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Abstract

Our use of pharmaceuticals, pesticides and personal care products leads to an increase of
organic micropollutants (OMPs) into the aquatic environment. Conventional wastewater
treatment plants are not designed for the removal of OMPs and need to be upgraded to
reduce OMP contamination. The adsorption of OMPs to zeolites is proposed as an alternative
treatment method. Zeolites are synthesized as powders, however they need to be shaped into
pellets to be used in water treatment practice. This research focussed on engineering zeolite
pellets and which properties of these pellets are important for the adsorption of OMPs.

First the influence of the calcination temperature and binder content on the mechan-
ical stability and porosity of the pellets was analysed. Second, the influence of two different
preparation techniques (extrusion and high-shear granulation) and the introduction of a poly-
mer on the mechanical stability, porosity and adsorption kinetics of the pellets was assessed.
Third, the effect of the porosity on the breakthrough for an empty bed contact time (EBCT)
of 20, 5 and 1 minute(s) was determined according to the linear driving force (LDF) model.

It was found that an increasing binder content and calcination temperature increased the
wear resistance and porosity of the pellets. However, the effect on the porosity is minimal.
The introduction of the polymer had opposite effect on extruded and granulated pellets.
For extruded pellets, the introduction of the polymer increased the porosity. However, the
granulated pellets showed a decrease in porosity. A relation was found between the porosity
and the wear resistance and between the porosity and adsorption kinetics. A larger porosity
decreased the wear resistance of the pellets and increased the kinetic rate constant.

The porosity was of great importance in relation to the breakthrough. First, the porosity
in the zeolite pellets determined to a great extent the bulk density of the filter bed. A higher
bulk density resulted in a later breakthrough point. The bulk density was also influenced
by the shape of the pellet. Spherically-shaped (granulated) pellets had a higher bulk density
than rod-shaped (extruded) pellets. Second, the porosity was related to the kinetic rate
constant. At lower EBCTs (5 and 1 minute), the kinetic rate constant had an influence
on the breakthrough point. For these EBCTs, a higher kinetic rate constant led to a later
breakthrough point.

It was recommended to optimize the zeolite pellets by making the extruded pellets in a
more spherically-shaped form and to start column experiments to validate the LDF-model.
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Chapter 1

Introduction

1.1 Organic micropollutants

Organic micropollutants (OMPs) are compounds, which are used every day in modern society,
including pharmaceuticals, synthetically and naturally occurring hormones, pesticides and
personal care products. OMPs occur in very low concentrations in the aquatic environment,
in the order of ng/L to µg/L. Over the last decades, the awareness of the impact of OMPs has
grown and due to improved analytical techniques more OMPs are detected in both surface
and drinking water (STOWA, 2014).

OMPs enter the aquatic environment in several ways. A simplified version of the main
sources and pathways of OMPs into the environment are shown in Figure 1.1. Pesticides
are washed away from agricultural areas into surface water and groundwater. Personal care
products end up in the wastewater during showering or washing hands. Pharmaceuticals and
hormones are excreted via urine and faeces. A major source is wastewater of households,
industry and hospitals (Tijani et al., 2013; Yunlong et al., 2014). Wastewater is collected
using a sewer and transported to a wastewater treatment plant (WWTP) to be treated.
Conventional WWTPs are designed to remove organic substances, nitrogen and phosphate,
whereas OMPs are only partially removed (Grontmij, 2011; Liu et al., 2009; Petrovi et al.,
2003; Yunlong et al., 2014). In particular the non-biodegradable OMPs are hardly removed,
such as antibiotics and the widely used pharmaceutical diclofenac (Grontmij, 2011; Yunlong
et al., 2014). Due to the low removal efficiency for OMPs, the remaining OMPs are discharged
to receiving water bodies and thus introduced into the environment.

Drinking water companies extract surface water and groundwater for the production of
drinking water. During the treatment process of drinking water OMPs are removed in a wide
range of efficiency by granular activated carbon filtration (Stackelberg et al., 2007). OMPs,
even though in low concentrations, are still present in drinking water and have even been
detected in human blood and urine (Hutter et al., 2005; Kannan et al., 2005; Stackelberg
et al., 2007). Due to the low concentrations of OMPs in drinking water the expected risk to
public health is low, however the long-term effects are still unknown (de Jesus Gaffney et al.,
2015; Schwab et al., 2005; Schwarzenbach et al., 2006).

The aquatic life is affected by OMPs present in the environment (Adeel et al., 2017; Bolong
et al., 2009; Crane et al., 2006). The best known example is the feminization of male fish
due to the presence of estrogenic substances in water (Kidd et al., 2007; Tetreault et al.,
2011; Vethaak et al., 2002). Stopping the inflow of OMPs into the aquatic environment is an
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CHAPTER 1. INTRODUCTION

ongoing challenge for the water authorities.

Figure 1.1: Sources and pathways of OMPs into the environment

1.2 Treatment options for the removal of OMPs from domestic
wastewater

Over the years, different treatment options to remove OMPs from domestic wastewater have
been investigated, of which adsorption by activated carbon is one of the most effective treat-
ment steps for OMP removal (Bolong et al., 2009; Rivera-Utrilla et al., 2013; Stackelberg et al.,
2007; Tijani et al., 2013). The pore structure and large surface area enables the activated
carbon to adsorb a broad spectrum of OMPs (Rossner et al., 2009). To restore the adsorption
capacity, the saturated activated carbon is regenerated and can be reused. However, the pro-
duction and thermal regeneration of activated carbon is costly and has a negative impact on
the environment (Arena et al., 2016; Mousel et al., 2017). Regeneration also results in a loss of
carbon (4-8%) (Tchobanoglous et al., 2003), meaning that new carbon needs to be purchased.
Furthermore, due to a large amount of background organic matter (BOM) in wastewater, the
OMPs experience competition for the adsorption on activated carbon. The presence of BOM
results in a faster saturation of activated carbon (Hu et al., 2015; Zietzschmann et al., 2016).
Therefore, the activated carbon needs to be regenerated more often.

The challenge is to implement a low cost wastewater technology with low environmental
impact and high OMP-removal efficiencies. Together with Applied and Engineering Sciences
(TTW), Foundation for Applied Water Research (STOWA), TKI Watertechnology and KWR,
the Delft University of Technology will investigate an innovative adsorption-oxidation pro-
cess (AdOx). This proposed process consists of a combination of several removal processes,
including the adsorption of OMPs to zeolites and the regeneration of saturated zeolites using
ozone. This research focused on the adsorption of OMPs to zeolites.

2 Engineering of zeolite pellets for the adsorption of organic micropollutants



CHAPTER 1. INTRODUCTION

1.3 Adsorption

Adsorption is a surface-based process in which atoms, ions or molecules adhere to a surface,
see Figure 1.2. The adsorbing material is called the adsorbent and the substance being
adsorbed is the adsorbate.

Figure 1.2: Schematic overview of adsorption process

Adsorption is a dynamic process, where the adsorbate adsorbs onto and desorbs from the
adsorbent. The adsorption process is in equilibrium when the rate of adsorption is equal to
the rate of desorption. This equilibrium depends on the adsorbate concentration and the
water temperature. The relation between the amount of adsorbate adsorbed on the surface
of the adsorbent and the concentration of the adsorbate at constant temperature can be
described by an adsorption isotherm. The Freundlich isotherm is often used to describe this
relation for low adsorbate concentrations (Equation 1.1).

qe = KFC
n
e (1.1)

where
qe = the amount of adsorbate per mass unit of adsorbent at equilibrium [mg/g]
Ce = the liquid-phase concentration of the adsorbate at equilibrium [mg/L]
KF = the Freundlich capacity factor [(mg/g)(L/mg)n]
n = the Freundlich intensity parameter [−]

Adsorption (by activated carbon) is a widely used water treatment step. Fixed bed reactors
are filled with the adsorbing material and exposed to high water flows. During this process
the filter bed gets saturated over time (Figure 1.3). The moment the adsorbate concentration
in the effluent exceeds a set threshold (cb) is known as breakthrough. The filter then needs
to be renewed or regenerated before the process repeats itself.

Before actual fixed bed reactors are designed, the operational variables and design para-
meters are established from laboratory-scale column experiments and predictions from math-
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CHAPTER 1. INTRODUCTION

ematical models, such as the linear driving force (LDF) model (Heijman et al., 2002; Sharma
et al., 2003).

Figure 1.3: Schematic of a breakthrough curve in a fixed bed adsorption process

1.4 Zeolites

Zeolites are porous crystalline materials constructed from SiO4 and AlO4 tetrahedrons. They
have a 3-dimensional microporous structure containing uniformly distributed channels and
cavities with pore sizes less than 1 nm (Ruthven, 1984). Zeolites are widely used as catalysts
in the petrochemical industry, as ion exchanger in water softening devices such as laundry
detergents and as molecular sieves for gas separation. In recent years, zeolites have also been
found to be effective adsorbents for the removal of OMPs (Abu-Lail et al., 2010; Yonli et al.,
2012).

Up to now, 235 different zeolite framework structures have been identified by the Structure
Commission of the International Zeolite Association (Baerlocher et al., 2007). Each frame-
work type stands for a unique structure of channels and cavities. Four framework types (FAU,
MOR, MFI and BEA) are found to be most effective for the adsorption of OMPs (Jiang et al.,
2018).

The microporous uniform structure enables the zeolites to selectively sort molecules based
on size. The molecular sizes of most OMPs are similar to the pore size of zeolites. There-
fore zeolites are able to adsorb OMPs without competition of BOM (Abu-Lail et al., 2010;
Tchobanoglous et al., 2003). Although, BOM can still block the pores and thus decrease
the adsorption kinetics of OMPs (Hung and Lin, 2006). Furthermore, it is assumed that
closely fitted pores lead to strong interactions between OMPs and zeolites (Tchobanoglous
et al., 2003). The alumina content determines the hydrophobicity of the zeolites. High-silica
zeolites with Si/Al ratios from 5 or more have hydrophobic surfaces (Ruthven, 1984; Yonli
et al., 2012). The hydrophobic surface prevents the zeolites from adsorbing water, which
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CHAPTER 1. INTRODUCTION

means that more pores are available for OMP diffusion and adsorption (Tchobanoglous et al.,
2003). Another feature of zeolites is its chemical stability. This gives the zeolite potential
to be regenerated by oxidation, like ozone, without changing the surface properties and pore
structure (Zhang et al., 2014).

Zeolites are synthesized as polycrystalline powders with a particle size of 1-10 µm (Ruthven,
1984). However, in order to use zeolites as adsorbents in water treatment practice the
powdered zeolites need to be shaped into macroscopic forms, like granules, extrudates or
pellets to avoid high pressure drops in the reactor. Pure powdered zeolites do not possess
binding abilities. An inorganic binder, mostly natural clays, are mixed with zeolite powder in
a range of 10 wt.% to 30 wt.% and water to form pellets (Jasra et al., 2003; Ruthven, 1984).
The pellets are calcined to ensure mechanically stable particles. The high-temperature treat-
ment destroys the surface area and activity of the clay (Jasra et al., 2003).

Extrusion and high-shear granulation are two processes to create pellets. Extrusion is a
process where the mixture is pushed through a die with a specific cross-section. In high-shear
granulation, the powder and water are mixed in a bowl by a rotating impeller. As the water
disperses throughout the powder, granules are formed. The advantages of extrusion are a
higher yield and wear resistance (Keleb et al., 2004).

During the shaping process a secondary pore system is created (Figure 1.4) consisting of
mesopores (2-50 nm) and macropores (>50 nm) within which the adsorbate has to move to
the zeolite crystals (Jasra et al., 2003). The secondary pore system is important because it
may cause transport limitations. Pellets with a more open secondary pore system, so a larger
amount of macropores, show faster adsorption kinetics (Schumann et al., 2012).

Figure 1.4: Schematic view of secondary pore system (not on scale)

In order to increase the secondary pore system, polymers can be added to the zeolite-
binder mixture (Mueller et al., 2006; Sextl et al., 1994). Polymer is mixed with water and
after a certain maturation time, the polymer chains unfold to their full capacity. When the
polymer solution is added to the zeolite-binder mixture, the polymer chains create a larger
secondary pore system (Figure 1.5).
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Figure 1.5: Schematic view of secondary pore system with polymer (not on scale)

1.5 Knowledge gap and objectives

Even though zeolite pellets are already used for several applications, they have not been
fabricated to be used in WWTPs. The research in the water treatment field has mainly been
focused on whether zeolites could be an alternative for the adsorption of OMPs. However, in
all these studies the zeolites are examined in powder form. This presented research focussed
on engineering zeolite pellets and which properties of these pellets are important for the
adsorption of OMPs.

The first step in engineering zeolite pellets was to determine whether temperature and
binder content influence the mechanical stability and porosity of the pellets. Second, we
compared two different preparation techniques and assessed whether the introduction of a
polymer influences the mechanical stability, porosity and adsorption kinetics of the pellets.
Third, we aimed to determine which property of the zeolite pellet has the most effect on the
breakthrough.

The main research question was:

What are important properties of a zeolite pellet to achieve efficient OMP adsorption?

The sub-questions were:

• What is the effect of the binder content and calcination temperature on the wear res-
istance?

• What is the effect of the binder content and calcination temperature on the pore size
distribution?

• What is the effect of introducing a polymer in zeolite pellets?

• What is the effect of increasing the porosity in zeolite pellets on the predicted break-
through according to the LDF model?

6 Engineering of zeolite pellets for the adsorption of organic micropollutants



Chapter 2

Materials and methods

2.1 Research overview

In this research pellets with different configurations and preparation techniques were engin-
eered. First, both the binder content and calcination temperature were altered to analyse its
effect on the strength and porosity. Second, a polymer was added to the mixture to increase
the secondary pore system. This was done for two different preparation techniques; extrusion
and high-shear granulation. Third, the breakthrough curves of the pellets were simulated.

2.1.1 Engineering of zeolite pellets

In the first stage of this thesis, the effect of the binder content and calcination temperature
on the wear resistance and pore size distribution of the pellets were determined.

Pellets with three different binder percentages were prepared. These pellets were cal-
cined at three different temperatures, resulting in nine pellets (Table 2.1). The preparation
technique used in this phase was extrusion.

Table 2.1: Nine different pellet configurations

Binder content [%]
Temperature [◦C]

750 850 950

15 X X X
20 X X X
25 X X X

The pellets were subjected to wear resistance and porosity tests. Table 2.2 shows which
tests have been conducted per pellet. Based on the results from the strength and porosity
tests, the pellet with a binder content of 15% and calcination temperature of 750◦C was
chosen to be used in the continuation of this research.

2.1.2 Introduction of polymer to zeolite pellets

The pellet configuration of 15% and 750◦C was used to both prepare extruded as granulated
pellets. In both the extruded as the granulated pellets a polymer was introduced to increase
the porosity. In total, four different pellet configurations were used, Table 2.3.

Engineering of zeolite pellets for the adsorption of organic micropollutants 7
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Table 2.2: Tests conducted with the nine different pellets

Binder content [%] 15 20 25
Temperature [◦C] 750 850 950 750 850 950 750 850 950

Wear resistance X X X X X X X X X
Porosity X X X X X

Again, both the wear resistance and porosity was tested. In addition, methylene blue
adsorption experiments were conducted to determine the LDF kinetic rate constant.

To check for reproducibility, the two extruded pellets were made in duplicate and the
results were compared.

Table 2.3: Four different pellet configurations

Polymer
No Yes

Extruded X X
Granulated X X

2.1.3 Modelling of breakthrough

In the last stage, the results from the adsorption experiments, the LDF kinetic rate constant,
was used to simulate the breakthrough curve. The influence of the LDF kinetic rate constant
and the properties of the pellets was analysed.

2.1.4 Overview zeolite pellets

In total, 12 different pellets were made, tested and analysed. In addition, two pellets were
made in duplicate. The engineered zeolite pellets are summarised in Table 2.4. The code
name of the zeolite pellets is explained in Figure 2.1.

Figure 2.1: Explanation of the code name of the zeolite pellets

8 Engineering of zeolite pellets for the adsorption of organic micropollutants



CHAPTER 2. MATERIALS AND METHODS

Table 2.4: Overview of engineered zeolite pellets

Code name Binder content Temperature Polymer
[%] [◦C]

Be15750 15 750 -
Be15750.2 15 750 -
Be15850 15 850 -
Be15950 15 950 -
Be20750 20 750 -
Be20850 20 850 -
Be20950 20 950 -
Be25750 25 750 -
Be25850 25 850 -
Be25950 25 950 -

Be15750Ze 15 750 Zetag8185
Be15750Ze.2 15 750 Zetag8185
Be15750MG 15 750 -

Be15750ZeMG 15 750 Zetag8185

2.2 Preparation of zeolite pellets

Two types of preparation techniques were used in this study. Zeolite pellets were manually
extruded with a syringe and mechanically granulated with a food processor. Zeolites with
the FAU framework, bentonite and the polyelectrolyte Zetag8185 were used to prepare the
pellets.

2.2.1 Zeolite Y

Zeolite Y has the FAU structure. This zeolite type has a 12-ring pore opening with a diameter
of 7.4 Å and a supercage with a diameter of 13 Å, see Figure 2.2. The SiO2/Al2O3 ratio is
500, meaning that the zeolite is hydrophobic. The zeolite powder used in this research was
purchased at Tosoh, Japan.

Figure 2.2: Framework structure zeolite Y

Engineering of zeolite pellets for the adsorption of organic micropollutants 9



CHAPTER 2. MATERIALS AND METHODS

2.2.2 Extruded zeolite pellets

Zeolite FAU pellets were prepared by mixing zeolite powder, dried at 105◦C, with bentonite
(Sigma-Aldrich) in a weight ratio zeolite:binder = 85:15, 80:20 and 75:25. Then demineralised
water or polyelectrolyte (0.2wt% in demineralised water) was added in stages. The mixture
was moulded together and extruded using a syringe in strings with a diameter of 2 mm. The
strings were cut in pellets with a length between 5-10 mm. The pellets were dried at 105◦C
for 12-24 hours. Subsequently, the pellets were calcined at 750, 850 and 950◦C. The warming
up time to reach the final temperature was 3 hours and the final temperature was maintained
for 3 hours.

2.2.3 Granulated zeolite pellets

Zeolite FAU pellets were prepared in a food processor (Braun, MQ325). The zeolite powder
was dried before use at 105◦C. The zeolite powder was mixed with bentonite in a weight ratio
zeolite:binder = 85:15. Then demineralised water or polyelectrolyte (0.2wt% in demineralised
water) was added in stages. The mixture was mixed in the food processor until granules
were formed in a size range of 1-3 mm. Subsequently, the granules were dried at 105◦C for
12-24 hours and the granules were calcined at 750◦C. The warming up time to reach the final
temperature was 3 hours and the final temperature was maintained for 3 hours.

2.3 Wear resistance

Due to the fact that pellets were used in all different kind of fields and have different purposes,
there is not a general or most used method to measure the mechanical strength of pellets. In
this study the wear resistance of the zeolite pellets was measured by two tests, the jar test
and the ball-pan hardness test.

The jar test was conducted in water. The pellets were placed in a beaker with baffles
and stirred at a high rate. Due to the baffles, the pellets were subjected to shear stress with
the moving water. The ball-pan hardness test was based on the Standard Test Method for
Ball-Pan Hardness of Activated Carbon, see appendix A (ASTM D3802, 2016). The ball-pan
hardness test is a dry test, where the pellets were shaken with steel balls in a closed off pan.
During this test the pellets were exposed to shear stress with the steel balls. Although the
tests do not reflect the shear to which the pellets are exposed to in reality, the tests are useful
in establishing a measurable characteristic for the wear resistance of the pellets.

2.3.1 Jar test

The jar test (Velp JLT 6) was conducted using 2 L beakers with baffles (Figure 2.3). 2 grams
of pellets and 1 L of demineralised water were used. The overhead stirrers stirred at a rate
of 300 rpm for 5.5 hours. After stirring, the pellets were separated from the water and were
dried at a temperature of 105◦C. Subsequently, the dry pellets were sieved with a sieve size
of 0.85mm and weighed.

The jar test hardness number was calculated using Equation 2.1.

Hj = 100
B

A
(2.1)
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Figure 2.3: Set-up jar test

where
Hj = jar test hardness number
A = weight of initial sample [g]
B = weight of sample retained on sieve [g]

2.3.2 Ball-pan hardness test

The ball-pan hardness test was conducted with a mechanical sieve shaker (RO-TAP R© RX-
29) (Figure 2.4). 100 ml of pellets were weighted. The hardness test pan was placed in the
mechanical sieve shaker and the weighed sample together with fifteen 12.7 mm and fifteen
9.5 mm steel balls were poured into the hardness test pan (Figure 2.5a). The sieve stack was
completed by stacking five full-height sieves and the sieve cover on top of the hardness pan.
The sample was shaken for 30 minutes, while being tapped by the hammer to increase extra
shear stress. In Figure 2.5b the sample after shaking is shown. After the shaking period,
the sieve stack was removed and a receiving pan together with the hardness test sieve was
placed in the mechanical sieve shaker. The size of the hardness test sieve was 0.85mm for the
extruded pellets and 0.212mm for the granulated pellets. The sample was transferred from
the hardness test pan to the hardness test sieve and the five full-height sieves and sieve cover
were placed on top of the hardness test sieve. The sample was shaken for 10 minutes with
tapping hammer operating. The sample remaining on the hardness test sieve and the pan
catch was weighed.

The hardness number was calculated using Equation 2.2.

Hbp = 100
B

A
(2.2)

where
Hbp = ball-pan hardness number
A = weight of sample loaded onto hardness pan [g]
B = weight of sample retained on hardness test sieve [g]
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Figure 2.4: Set-up ball-pan hardness test

(a) Hardness test pan before shaking (b) Hardness test pan after shaking

Figure 2.5: Hardness test pan
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2.4 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is an analytical technique to determine pore size, pore
volume and pore size distribution among other porosity-related aspects. Mercury, a non-
wetting liquid that does not enter pores by capillary action, must be forced into a porous
structure by external pressure (Figure 2.6). The pore size data is determined by the pressure
that is needed for the liquid to intrude into a pore using the Washburn equation.

(a) Different angles of contact for wetting and non-
wetting liquids

(b) Mercury does not penetrate pores by capillary,
but must be forced by external pressure

Figure 2.6: Principle of mercury intrusion porosimetry
(Micromeritics Instrument Corporation, 2018)

The Washburn equation:

−πDγcosθ =
πD2P

4
(2.3)

where
D = pore diameter [m]
γ = surface tension of intrusion liquid [N/m]
θ = contact angle of intrusion liquid [◦]
P = external pressure [Pa]

The relationship between applied pressure and the minimum pore size into which mercury
will be forced to enter is:

D = −4γcosθ/P (2.4)

The required pressure to force the mercury into the pores is inversely proportional to the size
of the pores. Meaning that with increasing pressure smaller pores are intruded with mercury.

The pore size distribution of the pellets was determined with MIP instrument Micromeritics
AutoPore IV 9500. In this research, the surface tension, γ, and the contact angle, θ, were set
to 0.485 and 141, respectively.
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2.5 Methylene blue adsorption

2.5.1 Methylene blue

Methylene blue is an odourless compound that consists of dark green crystals. Solutions of
methylene blue in water have a deep blue colour. Methylene blue can be used as indicator
for adsorption capacity of zeolites and is measured with spectroscopy. The properties of
methylene blue are shown in Table 2.5. One of the advantages of methylene blue is the
high solubility in water, enabling high initial concentrations for adsorption experiments. This
allows for short-term experiments of a few days. In addition, the molecular diameter matches
the pore diameter of zeolite Y.

Table 2.5: Properties of methylene blue

Compound Chemical formula Molar mass Solubility Molecular diameter
(g/mol) (mg/L) Å

Methylene blue C16H18ClN3S 373.9 43600 5-8

2.5.2 Batch experiments

Methylene blue adsorption experiments were conducted to obtain the LDF kinetic rate con-
stants. The experiments were conducted in 1 L cylindrical glass reactors. The initial methyl-
ene blue concentration was 250 mg/L. The amount of pellets was 588 mg/L methylene blue
solution. Samples were taken three times a day for 4 days. At every time a 2 mL sample was
taken using a syringe and filtered (ChromafilTM Xtra PES-45/25). Subsequently, a 0.2 mL
sample was taken from the 2 mL sample and added to a 12 mL test tube. The last sample
was diluted 50x with demineralised water to 10 mL. The methylene blue was analysed by
measuring absorbance at a wavelength of λ = 665 nm with a spectrophotometer (Genesys 6)
and computing from the calibration curve (see appendix B).

2.6 Modelling breakthrough

2.6.1 The linear driving force model

The adsorption of OMPs on zeolites is assumed to be mass transfer controlled. The mass
balance, which describes the mass transfer of compounds through the filter bed, is given in
Equation 2.5:

δC

δt
= DL

δ2C

δz2
− v

δC

δz
− 1 − εb

εb
ρads

δq

δt
(2.5)

where
C = dissolved OMP concentration [g/L]
t = time [s]
DL = axial dispersion coefficient [m2/s]
q = loading [mg/g]
z = longitudinal distance in the filter bed [m]
v = interstitial liquid velocity [m/h]
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εb = fixed bed porosity [−]
ρads = adsorbent density [kg/m3]

The LDF model is a simplified model wherein an overall kinetic rate constant is used (Sharma
et al., 2003). The LDF equation is given by:

δq

δt
= k(qe − q) (2.6)

where
k = LDF kinetic rate constant [1/s]
qe = equilibrium loading [mg/g]
q = loading [mg/g]

The breakthrough curve is plotted by solving Equation 2.5 and Equation 2.6. The two partial
differential equations were solved using COMSOL Multiphysics R© Modelling Software by T.K.
Liu (Liu, 2017).

In COMSOL the input parameters were adjusted to fit the data used in this research and
include parameters specific for the zeolite pellets, operational data and parameters specific
for methylene blue adsorption by the zeolite pellets.

The particle density (ρp) of the zeolite pellets was determined by measuring the volume and
weight of 10 pellets. For each pellet the particle density was calculated and the average of
the 10 pellets was taken. The bulk density (ρb) was determined by filling a 250mL graduated
cylinder. The fixed bed porosity (εb) was calculated by Equation 2.7.

εb = 1 − ρb
ρp

(2.7)

The operational data, consisting of the bed length (L) and interstitial velocity (v) (Equa-
tion 2.8), was adjusted to fit an empty bed contact time (EBCT) of 1, 5 and 20 minutes
(Equation 2.9).

v =
v0
εb

(2.8)

EBCT =
L

v0
(2.9)

The axial dispersion coefficient (DL) for a fixed bed column packed with particles can be de-
termined experimentally (Heijman et al., 2002). However, during this study fixed bed column
experiments were not conducted and therefore the axial dispersion coefficient was not determ-
ined and the coefficient used in the study of T.K. Liu was taken (Liu, 2017).

Methylene blue isotherm adsorption experiments were conducted by M. Fu (PhD student,
Sanitary Engineering, TU Delft) to determine the Freundlich isotherm (see appendix B). The
Freundlich constants KF and n were determined by plotting log qe versus log Ce.

The breakthrough curve was simulated with a methylene blue initial concentration of 1 mg/L.
Although the methylene blue experiments were conducted with an initial concentration of
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250 mg/L, a lower initial concentration was chosen to approach the OMP concentrations in
wastewater.

The LDF kinetic rate constant was determined with Equation 2.6. Using the Freundlich
isotherm (Equation 1.1), the LDF equation (Equation 2.6) was transformed in terms of con-
centration as (Heijman et al., 2002):

C = (C0 − Ce)e
−kt + Ce (2.10)

In logarithmic form:

ln
C − Ce

C0 − Ce
= −kt (2.11)

where
C = concentration[mg/L]
C0 = initial concentration [mg/L]
Ce = equilibrium concentration [mg/L]
k = LDF kinetic rate constant [1/s]
t = time [s]

The LDF kinetic rate constant was determined by plotting ln C−Ce
C0−Ce

versus the time, t. The
slope of the straight line is the LDF kinetic rate constant, k.

A summary of the input parameters is shown in Table 2.6.

Table 2.6: COMSOL parameters

Parameter Symbol Value Unit

Particle density ρp variable [kg/m3]
Bulk density ρb variable [kg/m3]

Fixed bed porosity εb variable [−]
Bed length L 1.5 [m]

Interstitial velocity v variable [m/s]
Axial dispersion coefficient DL 3E-3 [m2/s]

Freundlich capacity factor KF 41.03 [(mg
g )( L

mg )n]

Freundlich intensity parameter n 0.243 [−]
Initial concentration C0 1 [mg/L]

LDF kinetic rate constant k variable [1/s]
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Results and discussion

3.1 Engineering of zeolite pellets

In the first phase, extruded pellets with three different binder percentages were prepared.
These pellets were calcined at three different temperatures, resulting in nine pellets (Table 3.1).
The effect of the binder content and calcination temperature on the wear resistance and pore
size distribution of the pellets was analysed.

Table 3.1: Overview of pellets

Zeolite pellet Binder content Temperature
[%] [◦C]

Be15750 15 750
Be15850 15 850
Be15950 15 950
Be20750 20 750
Be20850 20 850
Be20950 20 950
Be25750 25 750
Be25850 25 850
Be25950 25 950

3.1.1 Wear resistance

The effect of the binder content and temperature on the wear resistance of the pellets was
determined by the jar test and ball-pan hardness test. The results of these tests are shown
in Figure 3.1 and Figure 3.2. The figures show the amount of pellets, in percentage, which
were more than half the size of the smallest nominal particle size after testing. The pellet
with the lowest binder content (15%) and temperature (750◦C) was chosen as reference point,
indicated by 0% in Table 3.2 and Table 3.3. The effect of the binder content on the wear
resistance was determined by comparing the hardness number of the pellets with the three
different binder contents calcined at the same temperature, for each temperature. Whereas
the effect of the temperature was determined by comparing the pellets calcined at the three
different temperatures with the same binder content, for each binder content.

Engineering of zeolite pellets for the adsorption of organic micropollutants 17



CHAPTER 3. RESULTS AND DISCUSSION

Jar test

The jar test showed only a small difference between the pellets, varying between a hardness
number of 91.3 and 93.5 (Figure 3.1). In Table 3.2 the increase or decrease, in percentage,
for each pellet configuration compared to the reference point is shown.

The results showed no relation between the hardness number and increasing the temper-
ature. Increasing the binder content resulted in an increase in hardness number for both the
pellets calcined at 850◦C and 950◦C.

Since the results do not show considerable differences between the pellet configurations
and no clear relations were identified, the jar test was not considered to be a useful strength
test.

Figure 3.1: Jar hardness number: different pellet configurations to test the effect of the binder
content and temperature

Table 3.2: Increase or decrease of jar hardness number compared to reference point

Binder content [%]
Temperature [◦C]

750 850 950

15 0% -0.86% -0.96%
20 1.41% -0.02% 0.39%
25 -0.57% 0.36% 1.34%

Ball-pan hardness test

The ball-pan hardness test showed a clear relation between the temperature and wear res-
istance and between the binder percentage and wear resistance (Figure 3.2). In Table 3.3
the increase, in percentage, for each pellet configuration compared to the reference point is
shown.

Table 3.3 shows that the increase of the binder content in the pellets resulted in an
increase in hardness number. Only for the binder content of 25% at 750◦C the hardness
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number decreases compared to the pellet with 20% binder content. The effect was most
noticeable between the 15% and 20%. For 750◦C the hardness number was almost 2 times
higher for 20% than for 15%. The increase in hardness number between the binder content
of 20% and 25% was compared to the change of hardness number between 15% and 20% very
small.

The increase of the temperature resulted in an increase in hardness number for all binder
contents. The effect was larger from 750◦C to 850◦C than from 850◦C to 950◦C.

The ball-pan hardness number of the zeolite pellets varied between 28.7 and 82.5. In
comparison, the ball-pan hardness number of activated carbon, used at several Dutch and
Belgian drinking water companies, varies between 60.9 and 94.3 (Vries et al., 2012). This
indicates that zeolite pellets with sufficient wear resistance could be engineered.

Figure 3.2: Ball-pan hardness number: different pellet configurations to test the effect of the
binder content and temperature

Table 3.3: Increase or decrease of ball-pan hardness number compared to reference point

Binder content [%]
Temperature [◦C]

750 850 950

15 0% 90% 133%
20 99% 161% 185%
25 47% 164% 188%

3.1.2 Porosity

The effect of the binder content and temperature on the porosity of the pellets is shown in
Figure 3.3. The pore size distributions of the pellets showed a high peak around 0.02µm and
a smaller peak at 0.14µm. The percentage of the pore volume with a minimum pore size of
0.05µm (macropores), 0.5µm and 1µm is given in Table 3.4.

The table shows that around 80% of the pore volume in the pellets was generated by pores
with a minimum pore size of 0.05µm. This means that the majority of the total pore volume
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consisted of macropores. The main difference between the pellets was the percentage pore
volume with pores larger than 0.5µm. The pellets with a higher temperature had a larger
percentage pore volume with a minimum pore size of 0.5µm. The increase in binder content
also showed a small increase in pore volume. The effect was less for the minimum pore size
of 1µm, although still present.

Figure 3.3: Pore size distribution of the different pellet configurations

Table 3.4: The percentage pore volume with a minimum pore size of 0.05, 0.5 and 1µm,
respectively

> 0.05µm > 0.5µm > 1µm

Be15750 79.9% 1.4% 0.3%
Be15850 81.1% 13.2% 0.7%
Be15950 82.3% 20.9% 1.0%
Be20750 79.3% 1.4% 0.3%
Be25750 80.2% 7.8% 0.9%

3.1.3 Conclusion

Based on the results, one pellet configuration was chosen to be used in the next stages of this
research. The jar test did not show a relation between the temperature and wear resistance
and the influence of the binder content on the wear resistance was only minimal. The mercury
intrusion porosimetry results did show a relation between the temperature and porosity and
in lesser extent between the binder content and porosity for a minimum pore size of > 0.5µm.
However, the effect was less for pores larger than > 1µm. Since the results did not give
consistent results, it was decided to use the pellet with the lowest binder content, 15%, and
the lowest temperature, 750◦C. It must be noted that the results from the ball-pan hardness
test were not included in this decision, since the ball-pan hardness test was not conducted at
that specific moment.
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3.2 Introduction of polymer to zeolite pellets

The chosen pellet, Be15750, was both prepared by extrusion as by granulation and in both
pellets the polymer Zetag8185 was introduced. The 4 different pellet configurations are shown
in Table 3.5. The relation between wear resistance and porosity was analysed and the LDF
kinetic rate constant was determined.

Table 3.5: Overview of pellets

Zeolite pellet Binder content Temperature Polymer
[%] [◦C]

Be15750 15 750 -
Be15750Ze 15 750 Zetag8185

Be15750 MG 15 750 -
Be15750Ze MG 15 750 Zetag8185

3.2.1 Wear resistance versus porosity

The results of the ball-pan hardness test, shown in Figure 3.4, showed that the introduction
of the polymer had a contradicting effect on the wear resistance for the two preparation
techniques.

The extruded pellets without polymer had a hardness number of 28.7 and with polymer
of 3.5. The introduction of the polymer resulted in an increase in porosity, as can be seen in
Figure 3.5, which explains the decrease of the wear resistance of the pellet.

The opposite effect was observed for the granulated pellets. The pellets without polymer
had a hardness number of 12.7 and with polymer 46.4. The pore size distribution showed,
again, that the pellets with a lower hardness number had a larger porosity.

The fact that the polymer had opposite effects could be explained by the method of
preparation. For the extruded pellets, the polymer solution was added to the zeolite-binder
mixture and mixed manually. The granulated pellets were prepared in a food processor with
higher shear stresses. When the unfolded polymer was subjected to strong mixing, the chains
of the polymer could be damaged (Korving, 2013). It could also be possible that during the
preparation of the polymer solution the chains had not completely unfolded or were already
damaged.

Table 3.6: The percentage pore volume with a minimum pore size of 0.05, 0.5 and 1µm,
respectively

> 0.05µm > 0.5µm > 1µm

Be15750 79.9% 1.4% 0.3%
Be15750Ze 82.3% 30.9% 4.5%

Be15750 MG 67.4% 3.0% 1.6%
Be15750Ze MG 67.8% 0.9% 0.5%
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Figure 3.4: Ball-pan hardness number: Extruded and granulated pellets with and without
polymer

Figure 3.5: Pore size distribution of extruded and granulated pellet with and without polymer

3.2.2 The linear driving force kinetic rate constant

The effect of the two preparation techniques and the introduction of polymer on the adsorp-
tion kinetics is presented in Figure 3.6 and Figure 3.7. The figures show that the granulated
pellets without polymer were the most efficient in adsorbing methylene blue, followed by
the extruded pellets with polymer, granulated pellets with polymer and the extruded pellets
without polymer, respectively. The LDF kinetic rate constant, k, and correlation coefficient,
R2, are shown in Table 3.7.

From the figures, one would expect that the extruded pellets with polymer (Be15750Ze)
have the highest kinetic rate constant. As said before, this is not the case and could be
explained by two reasons.

First of all, the methylene blue adsorption experiments were conducted by two people
and due to a misunderstanding, the experiments with the extruded and granulated pellets
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Figure 3.6: Adsorption of methylene blue to the extruded and granulated pellets with and
without polymer

were not conducted in the same way. As can be seen in the figures, the samples of the
granulated pellets were taken for a shorter amount of time. Therefore, it remains unknown
if the granulated pellets would also show the same flattening as the extruded pellets later in
time.

Second, the correlation coefficient of the extruded pellet with polymer of 0.08 cannot go
unnoticed. If only the same sample points as the granulated pellets would have been used,
the correlation coefficient would have shown a better fit and the kinetic rate constant would
have been higher.

It would be of interest to repeat the experiments to investigate whether a later sample
time would alter the results and the correlation coefficient would show a better fit.

Figure 3.7: The slope of the linear trend lines determine the LDF kinetic rate constant
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Table 3.7: LDF kinetic rate constants of MB and correlation coefficients for extruded and
granulated pellets with and without polymer

LDF kinetic rate constant, k Correlation coefficient, R2

[1/s]

Be15750 4.00E-6 0.74
Be15750Ze 6.42E-6 0.08

Be15750 MG 7.88E-6 0.86
Be15750Ze MG 5.02E-6 0.89

The study of T.K. Liu showed that the kinetic rate constants of several OMPs adsorbed
to granular activated carbon were in the same range as the kinetic rate constants found in
this study (Liu, 2017). However, another study showed kinetic rate constants in the range
of 6.0E-4 - 1.2E-3 for methylene blue adsorption to zeolites (Rida et al., 2013). These faster
adsorption kinetics could be explained by the fact that zeolite powder instead of pellets was
used for the adsorption of methylene blue (Yener et al., 2008). It could also be that the zeolite
type used in the mentioned study has more affinity for the adsorption of methylene blue than
the zeolite type used in this study.

3.2.3 Duplicates

The extruded pellets were made in duplicate to check for reproducibility. The duplicated
pellets were subjected to the same experiments: the ball-pan hardness test, the porosity test
and the methylene blue adsorption test. Only the ball-pan hardness test was not conducted
for the duplicated pellet with polymer (Be15750Ze.2). The results of all the experiments are
shown in appendix C.

3.3 Modelling of breakthrough

The LDF kinetic rate constants from the previous section were used to simulate the break-
through curve and the influence of the properties of the pellets was analysed.

3.3.1 Breakthrough curves

In Figure 3.8, Figure 3.9 and Figure 3.10 the breakthrough curves with an EBCT of 20, 5
and 1 minutes are shown. The breakthrough was simulated for an initial methylene blue
concentration of 1 mg/L. The properties of the zeolite pellets are shown in Table 3.8. It must
be noted that the LDF kinetic rate constants of Be15750 and Be15750Ze were the average
rate constants calculated from the duplicates.

For high EBCTs (20 and 5 minutes) it was found that the bulk density is related to the
moment of breakthrough. A higher bulk density of the pellets in a column caused a later
breakthrough point. Only at an EBCT of 1 minute, the extruded pellet with polymer (low
bulk density) showed a later breakthrough point than the extruded pellet without polymer
(high bulk density). This could be explained by the higher kinetic rate constant of the
extruded pellet with polymer.
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Table 3.8: Properties of the zeolite pellets and the variable input parameters used in COMSOL
to simulate breakthrough

LDF kinetic rate constant Bulk density Particle density
[1/s] [kg/m3] [kg/m3]

Be15750 3.43E-6 329 582
Be15750Ze 7.26E-6 266 470

Be15750 MG 7.88E-6 347 706
Be15750Ze MG 5.02E-6 402 585

The figures show that the breakthrough of the granulated pellets occurred at a later time
than the extruded pellets for all EBCTs (20, 5 and 1 minute). This could be explained by
the fact that the granulated pellets have a lower porosity (Figure 3.5) and granulated pellets
are spherically-shaped and therefore fit closer together than the rod-shaped pellets (extruded
pellets) resulting in a higher bulk density (Kyrylyuk and Philipse, 2011).

Another interesting finding was that when the EBCT is changed to 5 and 1 minute, the
LDF kinetic rate constant got of more importance. The pellets with higher kinetic rate
constants shifted closer to the pellets with lower kinetic rate constants. This characteristic
is further clarified in appendix D, where the three variables were analysed independently of
each other.

Figure 3.8: Breakthrough curves at EBCT of 20 minutes
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Figure 3.9: Breakthrough curves at EBCT of 5 minutes

Figure 3.10: Breakthrough curves at EBCT of 1 minute
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3.3.2 Limitations

Since no column breakthrough experiments have been conducted during this study, the sim-
ulated breakthrough results could not be compared and validated. In addition, various as-
sumptions were made and will most likely have an effect on the results.

First, the initial methylene blue concentration was set at 1 mg/L, although the kinetic rate
constant was determined for an initial concentration of 250 mg/L. Also, the concentration of
OMPs in waste water is in the range of ng/L − µg/L. At a lower initial concentration, the
breakthrough point will occur at a later time.

Second, the Freundlich constants were taken from batch experiments conducted with
zeolite powder. The adsorption process depends on the particle size and therefore the particle
size affects the Freundlich constants (Yener et al., 2008).

Third, the methylene blue adsorption experiments did not reach equilibrium. Therefore,
the equilibrium concentration from the batch experiments with zeolite powder conducted by
M. Fu (PhD student, Sanitary Engineering, TU Delft) were used. The LDF kinetic rate
constant was affected by the equilibrium concentration (see equation 2.11).

Fourth, the axial dispersion coefficient was taken from a study with activated carbon as
adsorbent. It is unknown whether this is a representable value for a zeolite bed.
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Conclusions

In this thesis several zeolite pellets were engineered to identify what properties of the zeolite
pellets were important for OMP adsorption. The conclusions drawn from this study are listed
below:

• Both the binder content as the calcination temperature had great influence on the wear
resistance of the pellets. For both, the wear resistance increased with increasing binder
content and calcination temperature.

• Both the binder content as the calcination temperature had little influence on the poros-
ity in the zeolite pellets. The porosity increased with increasing binder content and
calcination temperature, however, the effect was minimal.

• The introduction of the polyelectrolyte had opposite effect on extruded and granulated
pellets. For extruded pellets, the introduction of the polyelectrolyte increased the poros-
ity. However, the granulated pellets showed a decrease in porosity. For both preparation
techniques, there was a clear relation between the porosity and the wear resistance and
between the porosity and adsorption kinetics. A larger porosity decreased the wear
resistance of the pellets and increased the kinetic rate constant.

• The porosity was of great importance in relation to the breakthrough. First, the porosity
in the zeolite pellets determined to a great extent the bulk density of the filter bed. A
higher bulk density resulted in a later breakthrough point. The bulk density was also
influenced by the shape of the pellet. Spherically-shaped pellets had a higher bulk
density than rod-shaped pellets. Second, as concluded above, the porosity was related
to the kinetic rate constant. At lower EBCTs (5 and 1 minute), the kinetic rate constant
had an influence on the breakthrough point. For these EBCTs, a higher kinetic rate
constant led to a later breakthrough point.

Further research is recommended in the following fields:

• Optimization of the zeolite pellets: in this research several aspects related to the engin-
eering process of the zeolite pellets were analysed. It was found that for extruded pellets
the wear resistance was influenced by the binder content and calcination temperature.
Furthermore, this study showed that the porosity and shape of the pellets had a great
effect on the breakthrough. It would be of interest to find out if granulated pellets show
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the same increase in wear resistance as extruded pellets and if the shape of the extruded
pellets could be optimized by making them more spherically-shaped. In conclusion, an
optimal balance between a high density zeolite filter bed and a high pellet porosity to
increase the adsorption kinetics, but also mechanically stable zeolite pellets that can be
used at an industrial scale should be found.

• Fixed bed column adsorption experiments: in this study, the breakthrough of fixed
bed columns have been simulated with the LDF-model. However, the actual fixed
bed column adsorption experiments have not been conducted. As a consequence, it
remains unknown whether the model represents the actual situation. Therefore, it is
recommended to start the column experiments and validate the LDF-model.
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Appendix B

Methylene blue adsorption
experiments

B.1 Calibration curve

Figure B.1: Calibration curve

B.2 Protocol adsorption isotherm

In the adsorption isotherms tests, 250 mg/L methylene blue solution was prepared with ultra-
pure water. Different initial amounts of zeolite powders (0, 20, 30, 50, 80, 100, 120, 150, 200,
300, 400, and 500 mg) were added to 100 mL prepared methylene blue solution respectively.
Samples (10 mL) were taken after 48 h when the equilibrium was reached. The samples were
filtrated through a syringe filter with a 0.45 m polycarbonate membrane and measured with
UV spectrophotometer at a maximum wavelength of 665 nm to determine the concentration.

40 Engineering of zeolite pellets for the adsorption of organic micropollutants



APPENDIX B. METHYLENE BLUE ADSORPTION EXPERIMENTS

B.3 Freundlich isotherm

Figure B.2: Freundlich isotherm
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Appendix C

Duplicates

C.1 Ball-pan hardness test

Figure C.1: Ball-pan hardness number: duplicates without polymer
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C.2 Mercury intrusion porosimetry

Figure C.2: Mercury intrusion porosimetry: duplicates without polymer

Figure C.3: Mercury intrusion porosimetry: duplicates with polymer
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C.3 Methylene blue adsorption

Figure C.4: Methylene blue adsorption: duplicates without polymer

Figure C.5: Methylene blue adsorption: duplicates with polymer
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Appendix D

Systems analysis

The influence of the three variable parameters, LDF kinetic rate constant, bulk density and
particle density, is analysed individually for the EBCT of 20 and 1 minute. The values of
pellet Be15750 are used as the fixed parameters.

D.1 LDF kinetic rate constant

In Figure D.1 and Figure D.2 the kinetic rate constant is varied. A higher kinetic rate leads
to a later breakthrough point. The results show that at an EBCT of 20 minutes the kinetic
rate constant has little influence on the breakthrough. However, at an EBCT of 1 minute,
the kinetic rate constant has a significant effect on the moment of breakthrough.

Figure D.1: Breakthrough curves at varying kinetic rate constants. EBCT of 20 minutes.
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Figure D.2: Breakthrough curves at varying kinetic rate constants. EBCT of 1 minute.

D.2 Bulk density

The bulk density has for both an EBCT of 20 and 1 minute a significant effect on the
breakthrough curve (Figure D.3 and Figure D.4). When the bulk density increases, the
moment of breakthrough occurs at a later moment for both an EBCT of 20 and 1 minute.

Figure D.3: Breakthrough curves at varying bulk density. EBCT of 20 minutes.
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Figure D.4: Breakthrough curves at varying bulk density. EBCT of 1 minute.

D.3 Particle density

When the particle density decreases, the breakthrough point increases for an EBCT of 20
minutes (Figure D.5). However, for an EBCT of 1 minute the particle density has no influence
on the breakthrough (Figure D.6).

Figure D.5: Breakthrough curves at varying particle density. EBCT of 20 minutes.
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Figure D.6: Breakthrough curves at varying particle density. EBCT of 1 minute.
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