightly lowering the pH. This process was found more clearly
in E1.3S7 and unmistakeably in E1.3S8.

Figure 4.15 shows the normalized measured DOM concentration over time of the samples of E2.1Sz
with neutral to high starting pH. It can be seen that the HUMIN stayed soluble over time over the whole
pH range. E2.2Sz and E2.3Sz showed the same results (appendixes E and F). Differences between
samples and experiments cannot be addressed with any reliability as a dilution factor of 40x was needed
to perform the DOM measurements.
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Figure 4.13: pH over time at neutral to high pH. Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L,
G = 1.45 g/L; grey: H = 2.6 g/L, G = ±0.7 g/L. �: pHstart = 4; ▹: pHstart = 4.5; ○: pHstart = 5.

Figure 4.14: pH over time at neutral to high pH. Yellow: H = 3 g/L, G = 0 g/L; Red: H = 2.7 g/L, G = 0.35 g/L; Blue: H = 1.9 g/L,
G = 1.45 g/L; grey: H = 2.6 g/L, G = ±0.7 g/L. ⋈: pHstart = 6; ◃: pHstart = 7; △: pHstart = 8.
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Figure 4.15: DOM concentration normalized to the initial DOM concentration (፭ኺ) of E2.1Sz over time.



5
Conclusion and Outlook

The goal of this research was to investigate if gibbsite can be used as aluminum source to complex
and precipitate with organic matter in the interest of soil permeability reduction.

To achieve this goal a literature study was conducted in combination with 2 series of experiments. The
results of the experiments were:

• At low pH (pH = 2 - 2.5) the protonation, flocculation and subsequently precipitation of HUMIN
was the dominant (fast) process whereas gibbsite dissolution was the dominant (slow) process.
Both processes happened subsequently, eliminating the chance of significant complexation.

• In the transitional zone (pH = 3 - 3.5) the competition for Hዄ between HUMIN and gibbsite was
predominant. Thereby increasing the stability of DOM and slowing down the dissolution of gibb-
site, giving the possibility of complexation.

• At neutral to high pH HUMIN (pH = 4 - 8) protonated over time but did not precipitate (or consid-
erably adsorb to gibbsite). No significant adsorption or dissolution of gibbsite was found below
starting pH = 8, but at pH ≥ 8 gibbsite dissolution to Al(OH)4ዅ was indicated.

This research did not directly show that gibbsite can be used as aluminum source to complex and
precipitate with organic matter, mainly because of:

1. The separation of gibbsite dissolution and soluble HUMIN in time

2. The slow kinetics of gibbsite dissolution.

1. The separation of gibbsite dissolution and HUMIN stability might be coped with in the following ways:

• Lowering ’the transitional’ pH, by using an OM source richer in fulvic acids. This way the OM is
soluble at lower pH increasing the overlap at which gibbsite dissolves and OM is still soluble.

• Literature and experimental data in this research point out that gibbsite dissolves at high pH (to
Al(OH)4ዅ). A mixture of gibbsite and OM at high pH and at equilibrium would give Al(OH)4ዅ and
soluble OM. By suddenly dropping the pH to acidic conditions, Al(OH)4ዅ is (partly) converted to
Al3ዄ which subsequently can complex with the DOM.

• A gibbsite suspension at a low pH at equilibrium would give Al3ዄ. If the suspension is mixed
with DOM (at high pH), both species will (partly) complex, as complexation is fast and gibbsite
precipitation relatively slow.

The first option is a good practical suggestion. Whereas the other two suggestions would be interesting
to investigate (especially the dissolution of gibbsite at high pH and the transformation of Al(OH)4ዅ to
𝐴𝑙ኽዄ). However, to obtain sufficient Al a very low or high pH is needed and on top of that it takes a long
time to reach equilibrium. It seems therefore that these options are impractical to apply in practise.
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Nonetheless, both suggestions might be applicable to create partly amorphous gibbsite. Using them
as pretreatment would yield gibbsite with a higher (starting) solubility.

2. The slow kinetics of gibbsite are hard to change. From literature it was found that the dissolution
rate increases with increasing temperature, but in practise it will be difficult to obtain high temperatures
for a long period. Furthermore, it was found that gibbsite dissolution at low pH is was controlled by
reactions at the solid-solution interface. This means that gibbsite with a high surface area dissolves
faster. Moreover, literature showed that natural gibbsite is more soluble than synthetic gibbsite, which
was used in this research. Instead of significantly changing the slow kinetics of gibbsite it could be
used, by looking at bigger time-scales. In the transitional zone gibbsite did dissolve but slowly, therefore
creating soluble Al−DOM complexes (because the Al/C was low). However, over time the Al/C will
increase thereby saturating the complexes until they precipitate. This slow Al release and subsequent
precipitation could be used in robust problems that require a self healing ability.

For the implementation of gibbsite, as aluminum source to complex and precipitate with organic matter,
it is needed to look at robust problems that require a slow release of Al and investigate the use of natural
gibbsite sources with preferably high surface areas.

Advice
It is advised to continue the research on gibbsite as aluminum source. This research should include
trustworthy free aluminummeasurements. Furthermore it is advised to use a fulvic acid rich OM source
and a pretreated natural gibbsite source.

A elementary practical design, closely based on the podzolization process, is proposed and given in
figure 5.1. An acidic DOM layer is constructed above a gibbsite layer. The acidic DOM slowly leaches
through the gibbsite thereby dissolving the gibbsite. The Al and DOM form soluble complexes with
downward increasing Al saturation. At the buffer layer (for example CaCO3) the soluble complexes
become unstable and precipitate, forming a low permeability layer. It must be noted that CaCO3 can
dissolve thus (partly) cancelling permeability reduction by complexation.

Figure 5.1: Schematic overview of a possible design with the implementation of gibbsite as aluminum source.

Experimental recommendations
In short a simple, almost obvious, advice is given: keep everything constant except the parameter(s)
that you want to research.

It was found in literature that the ionic strength influenced all occurring processes in this thesis. It is
therefore advised to use a background electrolyte in further research to obtain a constant ionic strength
and therefore eliminate the influence of ionic strength on the results. Problems arise at extreme pH
levels, as the addition of acids/bases affects the ionic strength (Lützenkirchen et al., 2012). But this
could be cooped with using a high ionic strength background electrolyte and accurate free proton mea-
surements (Lützenkirchen et al., 2002).
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Furthermore it is advised to use corresponding DOM concentrations or amounts of gibbsite, to increase
the comparability between experiments.

It is difficult to take homogeneous samples from a suspension. It is therefore advised to not make use
of (gibbsite) stock suspension when creating samples but weigh the input for each sample. When using
this procedure precise scales are needed as it is likely very small gibbsite input per sample is needed.
If such scales are not available it is important to keep the stock solutions as homogeneous as possible
by continuous stirring during sampling.
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A
Podzolization

Already in 1856 Barth presented a detailed description of a podzol, which he named lead sand (Lund-
ström et al., 2000a). Since then a lot of research has been done on podzolization, leading to multiple
(partly conflicting) podzolization theories.

None the less an attempt was made to summarize the podzolization process into four steps:
1. Dissolution of Al and Fe containing minerals
2. Downward transport of Al and Fe
3. Immobilization of Al and Fe
4. Precipitation of Al and Fe complexes

1. Dissolution There is an overwhelming evidence that DOM promotes the dissolution of minerals
by complexing with Al and Fe (Kodama et al., 1983; Schnitzer and Kodama, 1976; Tan, 1980). LMW
acid complex best, Lundström et al. (2000b) stated that mineral dissolution via complexing LMW acids
is a major weathering process in podzols.

2. Downward transport Considering the abundant evidence of the complexing ability of DOM with
Al and Fe (Van Hees et al., 2003) together with the demonstrated ability of these acids to promote
dissolution of minerals. It has been generally accepted that Al and Fe migrate downwards from the E
to the B horizon in the form of organic complexes (Buurman and Jongmans, 2005; Lundström et al.,
2000b,a).

3. Immobilization Where there is a general consensus on the mechanism controlling the downward
transport two main theories considering the mechanism of immobilization do now prevail (Lundström
et al., 2000b).

Adsorption theory
Unsaturated soluble metal-organic complexes are transported downward and immobilized (and subse-
quently precipitated) in the B horizon upon saturation of organic molecules through further complexation
(McKeague et al., 1978). Complexation is mainly attributed to FA and HA.

Biodegradation theory
In this theory the complexation and subsequent downward transport is mainly attributed to LMW acids.
These ‘carriers’ are microbially broken down, releasing Al and Fe (Lundström et al., 2000b; Van Hees
et al., 2000).
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48 A. Podzolization

4. Precipitation In the adsorption theory saturated metal-organic complexes are immobilized by
precipitation. Continuing addition of metals during the downward migration until a certain C/M ratio
has been reached, caused the complex to precipitate. In the biodegradation theory Al and Fe are
released by microbial degradation of LMW acid metal complexes. The released Al and Fe complex with
HMW acids and precipitate or precipitate as inorganic phase and adsorb HMW acids to their surfaces
(Lundström et al., 2000b).

As stated earlier many (partly conflicting) podzolization theories exist. With now a general consensus
on the dissolution and downward transport. But the mechanisms of immobilization and precipitation are
still debated. For example Sauer et al. (2007) suggested in total eight mechanisms of immobilization
and stated that multiple mechanisms might be involved at the same time. (Jansen et al., 2005) found
no evidence of immobilization due to microbial degradation. They however state that different pod-
zolization mechanisms dominate under different conditions, explaining the discrepancies in literature.



B
Second experiment series

All samples were created on 15-02-18 and on the same day samples E2.1Sz with z = 1-5, were acidified.
All other sample were acidified on 16-02-18. Four extra samples were (re)created (E2.1S4 -3, E2.1S4
-4 , E2.1S7 -3 and E2.3S4.5 -2) because the original samples pH deviated 0.2 or more from their target
pH.

Sample pHtarget pHinitial 1.6M HCL
(mL)

0.1M HCL
(mL)

pH EC (𝜇s/cm)

E2.1S2 2 9.14 0.440 2.00 7830
E2.1S2 -2 2 9.17 0.440 1.98 7950
E2.1S2.5 2.5 9.17 0.230 2.45 3230
E2.1S3 3 9.15 0.160 3.02 1772
E2.1S3 -2 3 9.20 0.160 2.99 1677
E2.1S3.5 3.5 9.15 0.130 3.60 1466
E2.1S4 4 9.14 0.140 3.30 1566
E2.1S4 -2 4 9.18 0.130 3.67 1273
E2.1S4 -3 4 8.97 0.116 3.75 1224
E2.1S4 -4 4 8.96 0.109 4.07 1165
E2.1S4.5 4.5 9.05 0.100 4.50 1240
E2.1S5 5 8.99 0.082 0.165 4.02 1172
E2.1S5 -2 5 9.03 0.870 4.76 1068
E2.1S5 -3 5 8.94 0.084 4.82 1062
E2.1S6 6 9.00 0.040 0.200 6.02 1061
E2.1S7 7 8.97 0.435 7.02 971
E2.1S7 -2 7 8.99 0.430 7.00 862
E2.1S8 8 8.96 0.200 8.02 935
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Sample pHtarget pHinitial 1.6M HCL
(mL)

0.1M HCL
(mL)

pH EC (𝜇s/cm)

E2.2S2 2 9.00 0.425 1.99 7770
E2.2S2 -2 2 9.04 0.425 1.98 7960
E2.2S2.5 2.5 9.03 0.200 2.53 2630
E2.2S3 3 9.04 0.140 3.08 1524
E2.2S3 -2 3 9.04 0.145 2.99 1535
E2.2S3.5 3.5 9.02 0.115 3.53 1277
E2.2S4 4 9.02 0.105 3.98 1180
E2.2S4 -2 4 9.00 0.105 3.95 1138
E2.2S4.5 4.5 8.99 0.085 4.45 1102
E2.2S5 5 8.98 0.050 0.540 4.84 1034
E2.2S5 -2 5 8.96 0.060 0.300 5.00 988
E2.2S6 6 8.94 0.043 6.06 917
E2.2S7 7 8.93 0.360 7.08 840
E2.2S7 -2 7 8.95 0.402 7.01 816
E2.2S8 8 8.92 0.160 8.10 809

Sample pHtarget pHinitial 1.6M HCL
(mL)

0.1M HCL
(mL)

pH EC (𝜇s/cm)

E2.3S2 2 8.50 0.244 2.04 4340
E2.3S2 -2 2 8.67 0.262 2.04 4680
E2.3S2.5 2.5 8.75 0.130 0.150 2.52 1832
E2.3S3 3 8.73 0.095 0.150 3.03 1191
E2.3S3 -2 3 8.68 0.102 0.080 2.99 1203
E2.3S3.5 3.5 8.68 0.082 0.082 3.56 993
E2.3S4 4 8.69 0.070 0.175 4.03 901
E2.3S4 -2 4 8.64 0.076 4.01 913
E2.3S4.5 4.5 8.65 0.070 4.29 874
E2.3S4.5 -2 4.5 8.59 0.064 4.52 868
E2.3S5 5 8.68 0.054 5.07 802
E2.3S5 -2 5 8.67 0.055 4.99 810
E2.3S6 6 8.65 0.600 6.05 718
E2.3S7 7 8.64 0.235 7.01 674
E2.3S7 -2 7 8.63 0.250 6.90 675
E2.3S8 8 8.63 0.075 8.03 648



C
Data on electric conductivity (EC)

C.1. Experiments series one
During the first series of experiments a sudden EC drop was measured at high EC levels after the same
date, presumably due to contamination of the 0.1M KCL calibration buffer.

Figure C.1: EC measurements E1.1Sz
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Figure C.2: EC measurements E1.2Sz

Figure C.3: EC measurements E1.3Sz



C.2. Experiments series two 53

Figure C.4: EC measurements E1.4Sz

C.2. Experiments series two

Figure C.5: EC measurements E2.1Sz
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Figure C.6: EC measurements E2.2Sz

Figure C.7: EC measurements E2.3Sz



D
Al measurements

The aluminum measurements done on E2.2Sz and E2.3Sz at the starting pH range 2 - 3.5 are given
in the figure D.1. The data could not be fully explained.

In Hach (2017) the recommended conditions (pH and temperature) and interference levels of ions are
given. The recommendation on sample pH: 2.5 - 3.5 and temperature: 20-23 degrees were met. And
the interference levels of K+ and Cl– were not exceeded.

At starting pH = 2 ; 2.5 ; 3 a trend of higher aluminum concentration at lower pH can be seen. Agreeing
with what is expected from the pH dependend dissolution of gibbsite. Measurements at starting pH =
3.5 do not comply with this trend. At starting pH = 2 ; 2.5 ; 3 most of the HUMIN precipitated (at the
end of the experiment) and a small fraction stayed soluble (see figures 4.8,4.9 and 4.11) whereas at
starting pH = 3.5 most of the HUMIN stayed soluble (see figure 4.12). Indicating that the higher DOM
concentration interfered with the measurements or enhanched the gibbsite dissolution.

Another visible trend is the Al concentration difference between E2.2Sz (depicted in red) and E2.3Sz
(depicted in blue). The difference in the amount of gibbsite cannot be the cause of this trend, as a
higher or at least equal Al concentration is expected from the fact that E2.3Sz has a higher amount of
gibbsite than E2.2Sz. The sampling for the Al measurements was done just below the samples surface,
from the supernatent. The difference in Al concentration can therefore only be explained by the DOM
concentration.

The DOM has deprotonated functional groups available for binding with Al3+, which has a higher affinity
to these functional groups than H+. Because E2.2S2.5 has a higher HUMIN starting concentration then
E2.3S2.5, accordingly the remaining DOM concentration after the self-flocculation is also higher. This
means that there are more binding sites for Al. Because the Al/C ratio is very low the Al3+ and DOM
for soluble complexes.

From Hach (2013) it was concluded that the Al kit measured free Al only. But the reactive substance,
chromazurol S, is a organic reagent that by complexation with free AL creates a coloured solution. At
the recomended pH range chromazurol S forms single bonds with Al (Ueno et al., 1992). It is therefore
possible that soluble unsaturated Al-DOM complexes complex with chromazural. Furthermore it is not
far-fetched that it is possible that chromazural S is able to ’steal’ Al from soluble Al-DOM complexes.
In both cases this means that the kit doesn’t measure the free Al but (some) of the Al bounded to DOM
as well.

The formation of more soluble complexes at higher DOM concetration in combination with the potential
of themeasuring kit to measure bounded Al can explain the Al concentration difference between E2.2Sz
and E2.3Sz. But could also have interferred with the UV measurements. As was also suggested by
the non-compliance of the measurements at starting pH = 3.5 with the pH dependend dissolution of
gibbsite. The HUMIN was assumed not to significantly interfere at 620 nm but probably has. Both
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processes of partly measuring bounded Al and the interference of DOM are likely the cause of the
difficulty to explain the Al measurements. At this point it is not possible to atributed relative importance
to both processes.
There might also be unknown reactions of HUMIN within the measuring kit. More extensive UV mea-
surements on HUMIN at 620 nm in combination with measurements with known Al3+ and HUMIN con-
centration could help validate whether the Al measurements conducted in this study are reliable or
could be calibrated.

Lastly a trend of constant Al concentration over time is noteable. Likely a intermediate equilibrium has
been reached between the dissolution and (soluble) Al-DOM complex formation. Another hypothesis
is opted but in all probability not significant. Overal the HUMIN protonated and subsequently precipi-
tated fast, indicating that relatively large and dense flocs were formed. In these relatively large flocs,
deprotonated functional groups are present. These groups are unable to protonate because the in-
tertwined HUMIN molecules pose an energy barrier. But Al3+ electrostatically has an higher affinity to
bind to DOM’s functional groups and is therefore able to overcome this energy barrier. The dissolution
and complexation seen from the Al measurements took place during acidification, when DOM hadn’t
precipitated and covered the gibbsite yet. While the Al from the continuous dissolution of gibbsite was
captured by the precipitated DOM and therefore not seen in the Al measurements.

Figure D.1: Al measurements E2.2Sz and E2.3Sz at starting pH = 2 - 3.5



E
DOM results E2.2Sz at high pH

Table E.1: Starting pH, final pH with the experimental duration, HUMIN concentration and amount of gibbsite of E2.2Sz at high
pH

pHstart pHfinal (days) Δ[Hዄ](𝑚𝑚𝑜𝑙/𝐿) HUMIN (g/L) Gibbsite (g/L)
E2.2S4 3.98 4.67 (61) -0.08 2.7 0.35
E2.2S4.5 4.45 5.23 (61) -0.03 2.7 0.35
E2.2S5 -2 5.00 5.84 (61) -0.01 2.7 0.35
E2.2S6 6.06 7.27 (61) -0.00 2.7 0.35
E2.2S7 7.08 7.77 (61) -0.00 2.7 0.35
E2.2S8 8.10 7.95 (61) 0.00 2.7 0.35

Figure E.1: DOM concentration normalized to the initial DOM concentration (፭ኺ) of E2.2Sz over time.
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F
DOM results E2.3Sz at high pH

Table F.1: Starting pH, final pH with the experimental duration, HUMIN concentration and amount of gibbsite of E2.3Sz at high
pH

pHstart pHfinal (days) Δ[Hዄ](𝑚𝑚𝑜𝑙/𝐿) HUMIN (g/L) Gibbsite (g/L)
E2.3S4 4.03 4.85 (61) -0.08 1.9 1.45
E2.3S4.5 -2 4.52 5.40 (61) -0.03 1.9 1.46
E2.3S5 -2 4.99 5.98 (61) -0.01 1.9 1.46
E2.3S6 6.05 7.32 (61) -0.00 1.9 1.43
E2.3S7 7.01 7.74 (61) -0.00 1.9 1.45
E2.3S8 8.03 7.88 (61) 0.00 1.9 1.46

Figure F.1: DOM concentration normalized to the initial DOM concentration (፭ኺ) of E2.3Sz over time.
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