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A B S T R A C T

The presence of organic micro-pollutants (OMPs) has caused increasing contamina-
tion of aquatic systems. In recent years, the selective adsorption of target OMPs by
zeolites have been proved efficient for OMP removal. For the potential application of
zeolites in the wastewater treatment plants, zeolite granules are preferably used in or-
der to avoid the post-filtration for zeolite powders. Therefore, the knowledge on the
performance of zeolite granules for the removal of OMPs should be fully understood.

In this research, BEA and MOR zeolite granules were used as adsorbents for the re-
moval of 11 OMPs from water, which were carbamazepine, diclofenac, 1H-benzotriazole,
methyl-benzotriazole, hydrochlorothiazide, sulfamethoxazole, clarithromycin, propra-
nolol, trimethoprim, metoprolol and sotalol. The aims of this study were: (1) to in-
vestigate the adsorption capacity and kinetics of the 11 OMPs by zeolite granules in
both demineralized water and wastewater (WW), in batch experiments; (2) to predict
the breakthrough curve of columns packed with zeolite granules by using a mathe-
matical model combining the parameters determined by batch experiments.

It was found that the charge and hydrophobicity of OMPs were the two main fac-
tors that affected the adsorption capacity of OMPs by zeolites, while the effect of
OMP size on the adsorption capacity was negligible. The OMP adsorption capaci-
ties by zeolite granules were less than OMP adsorption capacities by zeolite powders.
The fittings of the IPD model to the adsorption kinetic data showed that film diffu-
sion and intra-particle diffusion were both the rate-limiting steps in the adsorption of
OMPs by zeolite granules. Furthermore, the adsorption capacity and rate of OMPs in
WW were lower in comparison with OMP adsorption in demineralized water, which
could be caused by the higher pH in WW and the pore-blocking effect by background
organic matters. In the column experiments, it was found that OMP breakthrough
percentage in the column was determined by both the adsorption capacity and kinet-
ics of OMPs by zeolite granules.

In the breakthrough model, the kinetic and isotherm constants from batch exper-
iments overestimated the adsorption rate and capacity of zeolite granules in the
columns, and the overestimated isotherm constant was the main factor that caused
the deviation of the model prediction. With a lower isotherm constant, the model was
able to provide good resemblance between modelled and measured breakthrough
curves. Furthermore, with a known breakthrough curve at a certain EBCT, the model
was able to determine a proper isotherm constant, which can be used to predict the
breakthrough curve at a different EBCT.

iv



A C K N O W L E D G E M E N T S

Time flies, after ten months of work, my thesis was finally finished, which also means
the end of my two years in the Netherlands. Looking back at the two years, I believe
that this long journey must be the most challenging, unique and precious time of my
life.

These ten months were the experience fulled of ups and downs like taking a roller
coaster. During the special lockdown period, everything seemed to be more difficult
for everyone. However, I still received lots of help from many people. First of all, I
would like to express my special thanks to my committee. Prof. Jan Peter van der
Hoek, as the chair of the committee, gave me a lot of valuable suggestions on improv-
ing my report. Dr. Bas Heijman was the one who always guided me to the right track.
Every time I had confusions, he was always willing to help me find the solutions. Dr.
Gerrit inspired me a lot on how to explain the model results. I also want to express
my thanks to my daily supervisor, Dr. Nan Jiang. When I ran into problems, she was
always the first person that was happy to offer me a hand. Without her help, it would
have been really hard to finish my work. Thanks to Mingyan Fu for providing me
with the instructions on the experiment design and the model setting up.

I would also like to thank my friends in Delft for bringing my life so much fun
and taking loneliness away from me, I feel grateful to have them in my life. At the
same time, I also want to express my love and thanks to my boyfriend Jing Huang, it
was his encouragement that takes me out of the dark every time. Last but not least,
I would like to express my deepest love and gratitude to my parents, it is them who
makes me who I am today.

I will never forget these days in Delft. I promise myself, I will be a better me when I
come back again.

Rong Hu
August 20, 2020

Delft

v



C O N T E N T S

1 introduction 2

1.1 The occurrence of organic micro-pollutants . . . . . . . . . . . . . . . . . 2

1.2 Current technologies for OMP removal . . . . . . . . . . . . . . . . . . . 3

1.2.1 Chemical oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.2 Membrane separation . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.3 Adsorption by activated carbon . . . . . . . . . . . . . . . . . . . . 4

1.3 Zeolite as adsorbent for the removal of OMPs . . . . . . . . . . . . . . . 4

1.3.1 Physicochemical properties of zeolite . . . . . . . . . . . . . . . . 5

1.3.2 Adsorption mechanisms of OMPs by zeolite powders . . . . . . . 6

1.3.3 Potential application of zeolite granules for OMP removal in
water treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Mathematical modelling in adsorption . . . . . . . . . . . . . . . . . . . . 7

1.5 Knowledge gaps and research objectives . . . . . . . . . . . . . . . . . . . 8

1.6 Research questions and approaches . . . . . . . . . . . . . . . . . . . . . 8

2 materials and methods 10

2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.1 Zeolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.2 OMPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.3 Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Stock solution preparation . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.2 Adsorption isotherms . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.3 Adsorption kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.4 Column experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.5 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Adsorption isotherm and kinetics models . . . . . . . . . . . . . . . . . . 16

2.3.1 Freundlich isotherm . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.2 Linear isotherm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.3 Pseudo first order kinetics . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.4 Intra-particle diffusion kinetics . . . . . . . . . . . . . . . . . . . . 18

2.3.5 Error analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Breakthrough model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.1 One-dimensional mass transfer model . . . . . . . . . . . . . . . . 19

2.4.2 COMSOL implementation . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.3 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 results and discussion 23

3.1 Adsorption isotherms of OMPs by zeolite powders . . . . . . . . . . . . 23

vi



3.1.1 Adsorption capacity overview and Freundlich isotherm fittings . 23

3.1.2 Effect of OMP characteristics . . . . . . . . . . . . . . . . . . . . . 26

3.1.3 Effect of zeolite characteristics . . . . . . . . . . . . . . . . . . . . 27

3.1.4 Effect of WW matrix . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Adsorption kinetics of OMPs by zeolite granules . . . . . . . . . . . . . . 30

3.2.1 Adsorption kinetics in demi-water . . . . . . . . . . . . . . . . . . 30

3.2.2 Adsorption rate comparing . . . . . . . . . . . . . . . . . . . . . . 38

3.2.3 Adsorption kinetics in WW . . . . . . . . . . . . . . . . . . . . . . 39

3.2.4 Intra-particle diffusion model fitting . . . . . . . . . . . . . . . . . 41

3.3 Breakthrough curves in column experiments . . . . . . . . . . . . . . . . 43

3.3.1 Effect of adsorption capacity and kinetics of OMPs . . . . . . . . 43

3.3.2 Effect of zeolite characteristics . . . . . . . . . . . . . . . . . . . . 44

3.3.3 Effect of EBCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4 Prediction of OMP breakthrough curves . . . . . . . . . . . . . . . . . . 46

3.4.1 Dispersion coefficients . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4.2 Breakthrough modelling . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4.3 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 conclusions 54

5 limitations and suggestions 56

Bibliography 57

a appendix: chemical structure of omp molecules 65

b appendix: omp adsorption isotherms in demi-water by bea and mor
powders with equilibrium time of 24h and 48h. 67

c appendix: omp adsorption isotherms in ww by bea and mor powders
with equilibrium time of 2d and 8d. 68

d appendix: pfo fitting for omp adsorption in demi-water by bea and
mor granules 69

e appendix: pfo fitting for omp adsorption in demi-water and ww by
bea granules 72

f appendix: preparation of calibration standards for lc-ms 74

g appendix: the information of omp standards and internal stan-
dards for lc-ms 75

h appendix: ms parameters and quantification ions 76

vii



L I S T O F F I G U R E S

Figure 1.1 Flowchart of general experiment design . . . . . . . . . . . . . . 9

Figure 2.1 Preparation of zeolite granules . . . . . . . . . . . . . . . . . . . 10

Figure 2.2 Flowchart of isotherm experiments . . . . . . . . . . . . . . . . . 13

Figure 2.3 Flowchart of kinetics experiments . . . . . . . . . . . . . . . . . . 14

Figure 2.4 Flowchart of column experiments . . . . . . . . . . . . . . . . . . 15

Figure 2.5 Schematic diagram of the mass conservation of a control vol-
ume (cited from Xu et al. [2013]) . . . . . . . . . . . . . . . . . . 19

Figure 3.1 Log-Log Freundlich isotherm fitting of medium-removal OMPs
in demi-water by BEA and MOR zeolite powders . . . . . . . . . 24

Figure 3.2 The four characteristic types of adsorption isotherms [Giles
et al., 1974] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 3.3 Adsorption isotherms of carbamazepine in demi-water by BEA
and MOR zeolite powders . . . . . . . . . . . . . . . . . . . . . . 26

Figure 3.4 Adsorption isotherms of medium-removal OMPs in demi-water
by BEA and MOR zeolite powders with Freundlich model fit-
ting. Carbamazepine had no suitable isotherm in the BEA case,
thus data points are shown without fitting . . . . . . . . . . . . . 28

Figure 3.5 Adsorption isotherms of medium-removal OMPs in demi-water
and WW by BEA and MOR zeolite powders . . . . . . . . . . . . 29

Figure 3.6 OMP adsorption kinetics by BEA granules at zeolite dosages
of (a) 50, (b) 250 and (c) 500 mg/L . . . . . . . . . . . . . . . . . 32

Figure 3.7 OMP adsorption kinetics by MOR granules at zeolite dosages
of (a) 50, (b) 250 and (c) 500 mg/L . . . . . . . . . . . . . . . . . 33

Figure 3.8 The linear adsorption isotherms of medium-removal OMPs in
demi-water by powders, pulverized granules, and full-sized
granules of BEA and MOR zeolites . . . . . . . . . . . . . . . . . 37

Figure 3.9 IPD fitting curves for OMP adsorption kinetics by BEA granules 42

Figure 3.10 Breakthrough curves of OMPs in BEA and MOR columns at 20

min EBCT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Figure 3.11 Breakthrough curves of OMPs in demi-water by BEA and MOR
columns at EBCT of 6 min and 20 min . . . . . . . . . . . . . . . 45

Figure 3.12 Breakthrough curves of NaCl in BEA and MOR columns under
different flow velocities . . . . . . . . . . . . . . . . . . . . . . . . 47

Figure 3.13 OMP breakthrough curves modelled from scenario 1, 2 and 3

in comparison with experimental breakthrough curve at EBCT
6 min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

viii



Figure 3.14 Modelled OMP breakthrough curves after applying lower ki-
netic constants in comparison with experimental breakthrough
curve at EBCT 6 min . . . . . . . . . . . . . . . . . . . . . . . . . 50

Figure 3.15 Modelling results with optimized linear isotherm constant KL
at EBCT 6 min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Figure 3.16 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Figure A.1 Chemical structure of OMPs (The numbers marked on the struc-
tures are the pKa values for each functional group) . . . . . . . 66

Figure B.1 Demi-water isotherms after 24 hours and 48 hours . . . . . . . . 67

Figure C.1 WW isotherms after 2d and 8d . . . . . . . . . . . . . . . . . . . 68

Figure D.1 PFO fitting for OMP adsorption in demi-water by BEA gran-
ules (dots represent the experimental data, curves are the model
fitting) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Figure D.2 PFO fitting for OMP adsorption in demi-water by MOR gran-
ules (dots represent the experimental data, curves are the model
fitting) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Figure E.1 PFO fitting for OMP adsorption in demi-water and WW by
BEA granules (dosage of 500 mg/L for medium-removal and
bad-removal OMPs; dosage of 50 mg/L for good-removal OMPs) 73

ix



L I S T O F TA B L E S

Table 1.1 Key properties of four commonly used zeolite frameworks * . . 5

Table 2.1 Names and characteristics of high-silica zeolite powders . . . . 10

Table 2.2 Physicochemical property of OMPs * . . . . . . . . . . . . . . . . 11

Table 2.3 Characteristics of WW . . . . . . . . . . . . . . . . . . . . . . . . 12

Table 2.4 Column experiment operating parameters . . . . . . . . . . . . . 15

Table 2.5 Dimensionless variables used for Comsol implementation . . . 21

Table 3.1 Adsorption capacity overview of OMPs in demi-water and WW
by BEA and MOR zeolite powders . . . . . . . . . . . . . . . . . 24

Table 3.2 Freundlich fitting constants for OMP adsorption in demi-water
by BEA and MOR zeolite powders . . . . . . . . . . . . . . . . . 25

Table 3.3 PFO fitting constants for OMP adsorption in demi-water by
BEA granules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Table 3.4 PFO fitting constants for OMP adsorption in demi-water by
MOR granules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Table 3.5 KL
a for powder, full sized granule and pulverized granule in

demi-water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Table 3.6 PFO rate comparison for OMP adsorption kinetics in demi-
water by BEA and MOR granules . . . . . . . . . . . . . . . . . . 38

Table 3.7 PFO fitting constants for OMP adsorption in demi-water and
WW by BEA granules . . . . . . . . . . . . . . . . . . . . . . . . . 40

Table 3.8 PFO rate comparison for OMP adsorption kinetics in demi-
water and WW by BEA granules . . . . . . . . . . . . . . . . . . 40

Table 3.9 The order of adsorption capacity, kinetics and breakthrough in
demi-water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Table 3.10 Dispersion coefficients at different flow velocities . . . . . . . . . 46

Table 3.11 The summarize of linear isotherm constants KL
a . . . . . . . . . 51

Table 4.1 Three categories of OMP removal capacity . . . . . . . . . . . . . 54

Table F.1 General preparation guide for standard samples in LC-MS . . . 74

Table F.2 Detailed preparation guide for standard samples in LC-MS . . . 74

Table F.3 Detailed preparation guide for calibration standards in LC-MS . 74

Table G.1 The information of OMP standards and internal standards for
LC-MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Table H.1 MS parameters and quantification ions . . . . . . . . . . . . . . 76

x
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1 I N T R O D U C T I O N

1.1 the occurrence of organic micro-pollutants
The discharge of agriculture, industry, as well as the effluent of wastewater treatment
plants (WWTPs) are polluting the global water resources drastically and are reducing
the availability of clean water. Among various pollutants, organic micro-pollutants
(OMPs) are considered as contaminants of emerging concern. OMPs, including phar-
maceuticals, personal care products, pesticides and various industrial additive, are
widely detected in global aquatic environment at trace concentration level ranging
from a few ng/L to several µg/L [Luo et al., 2014].

The effluent of WWTPs is an important source of OMP discharging. The conven-
tional WWTPs are not designed to remove OMPs. OMPs that are partially removed
by biological treatment will be discharged with the effluents of WWTPs into wa-
ter bodies. In the Netherlands, the Ministry of Infrastructure and Water Manage-
ment (I&W) has advocated the development of innovative technologies to remove
OMPs from secondary effluent of WWTPs. According to the I&W, due to the com-
mon present in effluent and the poor removal in the existing WWTPs, 11 OMPs
are selected as potential guide substances to clarify the performance of the purifica-
tion technologies, which are carbamazepine, propranolol, trimethoprim, metoprolol,
1H-benzotriazole, methyl-benzotriazole, hydrochlorothiazide, sulfamethoxazole, di-
clofenac, clarithromycin and sotalol.

Loos et al. [2013] studied the removal of 156 polar OMPs in 90 European WWTPs.
The median concentrations found in this EU-wide WWTP study were 2.7 µg/L for
1H-benzotriazole, 2.1 µg/L for methyl-benzotriazole, 178 ng/L for trimethoprim, 752

ng/L for carbamazepine, 43 ng/L for diclofenac and 164 ng/L for sulfmethoxazole.
As a type of anti-corrosive agent, benzotriazole was reported to be with high water
solubility and high polarity; meanwhile, they are of moderate persistence to the pho-
tochemical and biological degradation processes. Trimethoprim and diclofenac were
shown to be poorly biodegradable and can hardly be adsorbed to sludge, resulting in
low removal efficiency in biological treatment [Göbel et al., 2007; Marta et al., 2016].
Carbamazepine, sulfamethoxazole are found to be almost completely persistent dur-
ing activated sludge treatment [Clara et al., 2005].

2



1.2 current technologies for omp removal 3
Other pharmaceuticals, such as hydrochlorothiazide, was detected in very high fre-
quency (>85%) in concentrations ranging from 100 ng/L to 17.2 µg/L in municipal
wastewater samples in the Netherlands [Oosterhuis et al., 2013], and the elimination
of this compound was found to be incomplete (0–77%) during conventional biological
treatment [Castiglioni et al., 2006]. Beta-blocker, such as sotalol, metoprolol and pro-
pranolol, have been used to treat human hypertension since the late 1960s [Maurer
et al., 2007], they are usually present in WWTPs effluent with concentrations ranging
from 10 ng/L to 1000 ng/L. Beta-blocker are known to be hardly adsorbed to the
sludge in WWTPs.

The occurrence of OMPs in water body may cause consequent contamination of drink-
ing water sources [Marta et al., 2016]. Tröger et al. [2018] applied a field study in
central Sweden on water from source to tap, 41 OMPs out of 134 OMPs were found
to be present in the drinking water system with individual concentrations ranging
from sub ng/L levels to 80 ng/L. Despite the low concentrations, the accumulat-
ing of OMPs in aquatic systems will cause the endocrine disruption of human and
aquatic animals, as well as the pathogen resistance in aquatic organisms [Gavrilescu
et al., 2015]. The potential adverse effects of OMPs on human and aquatic ecosystem
have aroused increasing public concern [Gavrilescu et al., 2015]. Therefore, upgrad-
ing WWTPs with tertiary or complementary treatment steps to remove OMPs from
the effluent should be taken into consideration.

1.2 current technologies for omp removal
A range of advanced water treatment technologies such as oxidation, membrane sep-
aration and adsorption by activated carbon have been developed for the removal of
OMPs from water.

1.2.1 Chemical oxidation

The existing studies demonstrated that ozonation and advanced oxidation processes
(AOPs) are efficient ways for the removal of OMPs from wastewater (WW) [Katsoyian-
nis et al., 2011; Kruithof et al., 2006; Swaim et al., 2008]. Treatment with ozone has
two different mechanisms of action. In the alkaline pH range, a radical mechanism of
ozonation is characteristic, while in acidic and neutral conditions, direct reaction of
ozone with organic substances usually takes place [Szabová et al., 2020]. AOPs use
highly reactive hydroxyl radicals to oxidize organic pollutants. Compared to ozona-
tion, AOPs have better oxidation ability without selectivity due to hydroxyl radicals
that can react on broader types of molecules [Acero and Von Gunten, 2001]

However, as the treatment for the whole water stream is required, high energy and



1.3 zeolite as adsorbent for the removal of omps 4
oxidant consumption are needed for chemical oxidation process. Since hydroxyl rad-
icals react non-selectively, numerous undesired by-products are formed at low con-
centration levels [Chiron et al., 2000].

1.2.2 Membrane separation

Membrane filtration is an efficient technology to remove OMPs from water bodies
by physical separation [Kimura et al., 2003; Baresel et al., 2019]. The most widely
studied membrane technologies for the removal of OMPs are nanofiltration (NF) and
reverse osmosis (RO). The research done by Kimura et al. [2003] indicated that the
OMP removal efficiency is affected by the charge and molecular size of OMPs. Ac-
cording to Laı̂né et al. [2003], the presence of background organic matters (BOMs) in
water could cause bio-fouling of the membrane. Membrane fouling is considered a
major obstacle for efficient membrane operation due to declining permeate flux, in-
creased operational cost, and shortened membrane life [Xu et al., 2006]. In addition,
concentrate disposal is another obstacle that increases the overall economic expense
of a membrane plant [Squire, 2000].

1.2.3 Adsorption by activated carbon

Adsorption of OMPs by porous materials is known as one of the most effective
methods to remove OMPs. Activated carbon is the most commonly used adsor-
bent to remove OMPs from water due to the large surface area, well-developed pore
structure and a high degree of surface reactivity [Castilla, 2004], and it is a broad-
spectrum agent that effectively removes a wide range of OMPs in many water sup-
plies [Mohammad-Khah and Ansari, 2009].

However, many hydrophilic OMPs are hardly removed by activated carbon. Ex-
hausted carbon will be regenerated or be disposed after adsorption. The thermal
regenerating of activated carbon requires heating up to 900

oC [Alsbaiee et al., 2016],
and thus is energy consuming. The research done by San Miguel et al. [2001] indi-
cated that carbon loss may reach 22 % during the thermal regeneration under 800

oC.
Furthermore, the presence of BOMs in the water could lower the adsorption efficiency
of activated carbon for OMP removal [Jiang et al., 2018].

1.3 zeolite as adsorbent for the removal of omps
In recent years, zeolite is considered as an alternative option for the adsorption of tar-
get pollutants from water. In this section, the physicochemical properties of zeolites,
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the adsorption mechanisms of OMPs by zeolite powders and the potential application
of zeolite granules for the removal of OMPs will be discussed.

1.3.1 Physicochemical properties of zeolite

Zeolite is a type of crystalline aluminosilicate with 3-dimensional structure constructed
by TO4 tetrahedra (in which the T atom is either a Si4+ or Al3+ atom located in the
centre of an oxygen tetrahedron) [Li and Yu, 2014]. The hydrophobicity increases
with decreasing aluminium content and zeolites with higher Si/Al ratio are more hy-
drophobic [Damjanovi´ et al., 2010]. High-silica zeolite with Si/Al ratio up to a few
thousand is beneficial to OMP adsorption from water [Tsitsishvili, 1973].

Table 1.1: Key properties of four commonly used zeolite frameworks *

Zeolite type
Framework
structure a

Pore opening
size (Å*Å) a

Framework
density

T atoms (Å3) -1 a

Maximum diameter
of a sphere

can be included (Å) b

FAU 12 rings: 7.4*7.4 12.7 11.24

BEA
12 rings: 6.6*6.7
12 rings: 5.6*5.6

15.1 6.68

MOR
12 rings: 6.5*7.4
8 rings: 2.6*5.7

17.2 6.70

MFI
10 rings: 5.1*5.5
10 rings: 5.3*5.6

17.9 6.36

* Cited from [Jiang et al., 2018]
a [Baerlocher et al., 2007]
b Maximum diameter of a sphere were calculated by Mike Treacy, Arizona State University, using his
codes ”TOTOPOL” and ”DelaneysDonkey.” [Foster et al., 2006].

The structural features of zeolite are mostly described by their framework types. The
most commercially available and commonly studied framework types are FAU, BEA,
MOR and MFI. The key properties of the four frameworks are presented in Table 1.1.
The pore volume of zeolites would follow the order of FAU > BEA > MOR > MFI.
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FAU with large pore opening size has cage structure of pore opening. However, ze-
olites with smaller pore opening size, such as MOR and MFI, have narrow channel
pore openings [Baerlocher et al., 2007]. Due to the uniform pore size, zeolites have
good efficiency and selectivity for OMP adsorption. BOMs with larger sizes than the
pore size of zeolites will be excluded from adsorption [Jiang et al., 2018; Damjanovi´c
et al., 2010; Zhang et al., 2016].

1.3.2 Adsorption mechanisms of OMPs by zeolite powders

Currently, most research on OMP adsorption by zeolites focused on zeolite powder
in batch mode. Zeolite powders are known to be effective for the removal of a wide
range of OMPs from water [De Ridder et al., 2012; Rungsirisakun et al., 2006; Rossner
et al., 2009; Jiang et al., 2020]. The adsorption mechanisms of OMPs by zeolite pow-
ders have been well discussed. First of all, the adsorption efficiency of OMPs were
decided by the pore size of zeolites. Due to larger van der Waals force between OMPs
and zeolite surface, OMPs with molecular size similar to the zeolite pore size would
have better removal efficiency, and the phenomenon is called ”Close-fit” [De Ridder
et al., 2012].

Secondly, the surface of zeolite is negatively charged, so the electrostatic interaction
between zeolite surface and OMPs would also affect the adsorption [Auerbach et al.,
2003]. It has been proved that, at the OMP concentration range from ng/L to µg/L,
positively charged OMPs are better adsorbed than neutral and negatively charged
OMPs by zeolites [Jiang, 2019].

Thirdly, the adsorption sites on the zeolite surface also have impacts on the adsorp-
tion of OMPs. Oxygen and acidic sites are the two main adsorption sites which might
promote the adsorption of certain types of OMPs. Koubaissy et al. [2011] indicated
that it can form an electron donor-acceptor complex between the hydrogen from the
aromatic ring of OMPs and the oxygen site from zeolites. According to Valdés et al.
[2014], OMPs with the character of weak base (e.g. toluene and benzene) can interact
with Brønsted acid sites and Lewis acid sites on zeolites by forming hydrogen bonds
and Lewis acid-base adducts, respectively.

1.3.3 Potential application of zeolite granules for OMP removal in water treatment

In most practical cases, suitable adsorbents are packed in columns. Water containing
particular pollutants is passed through the column and pollutants will be removed
[Yusuff et al., 2013]. By applying zeolite-granule packed columns, the post filtration
process to remove zeolite powders from water will be avoided. Nonetheless, there are
only a few publications elaborating the adsorption of OMPs by zeolite granules in col-
umn scale. Abu-Lail et al. [2010] studied the adsorption of methyl tertiary butyl ether
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(MTBE) by zeolite granules. Rossner and Knappe [2008] compared the effectiveness
of silicalite zeolite granules, carbonaceous resin, and coconut-shell-based granular ac-
tivated carbon (GAC) for the removal of MTBE from water.

After a period of operating, the exhausted adsorbents need to be properly treated
to prevent the toxic residue re-entering the environment. As a type of aluminosilicate
crystal, the high stability of zeolites under oxidative conditions may ensure the regen-
eration of zeolites through (advanced) oxidation without compromising their surface
properties and pore structure [Jiang et al., 2018]. By using zeolite granules, the chem-
ical regeneration can be potentially combined with zeolite adsorption to fulfil the
on-site adsorption-regeneration.

1.4 mathematical modelling in adsorption
In the literature, the performance of adsorbents are usually described from three as-
pects: equilibrium and kinetics of the adsorbent, and the breakthrough curve in the
adsorbent packed column. Various mathematical models have been proposed in liter-
ature regarding these three aspects. The models are used to fit the experimental data
and to make predictions on the adsorbent performance.

The adsorption isotherm models describe the adsorption equilibrium between OMP
concentration in liquid phase (solution) and in solid phase (adsorbent) at constant
temperature and pH. The isotherm constants can be used to estimate the adsorption
capacities of OMPs and to compare the adsorption efficiency of adsorbents. The most
widely employed isotherm models are Langmuir [Langmuir, 1916] and Freundlich
isotherms [Freundlich, 1906]. Other isotherm models such as Sips isotherm [Sips,
1948] and Redlich–Peterson isotherm [Redlich and Peterson, 1959] are also applied in
the literature.

Various adsorption kinetics models have been developed to predict the uptake rate
of the adsorbate onto the adsorbent. Pseudo-first-order (PFO) [Lagergren, 1898] and
pseudo-second-order (PSO) [Blanchard et al., 1984] models are the two most com-
monly used empirical models in liquid adsorption studies. As empirical models, PFO
and PSO can adequately describe experimental data of adsorption kinetics, however,
fail to explain the adsorption mechanisms. Some diffusion models were developed
based on the rate limiting step during adsorption process. Such as intra-particle dif-
fusion (IPD) model [Weber and Morris, 1963], Boyd’s external diffusion model [Boyd
et al., 1947] and Frusawa and Smith (F&S) model [Furusawa and Smith, 1973].

Multiple mathematical models have been used to describe and predict the break-
through curves of a column adsorption system. Abu-Lail et al. [2012] measured the
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adsorption breakthrough curve of chloroform on MFI zeolite granules in fixed-bed
columns, and predicted the breakthrough curves using the film-pore and surface dif-
fusion (FPSD) model. In the research done by Heijman et al. [2002], the combination
of mass transfer model and Freundlich isotherm model was used to predict the break-
through curve of atrazine in a column packed with GAC. Han et al. [2008] carried
out a research on the continuous fixed bed by using rice husk as a biosorbent for
the removal of congo red from aqueous solution where Thomas, Adams–Bohart, and
Yoon–Nelson models were applied to experimental data to predict the breakthrough
curves.

1.5 knowledge gaps and research objectives
According to the literature, there are several knowledge gaps to be further investi-
gated. First of all, OMP adsorption by zeolite powders has been well studied in batch
mode, however, the performance of zeolite granules and the application in packed
columns was seldom investigated. Secondly, the WW effects on the performance of
zeolite granules were unknown. Third, for the pilot and full-scale application of ze-
olite granules, a comprehensive model will be useful to predict the breakthrough of
OMPs and help optimize operation parameters, which deserves more attention.

According to the research background and the stated knowledge gaps, the major
objectives in this research were:

1. To promote better understanding of the adsorption capacity and kinetics of the
11 target OMPs by zeolite granules.

2. To understand the effects of WW on the performance of zeolite granules.

3. To establish a mathematical model to predict OMP breakthrough curves of
zeolite-granule packed column under different operating conditions.

1.6 research questions and approaches
To meet the research objectives, the following research questions are formulated:

1. What are the adsorption capacity and kinetics of 11 OMPs by zeolite granules
in demineralised water (demi-water)?

2. What are the effects of WW on the performance of zeolite granules?

3. What are the OMP breakthrough curves of zeolite-granule packed column un-
der different empty bed contact times (EBCTs)?
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4. Can we predict the breakthrough curves using a mathematical model with the

isotherm and kinetic constants from batch experiments?

To answer the research questions, the research approaches can be divided into four
steps as shown in Figure 1.1:

Step I: Determined the adsorption isotherms of 11 OMPs by zeolite powders in demi-
water and WW in batch experiment.

Step II: Determined the adsorption kinetics of 11 OMPs by zeolite granules in demi-
water and WW in batch experiment.

Step III: Found out the breakthrough curves of 11 OMPs in zeolite-granule packed
columns under different EBCTs. Due to the Coronavirus outbreak event in January
2020, WW was not available for research. Therefore, only demi-water solution was
used in the column experiments.

Step IV: Established a mathematical model to predict the OMP breakthrough curves
in the columns. Evaluated the model by comparing the modelled results with the
experimental results.

Figure 1.1: Flowchart of general experiment design



2 M AT E R I A L S A N D M E T H O D S

2.1 materials

2.1.1 Zeolites

According to the research done by [Jiang, 2019], among the four mentioned frame-
work types of zeolite in Table 1.1, BEA and MOR types were of better performance
on the adsorption of several OMPs, because the pore openings of BEA and MOR are
large enough to allow certain OMPs to enter, and BOMs with larger sizes will be
excluded from adsorption. Therefore, BEA and MOR zeolites were studied in this
research. Both of them were provided by Tosoh Corporation. The characteristics of
zeolites are listed in Table 2.1.

Table 2.1: Names and characteristics of high-silica zeolite powders

Zeolite type Product name Cationa Pore sizea

(Å)
Si/Ala Surface areaa

(m2g-1)
Particle sizea

(µm)

BEA HSZ-980HOA H+
6.5 500 250 2.5

MOR HSZ-690HOA H+
7 240 120 12

a All the listed characteristics are provided by the supplier.

(a) Zeolite granules (b) 3D printing

Figure 2.1: Preparation of zeolite granules

10
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Zeolite granules applied in this research were prepared by mixing zeolite powders
with bentonite (Sigma-Aldrich). The weight ratio of zeolite/bentonite is 85/15. After
adding adequate amount of demi water to reach certain viscosity, the mixture of ze-
olite powder and bentonite was made into granules with uniform rice-like shape by
3D printer. The printed granules were sintered under 950

oC for 2 hours.

Due to different properties of the two zeolite powders, the printed granules of BEA
and MOR were of different sizes. BEA granule had a thickness of 1 mm, a width of
2 mm, and a length of 3mm. MOR granule had a larger size, with a thickness of 1

mm, a width of 2 mm, and a length of 3.5 mm (as shown in Figure 2.1). The granule
density was 1.18 g/mL for BEA granules and 0.71 g/mL for MOR granules.

2.1.2 OMPs

The physicochemical properties of the 11 target OMPs can be found in Table 2.2. The
chemical structures of the OMPs are listed in Appendix A.

Table 2.2: Physicochemical property of OMPs *

Name a log D at
pH6.5 b

MW
(g/mol)

Strongest
acidic
pKa b

Strongest
basic
pKa b

Charge at
pH6.5 b

Minimum
projection

radius (Å) b

Maximum
projection

radius(Å) b

Carbamazepine (Carba.) 2.77 236.27 15.96 - 0 4.48 5.7
Hydrochlorthiazide (Hydro.) -0.58 297.74 9.09 - 0 4.13 5.67

Propanolol (Propra.) -0.32 259.34 14.09 9.67 + 4.66 7.41

Metoprolol (Metop.) -1.14 267.36 14.09 9.67 + 4.39 10.07

Sotalol (Sotalol.) -2.82 272.36 10.07 9.43 + 4.21 7.94

Trimethoprim (Trime.) 0.60 290.32 - 7.16 + 4.97 6.95

Clarithromycine (Clari.) 0.78 747.95 12.46 9 + 7.7 8.47

1H-Benzotriazol (Benzo.) 1.3 119.12 9.04 0.22 - 3.66 4.12

Methyl-benzotriazol (Methyl-benzo.) 1.81 133.15 9.12 0.45 - 4.05 4.43

Sulfamethoxazole (Sulfa.) 0.38 253.28 6.16 1.97 - 5.4 5.88

Diclofenac (Diclo.) 1.79 296.15 4 - - - -

a Abbreviations will be used in the tables and figures in the following discussion.
b Estimated by Chemicalize Platform.
* The OMPs are sorted by charge, and an ascending trend in molecular weight.

2.1.3 Water

Demi-water and WW were used to prepare the solutions. The pH of demi-water was
in the range of 5.3-6.2. The WW was collected from Horstermeer, Waternet and was
not available for research since January 2020 due to the Coronavirus outbreak event.
The characteristics of the collected WW are shown in Table 2.3.
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Table 2.3: Characteristics of WW

Value Unit

COD 20.9 mg/L
PO4

--P 0.18 mg/L
Total nitrogen 4.9 mg/L
SO4

2-
30.2 mg/L

pH 8.0-8.2 -
EC 426.9 µs/cm
DO 9.3 mg/L
DOC 6.7-7.4 mg/L

2.2 experiments

2.2.1 Stock solution preparation

The stock solution was prepared by dosing 2 mg of each OMP in 10 L ultrapure
water (ELGA, Ultra AN MK2 ultrapure water system) to obtain the concentration of
approximately 0.2 mg/L. The stock solution was kept in the refrigerator under 4

oC.

2.2.2 Adsorption isotherms

Batch experiments in demi-water and WW were conducted to obtain the adsorption
isotherms of 11 OMPs by BEA and MOR zeolite. To shorten the experiment time,
zeolite powders were used in the isotherm test to represent the adsorption capac-
ity of OMPs by zeolite granules. The flowchart of the experiments can be found in
Figure 2.2. The solution for experiments was prepared by spiking stock solution in
demi-water and WW to obtain OMP concentrations of ∼ 4 µg/L. The pH of the 4

µg/L demi-water solution was in the range of 5.4-6.5 (with the addition of zeolite, an
increase of pH was observed). The pH of the 4 µg/L WW solution was in the range
of 8.0-8.3.

Different weight of zeolite powders (0, 1, 5, 10, 50, 100, 250, 500 and 1000 mg) were
dosed in Duran glass bottles with 1 L solution. The solution with zeolite dosage of
0 mg was used as blank to test the stability of the OMPs over the whole testing time.
The sampling times for demi-water experiments were 24h and 48h, however, longer
equilibrium time was expected in WW experiments, therefore the sampling times of
1d and 8d were designed in WW experiments. Water samples were taken and fil-
trated by 0.2 µm syringe filter (Regenerated Cellulose, Spartan, Whatman) prior to
the analysis of Liquid chromatography combined with tandem mass spectrometry
(LC-MS).
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(a) Demi-water (b) Wastewater

Figure 2.2: Flowchart of isotherm experiments

2.2.3 Adsorption kinetics

The batch experiments of adsorption kinetics were carried out using BEA and MOR
granules in demi-water; while due to the limited WW storage, only BEA granules
were used to study the effect of WW on kinetics. The flowchart can be found in Fig-
ure 2.3.

The solution for kinetics experiment was prepared by spiking stock solution in demi-
water and WW to obtain OMP concentrations of ∼4 µg/L. Zeolite granules with the
weight of 0, 50, 250 and 500 mg were dosed in 1L solution in Duran glass bottles. The
solution with zeolite dosage of 0 mg/L was used as blank to test the stability of the
OMPs over the whole testing time. The operating time was 25 days. Approximate 1

mL sample was collected at different time points. Samples were filtrated by 0.2 µm
syringe filter before LC-MS analysis.
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(a) Demi-water (b) Wastewater

Figure 2.3: Flowchart of kinetics experiments

2.2.4 Column experiments

The breakthrough curves of 11 OMPs were obtained by running the columns packed
with zeolite granules. Due to limited WW storage in the later stages of the research,
only demi-water solution was used in the column experiments. The flowchart of the
experiments can be found in Figure 2.4. The operating parameters of the column
experiments are listed in Table 2.4.

The inner diameter of the column was 1.89 cm and the total length of the column
was 40 cm. The packed height of zeolite granules were set equal in all columns as
10 cm, the empty bed contact times (EBCTs) were set as 6 minuets and 20 minuets,
by varying the flow velocity one can obtain different EBCTs. The solution for column
experiments was prepared by spiking stock solution in demi-water to obtain OMP
concentrations of ∼ 4 µg/L. The solution was transported to the vertical column
from the top with the feed flow rates of 4.68 mL/min and 1.4 mL/min, respectively.
After packing the granules, the porosity of the column can be measured by filling the
column with water then draining the column, and measuring the volume of water in
the pores.

The column experiments were operated for 14 days and the outlet flow samples were
collected using auto-samplers. The sampling time interval was 3 hours. After filtra-
tion, the samples were analyzed by LC-MS to obtain OMP concentrations.
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(a) EBCT of 6 min (b) EBCT of 20 min

Figure 2.4: Flowchart of column experiments

Table 2.4: Column experiment operating parameters

MOR BEA

Column A Column B Column A Column B Unit

Column diameter 1.89 1.89 1.89 1.89 cm
Packed Volumn 28.06 28.06 28.06 28.06 ml
Bulk density 0.40 0.40 0.72 0.72 g/ml
Particle density 0.71 0.71 1.18 1.18 g/ml
Porosity 0.43 0.43 0.39 0.39 -
Packed length 10.00 10.00 10.00 10.00 cm
Packed weight 10.14 10.14 20.09 20.09 g
EBCT 20.00 6.00 20.00 6.00 min
Flow rate 1.40 4.68 1.40 4.68 ml/min
Superficial velocity 0.50 1.67 0.50 1.67 cm/min

2.2.5 Analysis

Methods

High performance liquid chromatography combined with tandem mass spectrome-
try (LC-MS) were used to quantify OMPs. Gradient elution using ultrapure water
and acetonitrile (LC-MS grade, Biosolve, France) phases, both acidified with 0.1 %
LC-MS grade formic acid (Biosolve, France), was applied on an ACQUITY UPLC®
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BEH C18 (1.7µm particle size, 2.1x50 mm, Waters, Ireland) column, at a flow rate of
0.35 ml/min, pumped by an ACQUITY UPLC I-Class Plus (Waters, USA). Tandem
mass spectrometry was conducted on a Xevo TQ-S micro (Waters, USA), equipped
with electrospray ionization in positive and negative modes, detecting two daughter
ions from mother ion of each OMP compound and corresponding deuterated inter-
nal standards, with quantification by the calibration at levels from 0.0025 µg/L to
10 µg/L. Data were evaluated with TargetLynx software. The preparation of stan-
dards is shown in Appendix F, MS parameters and quantification ions are shown in
Appendix H.

Problems with concentration measurement

The concentration of OMPs at µg/L level were measured with LC-MS. However, there
are some problems associated with the measurements of propranolol, clarithromycin
and hydrochlorothiazide.

Before the LC-MS measurement, samples needed to be filtered through 0.2 µm fil-
ters to remove particles. It can be noticed that the data of propranolol was always
below the detecting limit in the demi-water even at ∼ 4 µg/L. However, the con-
centration of propranolol can be well measured in WW. The reason might be that
propranolol in demi-water was absorbed by the 0.2 µm filters before measuring the
concentrations in LC-MS. In WW, the adsorption sites of the filters were first occupied
by BOMs since the concentration of BOMs (several mg/L) was much higher than the
concentration of OMPs (a few µg/L). Thus, the concentration of propranolol was not
affected that much. Clarithromycin cannot be well measured by LC-MS, which might
be due to the large molecular size of this compound. In addition, hydrochlorothiazide
was analyzed in negative electrospray ionization (ESI-) mode. Compared with OMPs
measured in ESI+ mode, LC-MS had higher detection limit and lower accuracy for
the measurement of hydrochlorothiazide. Except for propranolol, clarithromycin and
hydrochlorothiazide, the measurement for the other OMPs were of high accuracy.

2.3 adsorption isotherm and kinetics models

2.3.1 Freundlich isotherm

Freundlich isotherm is frequently used to describe the adsorption of OMPs with low
concentration in water, e.g. the range of ng/L and µg/L [Xu et al., 2013]. As the
concentration of OMPs in this study was in a low range, the maximum adsorption
capacity of zeolite would not be reached, thus, the Freundlich isotherm was used to
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fit the isotherm data. The nonlinear and log-log transformation forms of Freundlich
equation are shown in Equation 2.1 and Equation 2.2:

qe = KFCn
e (2.1)

logqe = n logCe + logKF (2.2)

where qe (µg/mg) is the equilibrium adsorption amount, Ce (µg/L) is the equilibrium
concentration, KF (µg/mg)/(µg/L)n is the Freundlich constant, and n (dimensionless)
is the Freundlich intensity parameter.

2.3.2 Linear isotherm

The linear isotherm is a special case of Freundlich isotherm where the Freundlich
intensity parameter n is equal to 1. The equation is expressed as Equation 2.3.

qe = KLCe (2.3)

where qe (µg/mg) is the equilibrium adsorption amount, Ce (µg/L) is the equilibrium
concentration, and KL is the linear isotherm constant (L/mg). This isotherm model
describes a suitable fit for the adsorption of adsorbate at relatively low concentrations,
where all adsorbate molecules are secluded from their nearest neighbors [Helfferich,
1984].

2.3.3 Pseudo first order kinetics

In order to reduce the computational complexity involved in breakthrough modelling
(described later), PFO model Lagergren [1898] was used to fit the kinetic data. The
equation of PFO model is shown below Equation 2.4. Integrating Equation 2.4 for the
condition of q0 = 0 yields Equation 2.5.

dqt

dt
= kPFO (qe − qt) (2.4)

qt = qe

(
1− e−kPFOt

)
(2.5)

where qe and qt are the adsorption amounts (µg/mg) at equilibrium and at any time
t (h), respectively; kPFO (1/h) is the rate constant of the PFO equation.
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The Curve fit() function in Python with nonlinear least squares was used to find
the optimal parameter that gave the smallest error. There were two methods to deter-
mine the equilibrium loading (qe) in the PFO kinetics model. Firstly, qe was estimated
by OMP adsorption isotherms by powder zeolites using Equation 2.6. With known
C0, W and Freundlich constants (KF and n), the only unknown value is Ce, and qe
can be further calculated from the obtained Ce. Secondly, except for the theoretical qe
obtained with OMP adsorption isotherms by powder zeolites, qe can also be obtained
by the curve fitting process, which was recognized as the plateau of the kinetic curve.

(C0 − Ce)V
W

= KFCn
e (2.6)

where C0 (µg/L) is the initial concentration, Ce (µg/L) is the equilibrium concen-
tration, V (L) is the volume of the solution, W (mg/L) is the zeolite dosage, KF
(µg/mg)/(µg/L)n and n are the Freundlich constants.

2.3.4 Intra-particle diffusion kinetics

The linearized transformation of the IPD model [Weber and Morris, 1963] is presented
as following:

qt = kp
√

t + C (2.7)

where kp (µg/(mg × h 1/2)) is the rate constant of the IPD model and C (µg/mg) is
a constant associated with the thickness of the boundary layer, where a bigger value
of C means a greater limiting effect on the boundary layer. If a plot of qt against t0.5

is linear and passes through the axis origin, the adsorption is entirely governed by
intra-particle diffusion. Conversely, if the intra-particle diffusion fit gives multiple
linear regions, the adsorption process is controlled by a multi-step mechanism [Tran
et al., 2017].

2.3.5 Error analysis

The effectiveness of the fitting was evaluated by the coefficient of determination (R2

Equation 2.8).

R2 = 1− ∑
(
qexp − qcal

)2

∑
(
qexp − qmean

)2 (2.8)

where qexp (µg/mg) is the amount of adsorbate uptake obtained from experiments,
qcal (µg/mg) is the amount of adsorbate uptake estimated by the model, and qmean
(µg/mg) is the mean of the qexp values.
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2.4 breakthrough model

2.4.1 One-dimensional mass transfer model

One-dimensional mass transfer model was applied to predict OMP breakthrough
curves in column experiments. The concentration of the adsorbents varies with the
function of time and position in the column. The concept is shown in Figure 2.5.
OMP concentration in the outflow of the column was influenced by:

• convective mass transfer;

• axial dispersion;

• adsorbed by adsorbent.

Figure 2.5: Schematic diagram of the mass conservation of a control volume (cited from Xu
et al. [2013])

A macroscopic mass conservation equation was acquired to represent the relationship
between the above mentioned terms:

∂c
∂t

= DL
∂2c
∂z2 − v

∂c
∂z
−
[

1− ε

ε

]
ρb

∂q
∂t

(2.9)

The PFO kinetic equation Equation 2.4 and Freundlich equation Equation 2.1 were
substituted into the partial differential equation (in the term ∂q

∂t ). In which,

• c is the concentration of a certain species;

• DL is the dispersion coefficient;

• v is the superficial velocity of the water phase in the packed bed;

• ε is the porosity of the packed bed;
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• ρb is the bulk density of the zeolite granules;

• q is (amount of adsorbate adsorbed)/(amount of adsorbent used for adsorption).

The assumptions made to this model include [Xu et al., 2013]:

• the process is isothermal;

• no chemical reaction occurs in the column;

• the packing material is spherical and uniform in size;

• the bed is homogeneous and the concentration gradient in the radial direction of the
bed is negligible;

• the flow rate is constant and invariant with the column position.

The dispersion coefficient (DL) was determined by feeding the column with NaCl so-
lution and measuring the conductivity of the outflow over time. As the adsorption of
NaCl by zeolites was negligible, Equation 2.9 was simplified to a differential equation
with only the dispersion and the convection terms in the packed bed. By fitting the
breakthrough curve of NaCl, DL can be calculated.

With the adsorption isotherm and kinetic parameters from batch experiments, the DL
from the NaCl method, and the process parameters of the columns (OMPs initial con-
centrations, superficial velocity, particle density, porosity, column packed height and
column intersection area), the OMP concentration change over time can be calculated.
COMSOL Multiphysics 5.4 was used to compute the partial differential equation. The
computed results were compared to the tested results to verify the correctness of the
model, and to evaluate the feasibility of the model for the scale-up predicting.

2.4.2 COMSOL implementation

The dimensionless forms of Equation 2.1, Equation 2.4 and Equation 2.9 used in the
COMSOL modelling were displayed below.

The dimensionless overall mass balance equation:

− 1
Pe

∂2x
∂l2 +

∂x
∂l

+
∂x
∂τ

+ Dg
∂y
∂τ

= 0 (2.10)

The dimensionless kinetics equation:

∂y
∂τ

= S (y∗ − y) (2.11)
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The dimensionless isotherm equation:

y∗ =
KF · (C0 · x)n

q∗0
(2.12)

The symbol * represents equilibrium state. The definition and expression of all the
dimensionless variables appeared in the equations can be found in Table 2.5.

Table 2.5: Dimensionless variables used for Comsol implementation

Variable Expression

Concentration of OMPs in liquid phase a x = c
c0

Concentration of OMPs in solid phase b y = q
q∗0

Distance from the bed entrance l = z
L

Time τ = t·v
L

Distribution coefficient Dg =
ρb·q∗0
ε·C0

Mass transfer coefficient S = KG·L
v

Peclet number Pe = L·v
Dz

The dimensional variables are shown below:

• C0 is the OMP initial concentration (µg/L);

• q∗0 is the adsorption loading in equilibrium with the initial concentration (µg/mg) (q∗0 =
KF · Cn

0 );

• z is the distance from the bed entrance (m);

• L is total bed depth (m);

• v is the superficial velocity of the water phase in the packed bed (m/s);

• ρb is the bulk density of the packed zeolite granules (kg/m3).

• ε is the porosity of the packed bed;

• KG is kinetic constant (1/s);

• KF is the Freundlich isotherem constant (µg/mg)/(µg/L)n;

• n is the exponent in the Freundlich isotherm (-);

• Dz is the dispersion coefficient (m2/s).
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The model was implemented with a time-dependent & one-dimensional coefficient
form partial differential equations module (coefficient form PDE). The partial dif-
ferential equation was solved numerically with the finite element method, using the

vector variable u (
[

x
y

]
) :

ea
∂2u
∂t2 + da

∂u
∂t

+∇(−c∇u− αu + γ) + β∇u + au = f (2.13)

By defining the coefficient (2-by-2 matrices or 2-by-1 vectors) in the template, one can
match the partial differential equation that we have (Equation 2.10) to the template.
The coefficient matrices (or vectors) were defined as following:

ea =

[
0 0
0 0

]
da =

[
1 Dg
0 1

]
c =

[
1/Pe 0

0 0

]
α =

[
−1 0
0 0

]
γ =

[
0
0

]
β =

[
0 0
0 0

]
a =

[
0 0
0 S

]
fFreu =

[
0

SKF(C0x)n

q∗0

]

In the initial state, the OMP concentrations in both liquid and solid phase were
zero. At the top boundary, the dimensionless concentration x equaled 1, which was a
Dirichlet boundary condition. At the bottom boundary, the change of concentration
along the length was zero, which was a Neumann boundary condition. The initial
condition and boundary conditions were formulated as:

τ = 0 : x = 0,y = 0 (0 6 l 6 1)
l = 0 : x = 1 (τ > 0)
l = 1 : ∂x

∂l = 0 (τ > 0)

2.4.3 Sensitivity analysis

Through sensitivity analysis, the influence of the most important parameters on
breakthrough curve modelling was investigated, including DL, granule bulk density,
porosity, packing height and flow velocity. The sensitivities of the model to these
parameters were check by changing the parameters by ±30%, and comparing with
the base case.



3 R E S U LT S A N D D I S C U S S I O N

3.1 adsorption isotherms of omps by zeolite pow-
ders

The experiments of OMP adsorption isotherms by BEA and MOR zeolite powder
were designed with eight zeolite dosages: 1, 5, 10, 50, 100, 250, 500 and 1000 mg/L.
However, the OMP removal at zeolite dosage of 1 mg/L and 5 mg/L was minimal,
hence, the data points at these two dosages were removed from the plotting and
fittings. In this section, the fittings of Freundlich isotherm on the data and the factors
that affect the adsorption capacities will be elaborated, including OMP characteristics,
zeolite characteristics and WW matrix.

3.1.1 Adsorption capacity overview and Freundlich isotherm fittings

According to the removal percentage of OMPs at zeolite dosage > 50 mg/L, 11 OMPs
can be divided into three categories: good removal (> 95%), medium removal (20% –
95% ) and bad removal (< 20% ). The overview of the adsorption capacity of the 11

OMPs are listed in Table 3.1. The removal percentages at zeolite dosage of 50 mg/L
are presented in brackets.

By looking at the demi-water results presented in Table 3.1, BEA and MOR zeolites
had high removal capacities for trimethoprim, propranolol, metoprolol, sotalol and
clarithromycin; had medium-removal for 1H-benzotriazole, methyl-benzotriazole and
sulfamethoxazole; and had bad-removal for Diclofenac. What should be noticed is
that carbamazepine belonged to the category of ”bad removal” in the BEA case, how-
ever, belonged to the category of ”medium removal” in the MOR case.

23
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Table 3.1: Adsorption capacity overview of OMPs in demi-water and WW by BEA and MOR
zeolite powders

Name BEA Demi BEA WW MOR Demi MOR WW

Trime. Good (99%) Medium (88%) Good (99%) Bad (15%)
Propra.a Good (99%) Medium (93%) Good (99%) Good (99%)
Metop. Good (98%) Medium (92%) Good (99%) Good (99%)
Satolol. Good (99%) Medium (88%) Good (99%) Good (99%)
Clari.a Good (99%) Bad (1%) Good (98%) Bad (13%)

Benzo. Medium (24%) Bad (2%) Medium (50%) Bad (2%)
Methyl-benzo. Medium (71%) Medium (56%) Medium (87%) Medium (55%)
Hydro.a Medium (26%) Medium (62%) Medium (22%) Bad (15%)
Sulfa. Medium (41%) Bad (6%) Medium (51%) Bad (2%)

Carba. Bad (5%) Bad (4%) Medium (47%) Bad (8%)
Diclo. Bad (6%) Bad (1%) Bad (9%) Bad (6%)

a The data for hydrochlorothiazide, clarithromycin in demi-water and WW, and the data for propra-
nolol in demi-water were of relatively low accuracy, however, the capacity categories of these three
OMPs should be correct.

The dose-response relation identified in the data is the prerequisite for plotting the
isotherm. The equilibrium concentration of the well adsorbed compounds were close
to zero at all dosages, and thus, the dose-response relations can hardly be identified.
Similarly, the equilibrium concentration of compounds with poor removal capacity
were high and close to the initial concentration, resulting in inaccurate calculation
of adsorption capacity. Thus, in demi-water, the adsorption isotherms of OMPs with
medium removal capacity are presented in Figure 3.1. The Freundlich isotherm fitting
constants are shown in Table 3.2.

(a) BEA (b) MOR

Figure 3.1: Log-Log Freundlich isotherm fitting of medium-removal OMPs in demi-water by
BEA and MOR zeolite powders
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Table 3.2: Freundlich fitting constants for OMP adsorption in demi-water by BEA and MOR
zeolite powders

BEA MOR

Benzo. Methyl-benzo. Sulfa. Benzo. Methyl-benzo. Carba. Sulfa.

KF
a

0.0069 0.0457 0.0129 0.0204 0.1177 0.0207 0.0224

n 0.8965 1.0691 0.9941 0.9017 1.0142 0.6836 0.9325

R2
0.9932 0.9994 0.9948 0.9961 0.9948 0.9384 0.9969

a Unit: (µg/mg)/(µg/L)n

As reported by Giles et al. [1974], adsorption isotherms can be divided into the
four groups (Figure 3.2). The C-shaped adsorption isotherm describes the linear
increase of OMP adsorption loading with the OMP equilibrium concentration in wa-
ter, which means the adsorbed molecules were secluded from their nearest neighbors
[Helfferich, 1984]. The C-shaped isotherm was typically observed under low OMP
concentrations (ng/L- µg/L) [Limousin et al., 2007]. In the L-shaped and H-shaped
isotherms, plateaus can be observed at high equilibrium concentrations, which means
that the adsorbent with limited adsorption sites has reached a saturated state. The S-
shaped isotherm indicates the lack of adsorption affinity for OMPs at low equilibrium
concentration [Jiang et al., 2020].

Figure 3.2: The four characteristic types of adsorption isotherms [Giles et al., 1974]

From Table 3.2, the n value for 1H-benzotriazole, methyl-benzotriazole and sulfamethox-
azole were all close to 1, giving C- shaped isotherms. However, the n value from
carbamazepine adsorption by MOR zeolite was 0.68, indicating a bend curve of the
isotherm. The isotherm of carbamazepine by BEA and MOR are plotted in the orig-
inal scale (without log-log transformation) and shown in Figure 3.3. In the case of
BEA, the isotherm was likely the initial stage of a S-shaped curve. In the case of MOR,
the isotherm was possibly L-shaped.
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(a) BEA (b) MOR

Figure 3.3: Adsorption isotherms of carbamazepine in demi-water by BEA and MOR zeolite
powders

3.1.2 Effect of OMP characteristics

Charge of OMPs

By referring to OMP characteristics in Table 2.2, one can see that the five well ad-
sorbed OMPs (trimethoprim, propranolol, metoprolol, sotalol and clarithromycin)
were all positively charged at pH 6.5 (pH of the demi-water solution). However,
OMPs with lower adsorption capacity were either negatively or neutral at pH 6.5.
Therefore, it can be inferred that the electrostatic attraction between positively charged
OMPs and the negatively charged sites on the zeolite surface is the main mecha-
nism that affects the adsorption capacity of zeolites for OMPs. The charge effect on
OMP adsorption by zeolites was also observed by [Jiang, 2019], finding that positively
charged pharmaceuticals were better adsorbed on zeolites than negative and neutral
charged pharmaceuticals.

Size of OMPs

When the maximum dimension of the long-chain molecule was larger than the pore
opening of the zeolite, this molecule would hardly enter the pores on zeolite. Ac-
cording to the chemical structure of OMPs listed in Appendix A, it can be found
that, the good-removal OMPs (trimethoprim, propranolol, metoprolol, sotalol and
clarithromycin) all have long-chain structures compared with other OMPs. Besides,
no special relation between the size of the OMPs (Table 2.2) and size of the zeolite
pores (Table 1.1) was found. It was also found that the minimum projected diameters
(twice the radius) estimated by Chemicalize Platform of all the 11 OMP are greater
than the pore size of the BEA and MOR zeolite. Therefore, it can be concluded that
the size of OMPs should not be the main factor affecting the adsorption capacity, and
OMPs were preferably adsorbed on the external surface of zeolites instead of entering
the pores.



3.1 adsorption isotherms of omps by zeolite powders 27
Hydrophobicity of OMPs

From the isotherm fitting displayed in Figure 3.1, the adsorption capacity of OMPs
follow the order of methyl-benzotriazole >sulfamethoxazole >1H-benzotriazole. Car-
bamazepine was poorly removed by BEA thus the isotherm cannot be plotted. How-
ever, the adsorption capacity of carbamazepine by MOR was relatively high and close
to that of sulfamethoxazole and 1H-benzotriazole.

It can be noticed that methyl-benzotriazole and 1H-benzotriazole had similar chemi-
cal structure, while methyl-benzotriazole had higher adsorption capacity. By looking
at the chemical structure of OMPs in Appendix A, the only difference between 1H-
benzotriazole and methyl-benzotriazole is that the latter one has a methyl functional
group attached on the aromatic ring. Notably, sulfamethoxazole that had higher ad-
sorption capacity than 1H-benzotriazole also has a methyl functional group in the
structure. According to Leung et al. [2012], methyl groups increase the hydropho-
bicity of OMPs. Therefore, it can be speculated that zeolites had higher adsorption
capacity for more hydrophobic OMPs. This was consistent with the finding by [Jiang,
2019] that the higher hydrophobicity of the OMPs led to the higher adsorption capac-
ity.

3.1.3 Effect of zeolite characteristics

The adsorption isotherm of OMPs by BEA and MOR were compared in Figure 3.4. In
most cases, the adsorption capacity of MOR was higher than that of BEA, which was
related to their characteristics. According to the zeolite characteristics listed in Ta-
ble 2.1, the negative charged sites on BEA and MOR powders were neutralized by H+

and the Brønsted acidic sites (Si(OH)+Al-) were generated. The higher Al3+ content re-
sults in more negative charges, and thus more Brønsted acidic sites [Jiang et al., 2018].

In our study, the Al3+ content of MOR is higher than that of BEA. Therefore, more
acidic sites existed on the MOR zeolite. Moreover, research has shown that acidic
sites may promote the adsorption of certain OMPs on high-silica zeolites due to spe-
cific interaction. For example, the results of Blasioli et al. [2014] indicated that sul-
famethoxazole interacted with FAU and MOR zeolites by weak H-bonds. Therefore,
it was hypothesized that the larger Al3+ content might be responsible for the higher
adsorption capacity of MOR zeolite due to stronger H-bonding interaction between
the OMPs molecules and Brønsted acidic sites on zeolite surface.

It is worth noting that BEA and MOR had different behaviors for the adsorption
of carbamazepine. It was found in the literature that carbamazepine may form molec-
ular chains of enlarged size due to the molecular interactions, while the molecular
chain of carbamazepine could not enter the MOR and MFI zeolites with narrow chan-
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nel openings [Martucci et al., 2012]. However, in our study, the removal capacity of
MOR on carbamazepine was found to be much higher than that of BEA. Therefore,
it can be speculated that the size of the molecule was not the main factor that affects
the adsorption of carbamazepine. Furthermore, as carbamazepine is a neutral com-
pound, the charge effect on the adsorption can also be excluded. Consequently, the
explanation for the better removal of carbamazepine by MOR might be the stronger
effect of the special bonding formed between carbamazepine and MOR zeolites, e.g.
H-bonding.

(a) 1H-Benzo. (b) Methyl-Benz.

(c) Sulfa. (d) Carba.

Figure 3.4: Adsorption isotherms of medium-removal OMPs in demi-water by BEA and MOR
zeolite powders with Freundlich model fitting. Carbamazepine had no suitable
isotherm in the BEA case, thus data points are shown without fitting

3.1.4 Effect of WW matrix

The adsorption isotherm of OMPs in WW and demi-water are plotted and compared
in Figure 3.5. The yellow dots represent WW, the blue dots represent demi-water. At
low zeolite dosages (from 1 to 50 mg/l), the adsorption capacity of OMPs in WW
was minimal, resulting in the poor quality of the fitting. Thus, only 5 or 4 data points
were plotted without fitting to isotherm model.

It can be seen from Table 3.1 that, in most cases, the performance of zeolites for
OMP removal in WW was worse than that in demi-water, except for the better perfor-
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mance of BEA for hydrochlorothiazide removal in WW, which might be due to the
measurement bias for this compound. From Figure 3.5, it can be found that the ad-
sorption capacity of 1H-benzotriazole, methyl-benzotriazol, sulfamethoxazole were
obviously decreased in WW.

(a) 1H-Benzo. (BEA) (b) Methyl-Benzo. (BEA)

(c) Sulfa. (BEA) (d) 1H-Benzo. (MOR)

(e) Methyl-Benzo. (MOR) (f ) Sulfa. (MOR)

Figure 3.5: Adsorption isotherms of medium-removal OMPs in demi-water and WW by BEA
and MOR zeolite powders

One reason for the reduced capacity might be that the presence of BOMs in the WW
hindered the adsorption of OMPs by covering the surface of zeolites [De Ridder et al.,
2012]. Moreover, a small portion of BOM fractions with low molecular weight would
enter the micropores of the zeolites, and BOM competition with OMPs for the ad-
sorption sites in the micropores were likely to happen [Jiang, 2019].
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The differed pH of the WW might be another reason for the reduced capacity. The
pH of WW was in the range of 8.0-8.2, which was higher than that of demi-water
solution (pH 6.5). When the pH of the solution is higher than the pKa of OMPs’ func-
tional groups, the OMP molecules will be deprotonated, which may decrease the net
charge of OMP molecules in solution. The decreased net charge resulted in weaker
electrostatic attraction or stronger electrostatic repulsion between OMP molecules
and negative zeolite surface, consequently, a reduced adsorption capacity. The same
phenomenon was also observed in the research done by Tsai et al. [2006], that the
adsorption capacity of bisphenol-A was reduced in the solution with higher pH.

3.2 adsorption kinetics of omps by zeolite gran-
ules

The adsorption kinetic experiments were conducted at three zeolite dosages (i.e. 50

mg/L, 250 mg/L and 500 mg/L) to study the OMP adsorption rates by zeolite gran-
ules. In this section, the changing of OMP adsorption amounts over time were plotted
with PFO fitting curves. The adsorption rate of different OMPs were compared. The
differences of adsorption kinetics in demi-water and WW were demonstrated. In ad-
dition, the results of adsorption kinetics were fitted by IPD model to investigate the
transport of OMPs during the process of adsorption by granules.

3.2.1 Adsorption kinetics in demi-water

Prior to the discussion, some special cases in the kinetic results should be mentioned.

• The kinetic results of propranolol, clarithromycin and hydrochlorothiazide by
BEA and MOR zeolites were not available due to measurement errors.

• In the BEA kinetic tests, the equilibrium concentration of well adsorbed OMPs,
i.e. trimethoprim, sotatol and metoprolol, decreased to zero at zeolite dosage
of 250 mg/L and 500 mg/L, only the kinetics at 50 mg/L can be estimated. In
the MOR kinetic tests, the equilibrium concentration of well adsorbed OMPs
decreased to zero at all three dosages, thus were not displayed.

• The adsorption kinetics of OMPs with medium removal capacity, i.e. 1H-benzotr-
iazole, methyl-benzotriazole and sulfamethoxazole, can be estimated at all three
zeolite dosages.

• For carbamazepine and diclofenac which were poorly adsorbed, the decrease of
concentrations at zeolite dosages of 50 and 250 mg/L were not significant, only
the adsorption kinetics at 500 mg/L were plotted.
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Plotting of kinetic data

The OMP adsorption kinetics by BEA and MOR zeolite granules at three zeolite
dosages are plotted in Figure 3.6 and Figure 3.7, respectively. The kinetic curves
can be grouped according to the OMP removal capacity. The red arrows in the fig-
ures indicate the increase or decrease trend of the adsorption loading of each group
after 400h. One thing should be noticed is that the adsorption loading of methyl-
benzotriazole (medium-removal) by BEA zeolite was higher than the good-removal
OMPs, which was due to the unexpectedly two times high initial concentration of
this compound. The initial concentrations of the other OMPs were ∼4 µg/L.

(a) BEA dosage 50 mg/L

(b) BEA dosage 250 mg/L
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(c) BEA dosage 500 mg/L

Figure 3.6: OMP adsorption kinetics by BEA granules at zeolite dosages of (a) 50, (b) 250 and
(c) 500 mg/L

(a) MOR dosage 50 mg/L
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(b) MOR dosage 250 mg/L

(c) MOR dosage 500 mg/L

Figure 3.7: OMP adsorption kinetics by MOR granules at zeolite dosages of (a) 50, (b) 250

and (c) 500 mg/L

From the BEA kinetics shown in Figure 3.6, downward trends after 400h can be
observed from the adsorption loading of medium and bad-removal OMPs, includ-
ing 1H-benzotriazole, methyl-benzotriazole, sulfamethoxazole, carbamazepine and
diclofenac. However, the adsorption loading of good-removal OMPs, i.e. trimetho-
prim, sotatol and metoprolol, increased during the whole experiment period.

One possible explanation for the observation can be that, the medium and bad-
removal OMPs were firstly adsorbed by zeolite, afterwards, the adsorbed molecules
were replaced by OMPs that were well adsorbed, resulting in the desorption of the
former. The phenomenon of OMP desorption from adsorbent was also reported in
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literature [Sharma et al., 2013; Halder et al., 2016]. Sharma et al. [2013] studied the ad-
sorption of cationic dye from aqueous solution using graphene oxide nanosheets, the
thermodynamic calculation results indicated that the process was governed by phys-
ical adsorption due to electrostatic interaction between adsorbate-adsorbent species
along with the π- πinteraction, and the dye molecules tended to revert back to the
solution after attaining equilibrium.

From the MOR kinetics shown in Figure 3.7, the data of 1H-benzotriaz-ole, methyl-
benzotriazole and sulfamethoxazole reached the plateau after 400h at zeolite dosage
of 500 mg/L. However, the adsorption loading of these three OMPs kept increasing
after 400h at dosages of 50 mg/L and 250 mg/L. This indicated that it took more
time for OMPs to reach the adsorption equilibrium at a lower zeolite dosage. Besides,
it can be found that the adsorption loading of carbamazepine and diclofenac kept
increasing after 25 days even at high dosage of 500 mg/L, and it took more time for
OMPs to reach equilibrium by MOR granules than BEA granules. The slower kinetics
of MOR might be due to the larger size of MOR granules. The comparison between
BEA and MOR kinetics will be further discussed in Section 3.2.2.

PFO model fittings

As mentioned in Section 2.3.3, the values of qe in the kinetic data fitting were deter-
mined in two ways:

Method 1: with powder qe, calculated from OMP adsorption isotherms by zeolite
powders.

Method 2: with granule qe, obtained by fitting the results of OMP adsorption ki-
netics by zeolite granules.

These two methods led to different kinetic constants. There were no isotherms for
good-removal and bad-removal OMPs. Thus, in those two cases, the qe values were
determined by Method 2. The PFO fitting of OMP kinetics in demi-water by BEA and
MOR zeolites are displayed in Figure D.1 and Figure D.2 (Appendix D), respectively.
The obtained PFO kinetic parameters for BEA and MOR are displayed in Table 3.3
and Table 3.4, respectively.
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Table 3.3: PFO fitting constants for OMP adsorption in demi-water by BEA granules

Method 1 with powder qe Method 2 with granule qe

Name
Dosage
(mg/L)

qe1

(µg/g)
k1

(1/h)
R2

qe2

(µg/g)
k2

(1/h)
R2

1H-Benzo. 50 21.12 8.36E-03 0.88 20.10 9.37E-03 0.88

250 11.70 1.17E-02 0.64 9.21 2.94E-02 0.98

500 7.34 3.83E-02 0.84 6.51 6.12E-02 0.98

Methyl-benzo. 50 149.14 2.60E-03 0.76 84.06 8.35E-03 0.98

250 39.56 1.34E-02 0.69 31.68 3.25E-02 0.99

500 20.80 5.10E-02 0.90 18.91 7.07E-02 1.00

Sulfa. 50 34.05 5.93E-03 0.85 28.02 9.06E-03 0.90

250 14.40 1.70E-02 0.77 12.10 3.02E-02 0.96

500 7.90 3.48E-02 0.83 7.02 5.04E-02 0.95

Trime. 50 - - - 75.26 5.91E-03 0.99

Sotalol. 50 - - - 67.85 7.08E-03 0.96

Metop. 50 - - - 57.92 1.02E-02 0.87

Carba. 500 - - - 3.62 8.71E-02 0.84

Diclo. 500 - - - 4.19 7.97E-03 0.94

Table 3.4: PFO fitting constants for OMP adsorption in demi-water by MOR granules

Method 1 with powder qe Method 2 with granule qe

Name
Dosage
(mg/L)

qe1

(µg/g)
k1

(1/h)
R2

qe2

(µg/g)
k2

(1/h)
R2

1H-Benzo. 50 50.42 2.01E-02 0.62 60.77 1.25E-02 0.71

250 14.13 1.48E-02 0.79 15.00 1.29E-02 0.80

500 11.90 2.29E-02 0.75 10.82 3.20E-02 0.79

Methyl-benzo. 50 108.06 2.98E-03 0.66 78.09 7.44E-03 0.78

250 21.26 8.51E-03 0.96 19.89 9.84E-03 0.97

500 13.46 2.52E-02 0.91 12.90 2.84E-02 0.92

Sulfa.a 50 53.8 - - 44.01 - -
250 23.4 - - 11.85 - -
500 11.07 3.26E-03 0.84 8.54 6.37E-03 0.92

Carba. 500 8.99 6.72E-04 0.89 4.65 1.70E-03 0.90

Diclo. 500 - - - 4.00 1.06E-03 0.93



3.2 adsorption kinetics of omps by zeolite granules 36
a The PFO model can not estimate the kinetic constants for sulfamethoxazole at dosage of 50 mg/L
and 250 mg/L due to relatively poor data quality. qe2 was determined manually.

kinetic constants

In this study, it was found that the kinetic constant k varied with zeolite dosages.
This phenomenon was also reported by Ho and Chiang [2001] and Tsai et al. [2006].
According to Chu [2010], when mass transfer limitation is present, the rate constants
are no longer the intrinsic rate constants but lumped rate constants containing the ef-
fects of both the intrinsic kinetics and mass transport. In our case, the kinetic constant
in the PFO model was a lumped parameter representing both external and internal
transport processes. It was hypothesised that the water film wrapped around the zeo-
lite particles can change due to different hydraulic conditions at different dosages, so
the external diffusion of the solute might be affected, resulting in different k values.

Granule isotherms

From Table 3.3 and Table 3.4, it can be found that, in most cases, the actual equi-
librium loading (qe2) estimated by the granule kinetics (Method 2) was lower than
the theoretical equilibrium loading (qe1) calculated by powder isotherms (Method 1).
Thus, OMP adsorption capacity by zeolite granules was expected to be lower than
the capacity by zeolite powders.

Based on the estimated equilibrium loading (qe2 in Table 3.3 and Table 3.4) at three
zeolite dosages, the three-point isotherms by BEA and MOR granules can be plotted.
In addition, the isotherm of pulverized granules were provided by Nan Jiang. In
the experiments, the full-sized granules were pulverized into smaller particles with
a sieve size of 0.355-0.85 mm, and the duration of the isotherm test was 14 days.
The linear isotherm fitting of powder, full-sized granule and pulverized granule for
the three medium-removal OMPs are compared in Figure 3.8. The linear isotherm
constants KL are summarized in Table 3.5.

(a) 1H-Benzo.(BEA) (b) Methyl-Benzo. (BEA)
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(c) Sulfa. (BEA) (d) Benzo. (MOR)

(e) Methyl-Benzo. (MOR) (f ) Sulfa. (MOR)

Figure 3.8: The linear adsorption isotherms of medium-removal OMPs in demi-water by pow-
ders, pulverized granules, and full-sized granules of BEA and MOR zeolites

A higher value of KL means a higher adsorption capacity. From Figure 3.8, full sized
granules and pulverized granules showed lower adsorption capacities than that of
powders in most cases. OMP adsorption capacities by BEA zeolites follow the order
of powder >pulverized granule >full-sized granule. It indicated that, in most cases,
the inside of the full-size granules was not fully utilized within the 25-day equilib-
rium time.

However, it can be found in the case of MOR, where the pulverized granule showed
lower capacity than the full sized granule. Possible reason was that the equilibrium
of the pulverized MOR granules might not be achieved. Moreover, MOR granule had
higher adsorption capacity for 1H-benzotriazole than powder, which might be due
to the relatively poor fitting quality of the granule data for 1H-benzotriazole. In the
future study, the adsorption equilibrium time must be extended for full sized gran-
ules and pulverized granules experiments with more zeolite dosages are needed to
ensure the accuracy of results.
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Table 3.5: KL
a for powder, full sized granule and pulverized granule in demi-water

BEA MOR

1H-Benzo. Methyl-Benzo. Sulfa. 1H-Benzo. Methyl-Benzo. Sulfa.

KL for powder (*0.85) 5.1 43.4 11.2 15.0 102.9 17.5
KL for full sized granule 4.3 11.8 7.7 24.3 36.2 8.9
KL for pulverized granule 5.7 16.9 9.2 3.8 7.8 0.6
a Unit of KL: m3/kg

3.2.2 Adsorption rate comparing

In order to compare the adsorption rates of different OMPs, one should refer to the
rate described by Equation 3.1 instead of just looking at the kinetic constant kPFO.
The adsorption rate (dq/dt) is changing over time, and is determined by both the
rate constant kPFO and the driving force (qe-qt) [Wang and Guo, 2020].

PFOrate = kPFO (qe − qt) (3.1)

where kPFO is the PFO kinetic constant (1/h), qe is the adsorption equilibrium load-
ing (µg/mg), qt (µg/mg) is the adsorption loading at time t.

Assuming qt to be 1 µg/g for all OMPs, together with the method 2 qe and cor-
responding kPFO from Table 3.3, the PFOrate were calculated for each compound at
dosage of 500 mg/L (medium and bad-removal) or 50 mg/L (good-removal). The
results are listed in Table 3.6.

Table 3.6: PFO rate comparison for OMP adsorption kinetics in demi-water by BEA and MOR
granules

Name Dosage (mg/L)
BEA

dq/dt ((µg/g)/h )
MOR

dq/dt ((µg/g)/h)

1H-Benzo. 500 337.62 314.51

Methyl–benzo.a 500 1265.77 338.58

Sulfa. 500 303.42 48.04

Trime. 50 438.96 -
Sotalol. 50 473.29 -
Metop. 50 579.40 -

Carba. 500 227.92 6.21

Diclo. 500 25.44 3.18

a The initial concentration of methyl-benzotriazole in the BEA case was twice higher than the others, re-
sulting in a higher PFO rate. Therefore, methyl-benzotriazole was not involved in PFO rate comparing.
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According to the data of BEA, it can be found that the good-removal OMPs had higher
PFO rates ranging from 400-600 ((µg/g)/h). The medium-removal OMPs had lower
PFO rates, which were 337.62 ((µg/g)/h) for 1H-benzotriazole, and 303.42 ((µg/g)/h)
for sulfamethoxazole. The PFO rate of bad-removal OMPs was smaller than the oth-
ers, and diclofenac had the smallest PFO rates among all the OMPs. The order of BEA
kinetics can be summarized: metoprolol >sotalol >trimethoprim >1H-benzotriazole
>sulfamethoxazole >carbamazepine >diclofenac.

The PFO rates of MOR were generally smaller than that of BEA, which can be the
reason for the slower equilibrium in the MOR kinetics tests (Figure 3.7). According
to Heijman et al. [2002], the adsorption rate is higher with smaller grain size, hence,
the larger granule size of MOR should be responsible for its lower kinetics. Remark-
ably, the PFO rate of sulfamethoxazole and carbamazepine were small compared to
the other OMPs by MOR, regardless of the relatively high adsorption capacity of
sulfamethoxazole and carbamazepine. The order of MOR kinetics can be summa-
rized: methyl-benzotriazole >1H-benzotriazole >sulfamethoxazole >carbamazepine
>diclofenac.

It is worth noticing that the qe used in the rate comparison were affected by the
initial concentration C0. In order to make comparisons on the rates, C0 should be
kept the same for all OMPs during the kinetic experiment.

3.2.3 Adsorption kinetics in WW

OMP adsorption kinetics in demi-water and WW by BEA zeolites were plotted in
Figure E.1 (Appendix E) with PFO fitting curves. The PFO fitting constants by BEA
zeolite can be found in Table 3.7. Due to the background concentration of OMPs in
WW, the C0 of all OMPs in the spiked WW solution were 0.4-3 µg/L higher than that
of demi-water solution. A differed C0 could add uncertainty to the comparison on
PFO rates, which should be specifically noted during the comparison process.
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Table 3.7: PFO fitting constants for OMP adsorption in demi-water and WW by BEA granules

Demi-water WW

Name
Dosage
(mg/L)

qe
(µg/g)

k1

(1/h)
R2

qe
(µg/g)

k1

(1/h)
R2

1H-Benzo.a 500 6.51 6.12E-02 0.98 9.38 2.98E-02 0.96

Methyl-benzo. 500 18.91 7.07E-02 1.00 17.82 3.33E-02 0.96

Sulfa. 500 7.02 5.04E-02 0.95 1.93 3.41E-02 0.81

Trime. 50 75.26 5.91E-03 0.99 49.55 6.55E-03 0.98

Sotalol.a 50 67.85 7.08E-03 0.96 79.34 6.12E-03 0.99

Metop.a 50 57.92 1.02E-02 0.87 101.86 6.20E-03 1.00

Propra. 50 - - - 75.16 6.31E-03 0.99

Carba.b 500 3.62 8.71E-02 0.84 - - -
Diclo. 500 4.19 7.97E-03 0.94 5.55 1.28E-02 0.96

a Higher qe in WW due to higher C0.
b The removal of cabamazepine in WW was minimal, so the PFO model can not be well fitted.

Table 3.8: PFO rate comparison for OMP adsorption kinetics in demi-water and WW by BEA
granules

Name Dosage (mg/L)
Demi-water

dq/dt ((µg/g)/h )
WW

dq/dt ((µg/g)/h)

1H-Benzo. 500 337.62 249.83

Methyl–benzo. 500 1265.77 560.10

Sulfa. 500 303.42 31.54

Trime. 50 438.96 317.82

Sotalol. 50 473.29 479.06

Metop. 50 579.40 625.18

Propra. 50 - 468.04

Carba. 500 227.92 -
Diclo. 500 25.44 58.25

As shown in Table 3.8, the two good-removal OMPs, i.e. metoprolol and sotatol,
showed higher PFO rate in WW than in demi-water, which was due to the higher C0

in WW.

Despite the higher C0 of trimethoprim, 1H-benzotriazole, methyl-benzotriazole and
sulfamexazole, the PFO rates of these compound were lower in WW. The pH effect of
WW and the pore blocking effect by the BOMs might be responsible for the decrease.
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It can be found that the calculated adsorption rate for diclofenac was higher in WW,
the higher PFO rate of this compound can also be attributed to the higher C0. As the
pKa value of diclofenac is 4, the net charge of diclofenac molecules was not changed
from demi-water pH (6.5) to WW pH (8.2), hence, the charge effect on the different
adsorption behavior can be excluded. After excluding the charge effect, it can be
inferred that the pore blocking effect of BOMs was not enough to cause a decrease
on the kinetic rate of diclofenac.

3.2.4 Intra-particle diffusion model fitting

To further investigate the transport of OMPs during the adsorption processes, the IPD
model was used to fit the BEA kinetic data by plotting qt versus t0.5. The adsorption
kinetics of medium-removal and bad-removal OMPs at zeolite dosage of 500 mg/L,
as well as the adsorption kinetics of good-removal OMPs at zeolite dosage of 50 mg/L
were fitted to IPD model; kinetics in demi-water was studied. IPD fitting curves were
shown in Figure 3.9.

Four sections can be identified from OMPs, including 1H-benzotriazole, methyl-
benzotriazole, sulfamexazole and carbamazepine, indicating that four periods might
be involved in the adsorption process of these OMPs [Kalavathy et al., 2005; Hameed
and El-Khaiary, 2008]. Section 1 (sec 1) could be the film diffusion. In the initial
stage, OMP molecules had to pass through the liquid boundary layer surrounding
the zeolite granules [McKay et al., 1985]. The second section (sec 2) represented intra-
particle diffusion, in which OMPs entered the inner pores of zeolite granules and was
adsorbed onto the internal adsorption sites [Zhang et al., 2019]. The third section (sec
3) was the equilibrium stage where intra-particle diffusion started to slow down [Wu
et al., 2005]. The fourth section (sec 4) was the desorption of the OMP molecules,
where the OMPs were released back to the solution. It can be noticed that only two
data points were identified in the first section, which means that the actual transition
between the film diffusion and the intra-particle diffusion could have occurred before
the second data point.

For diclofenac (Figure 3.9e), only three sections were identified. As the film diffu-
sion was proven to exist in the other OMPs, the first section in the diclofenac data
should also be the film diffusion; intra-particle diffusion of this compound was then
negligible. The following two sections were the equilibrium and the desorption stages.
Accordingly, it can be inferred that diclofenac was preferably adsorbed on the surface
of the zeolite instead of entering the pores.

The data of good-removal OMPs, i.e. metoprolol, sotalol, and trimethoprim showed
two sections. The first section should be the film diffusion and the second should
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be the intra-particle diffusion. In these cases, the adsorption equilibrium was not
reached, so the third and fourth sections were not found.

(a) 1H-Benzo. (b) Methyl-Benzo.

(c) Sulfa. (d) Carba.

(e) Diclo. (f ) Trime.

(g) Sotalol. (h) Metop.

Figure 3.9: IPD fitting curves for OMP adsorption kinetics by BEA granules
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3.3 breakthrough curves in column experiments
Column experiments were conducted with BEA and MOR zeolite granules. The op-
erating parameters are listed in Table 2.4. In this section, factors that affected the
breakthrough behaviour will be discussed, including the adsorption capacity and
kinetics of OMPs, the zeolite characteristics and the EBCT.

3.3.1 Effect of adsorption capacity and kinetics of OMPs

The breakthrough curves of OMPs at EBCT 20 min are plotted in Figure 3.10. Pro-
pranolol, clarithromycin and hydrochlorothiazide were not well measured and were
not presented. OMPs can be divided into three categories: (1) carbamazepine and
diclofenac with significant breakthrough, (2) 1H-benzotriazole, methyl-benzotriazole
and sulfamethoxazole with medium breakthrough, (3) metoprolol, sotalol, propra-
nolol and trimethoprim with no obvious breakthrough.

The breakthrough percentage of medium and bad-removal OMPs in the BEA col-
umn followed the order of: diclofenac >carbamazepine >sulfamethoxazole >1H-
benzotriazole >methyl-benzotriazole. In the MOR column, Diclofenac, carbamazepine
and sulfamethoxazole had similar breakthrough curves, so the sequence of these three
OMPs cannot be determined. The order of breakthrough percentage in column ex-
periments, and the order of adsorption capacity and kinetics in batch experiments for
OMPs are summarized in Table 3.9.

(a) BEA (b) MOR

Figure 3.10: Breakthrough curves of OMPs in BEA and MOR columns at 20 min EBCT
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Table 3.9: The order of adsorption capacity, kinetics and breakthrough in demi-water

Order

BEA Capacity Methyl-benzo.>Sulfa.>1H-benzo.
Kinetics 1H-benzo.>Sulfa.>Carba.>Diclo.
Breakthrough % Methyl-benzo.<1H-benzo.<Sulfa.<Carba.< Diclo.

MOR Capacity Methyl-benzo.>Carba.>Sulfa.>1H-benzo.
Kinetics Methyl-benzo.>1H-benzo.>Sulfa.>Carba.>Diclo.
Breakthrough % Methyl-benzo.<1H-benzo.<Sulfa.≈Carba.≈ Diclo.

* The OMPs marked in red are in reverse order in capacity and kinetics.

The OMP breakthrough in the column was firstly determined by the adsorption ca-
pacity of OMPs: the good-removal OMPs showed slow breakthrough, while the bad-
removal OMPs showed fast breakthrough. In addition, it was noticed that the order
of breakthrough percentage of medium-removal OMPs was consistent with the re-
verse order of the kinetic rate (marked in red in Table 3.9). Especially, carbamazepine
and sulfamethoxazole with medium adsorption capacity by MOR still showed faster
breakthrough in the MOR colum. Therefore, it can be summarized that the break-
through of OMPs in the column was determined both by their adsorption capacity
and kinetics. Furthermore, the breakthrough of OMPs with similar adsorption capac-
ity by zeolites were mainly affected by the adsorption kinetics .

3.3.2 Effect of zeolite characteristics

The breakthrough curves of OMPs in BEA and MOR columns were compared in
Figure 3.11. It can be found that BEA column had better OMP adsorption efficiency
than MOR column when the EBCTs were the same. The reason can be that the kinetics
of MOR was slower than that of BEA due to bigger granule size, and slower kinetics
led to faster breakthrough. Moreover, the column of BEA and MOR were filled by
packing the same height of zeolite granules. Since the density of MOR granule was
almost half of the density of BEA granules, the weight of MOR granules was then
half that of BEA granule (Table 2.4), which can also result in faster breakthrough.
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(a) Carba. (b) Diclo.

(c) 1H-Benzo. (d) Methyl-Benzo.

(e) Sulfa. (f ) Metop.

(g) Sota. (h) Trime.

Figure 3.11: Breakthrough curves of OMPs in demi-water by BEA and MOR columns at EBCT
of 6 min and 20 min
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3.3.3 Effect of EBCT

As shown in Figure 3.11, columns with 20 min EBCT had better removal efficiency for
OMPs than the columns with 6 min EBCT, which was indicated by the smaller slope
of the OMP breakthrough curves. It can be inferred that longer EBCT led to better
OMP adsorption efficiency of the column. As OMP breakthrough was related to the
adsorption kinetics of OMPs, longer EBCT enabled the better adsorption of OMPs
with slower kinetics.

An obvious drop between the 6th and 8th day can be observed in BEA column with 20

min EBCT, which were marked in Figure 3.11a and Figure 3.11b. It was caused by the
unexpected stop of inflow and outflow between the 6th and 8th day with on-going
sample collection. The flow was opened afterwards and the outflow concentration
increase again.

3.4 prediction of omp breakthrough curves
In this section, the breakthrough modelling results will be compared with the results
in the column experiments; the sensitivity of the model to several important parame-
ters will be discussed.

3.4.1 Dispersion coefficients

The dispersion coefficients (DL) were measured by feeding NaCl solution to the col-
umn. The change of the conductivity of the outflow with time were plotted in Fig-
ure 3.12. The dispersion coefficients of MOR and BEA columns are listed in Table 3.10.

Table 3.10: Dispersion coefficients at different flow velocities

1.67 cm/min 0.5 cm/min Unit

BEA 3.00E-06 1.00E-06 m2/s
MOR 6.00E-06 1.30E-06 m2/s
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(a) BEA (v=1.67 cm/min, DL = 3E-6 m2/s) (b) BEA (v=0.5 cm/min,DL = 1E-6 m2/s)

(c) MOR (v=1.67 cm/min, DL = 6E-6 m2/s) (d) MOR (v=0.5 cm/min, DL = 1.3E-6 m2/s)

Figure 3.12: Breakthrough curves of NaCl in BEA and MOR columns under different flow
velocities

The measured DL was in the magnitude of 10
-6 m2/s. Under the same flow velocity,

DL of MOR column was greater than that of BEA column, which was due to the larger
porosity in the MOR columns as the granule size was bigger. DL was also affected by
the flow velocity that a faster velocity led to a greater DL.

3.4.2 Breakthrough modelling

In the breakthrough model, three OMPs with medium removal capacities, i.e. 1H-
benzotriazole, methyl-benzotriazole and sulfamethoxazole, with both isotherm and
kinetic parameters from batch experiments were selected as target OMPs. As men-
tioned in the previous section, there were three types of isotherm parameters avail-
able in this study: isotherms from powders (Freundlich), three-point isotherm from
full-size granules (linear) and isotherm from pulverized granule (linear). Two types
of kinetic constants were available: one estimated with powder qe (method 1) and the
other one estimated with granule qe (method 2). The kinetic constants obtained at
250 mg/L dosage were used in the model.

When the powder isotherm was used, the Freundlich constant KF should be scaled
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down 85% to account for the bentonite fraction in the granules, and the method 1 ki-
netic constants obtained with powder qe should be used. When the granule isotherm
was used, it should always be combined with method 2 kinetic constants obtained
with granule qe. In short, three modelling scenarios can be formulated:

Scenario 1 : Powder isotherm * 0.85 + kinetic constants from powder qe (Method 1)

Scenario 2: Full-sized granule isotherm + kinetic constants from granule qe (Method 2)

Scenario 3: Pulverized granule isotherm + kinetic constants from granule qe (Method 2)

Results for scenario 1, 2 and 3

With the isotherm and kinetic parameters in scenario 1, 2 and 3, together with the
dispersion coefficients and the operating parameters, the breakthrough curves were
simulated for BEA and MOR column at 6 min EBCT. The model results of scenario 1,
2 and 3 were presented in Figure 3.13.

(a) Benzo. (BEA) (b) Methyl-benzo. (BEA)

(c) Sulfa. (BEA) (d) Benzo. (MOR)
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(e) Methyl-benzo. (MOR) (f ) Sulfa. (MOR)

Figure 3.13: OMP breakthrough curves modelled from scenario 1, 2 and 3 in comparison
with experimental breakthrough curve at EBCT 6 min

As can be seen from the above graphs, except for sulfamethoxazole which had similar
results to the real curve in scenario 3, other modelled curves were all far below the
actual breakthrough curves. It means that the adsorption kinetics and/or capacities
were overestimated with the parameters obtained in batch experiments. To solve the
problem, kinetic and isotherm constants were adjusted individually to model the best
fit curve.

Effect of kinetic constant on modelled breakthrough curve

According to the fact that slower adsorption kinetics of a compound leads to a faster
breakthrough, a closer simulation result was expected by using a lower kinetic con-
stant. The Method 2 kinetic constants were multiplied by 10%, 30%, 50% and were
used to simulate the breakthrough curves at EBCT 6 min. Freundlich isotherm con-
stants from powder zeolites was applied after scaling down to 0.85. The results were
presented in Figure 3.14.

(a) Benzo. (BEA) (b) Methyl-benzo. (BEA)

(c) Sulfa. (BEA) (d) Benzo. (MOR)
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(e) Methyl-benzo. (MOR) (f ) Sulfa. (MOR)

Figure 3.14: Modelled OMP breakthrough curves after applying lower kinetic constants in
comparison with experimental breakthrough curve at EBCT 6 min

As shown in Figure 3.14, the lower kinetic constants didn’t give better fittings to the
experimental data. In most cases, the modelled curves were still below the experimen-
tal curves. Notably, the simulated curves with lower kinetic constants tended to break-
through at the zero time point, and afterwards, the curves started to increase linearly.
The shape of the modelled curves was somewhat similar to the actual breakthrough
curves of the MOR column, especially for methyl-benzotriazole, which means that
the kinetic constant might indeed be lower in the column than in the batch. However,
since the one magnitude lower kinetic constants were already small values, a further
decrease on these constants might not be reasonable. Therefore, the kinetic constant
should not be the only parameter that was underestimated in batch experiments.

Effect of isotherm constant on modelled breakthrough curves

Zeolites tended to have linear isotherms for the adsorption of OMPs under low con-
centration. For simplicity, the linear isotherm was applied by fixing the n values in
the Freundlich isotherm as one. By varying the values of KL in the isotherms, the
model results were adjusted to fit the experimental results. The optimum KL that
matched well with breakthrough curve at 6 min EBCT was determined. The kinetic
constants were estimated by Method 2 at 250 mg/L zeolite dosage. Afterwards, the
determined KL together with corresponding operating parameters were used to sim-
ulate the breakthrough curves at 20 min EBCT (Figure 3.15). The KL obtained from
breakthrough models, together with powder and granule KL obtained from batch
experiments were compared in Table 3.11.

(a) Benzo. (BEA) (b) Methyl-benzo. (BEA)



3.4 prediction of omp breakthrough curves 51

(c) Sulfa. (BEA) (d) Benzo. (MOR)

(e) Methyl-benzo. (MOR) (f ) Sulfa. (MOR)

Figure 3.15: Modelling results with optimized linear isotherm constant KL at EBCT 6 min

Table 3.11: The summarize of linear isotherm constants KL
a

BEA MOR

1H-Benzo. Methyl-Benzo. Sulfa. 1H-Benzo. Methyl-Benzo. Sulfa.

KL for powder (*0.85) 5.1 43.4 11.2 15.0 102.9 17.5
KL for full sized granule 4.3 11.8 7.7 24.3 36.2 8.9
KL for pulverized granule 5.7 16.9 9.2 3.8 7.8 0.6
KL from breakthrough model 1.2 3.2 1.2 2.8 6.1 0.5

a Unit of KL: m3/kg.

It was found in Figure 3.15 that adjusting KL was a feasible way to obtain relatively
good fittings. Therefore, the different isotherm constants in the batch and column
experiments should be the main reasons which led to the deviation of the modelled
curves. Furthermore, the determined KL from the breakthrough curves at EBTC 6

min gave good predictions on the curves of 20 min.

As stated in Table 3.11, the KL values determined from the breakthrough model at
6 min EBCT were lower than both the powder KL and the granule KL. Therefore, it
was suggested that the real utilized adsorption capacity of the zeolite granules were
lower under column conditions than under batch conditions.

Moreover, it can be noticed that the instantaneous increase of sulfamethoxazole and
methyl-benzotriazole at zero time point in the experimental curves were not well
simulated by a lower KL, the overestimation on the kinetic constants of this two com-
pounds from batch experiments might be responsible for this.
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Possible reasons for the lower isotherm and kinetic constants

The different kinetic constants might be due to the different hydraulic conditions in
the column and batch. Since the film diffusion cannot be ignored during the adsorp-
tion process, it can be assumed that a thicker water film might appear under column
conditions, and it took more time for OMPs to diffuse into the water film and reach
the adsorption sites on zeolite surface. Besides, despite the different kinetic constants
in column and batch, the difference between the kinetic constants in the two columns
at 6 min and 20 min EBCT was thought to be insignificant.

The possible reason for the lower adsorption capacity of OMPs under column condi-
tions might be due to the shorter residence time of water in the column compared
with batch. In the column, with limited residence time of water and lower kinetics of
OMPs, the diffusion of OMPs into zeolite granules was hindered. Thus, the penetra-
tion depth of OMPs into the granules was smaller in the column than in the batch,
which means that there was a larger amount of unused portion on the granules in
the column. With the unused portion remained in the granules, it can be equal to the
situation where the column was packed with less granules. However, the theoreti-
cal packing weight of zeolite granules was accounted in the breakthrough modelling,
which resulted in an overestimation on the column performance by the model. There-
fore, a lower KL value can be used to correct for the overestimation on the granule
packing weight.

3.4.3 Sensitivity analysis

The influences of DL, granule bulk density, porosity, granule packing height and flow
velocity were investigated for the breakthrough curves of 1H-benzotriazole at EBCT
6 min. The parameters of interest were varied by ±30% to check the sensitivity of the
model to these parameters. The results are shown in Figure 3.16.

(a) Dispersion coefficient (b) Bulk density (pho b)
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(c) Porosity (ep) (d) Packing height

(e) Flow velocity

Figure 3.16: Sensitivity analysis

From the above graphs, it can be found that DL had the minimal impact on the
modelled breakthrough curves. The curve with a larger DL showed a slightly faster
breakthrough. Larger DL gave smaller Peclet number, which meant advection was
more dominant over diffusion in the system. This way, the OMP molecules flow with
the water without enough time to diffuse into the water film surrounding the zeolite
granules, resulting in the poor adsorption.

The ±30% change on bulk density, porosity and packing height all led to obvious
deviation on the modelled curves, which means the proper determination of these
parameters is of great importance in breakthrough modelling. It indicated that the un-
derestimated (-30%) bulk density and packing height, and the overestimated (+30%)
porosity gave faster breakthrough , which were due to the lower packing weight of
zeolite granules.

Lastly, the breakthrough was faster with higher flow velocity. This was likely due
to the reduced residence time of the target OMP in the column, and more OMP in-
puts during the same operating period. Therefore, the proper determination of this
parameter was also of great importance.



4 C O N C L U S I O N S

In this research, the application potential of zeolite granules to remove 11 target
OMPs in demi-water and WW was investigated. Batch experiments were performed
to study the adsorption isotherm and kinetics; the breakthrough of OMPs was studied
in columns packed with zeolite granules. A model combining the isotherm and
kinetics parameters was developed to predict the OMP breakthroughs in the column.
The main conclusions of the research can be drawn:

• The adsorption capacity of the 11 OMPs by zeolite granules can be divided
into three categories as shown in Table 4.1. The charge and hydrophobicity of
OMPs were the two main factors that affected the adsorption capacity of OMPs
by zeolites, while the effect of OMP size on the adsorption capacity can be
neglected.

Table 4.1: Three categories of OMP removal capacity

Removal efficiency Good removal Medium removal Bad removal

Name
Trimethoprim, metoprolol,
propranolol, sotatol,
clarithromycin

1H-benzotriazole,
methyl-benzotriazole,
sulfamethoxazole,
hydrochlorothiazide

Carbamazepine,
diclofenac

• The OMP adsorption capacities by zeolite granules were less than OMP adsorp-
tion capacities by zeolite powders. It was hypothesised that OMPs were more
likely to be adsorbed on the external surface of zeolite granules instead of en-
tering the inner pores.

• The fittings of the IPD model to the adsorption kinetic data showed that film
diffusion and intra-particle diffusion were both the rate limiting steps in the
adsorption of OMPs by zeolite granules.

• The adsorption capacity and rates of OMPs in WW were lower in comparison
with OMP adsorption in demi-water. The higher pH of the WW and the pore-
blocking effects by BOMs might be the main reason for the reduced capacity
and kinetics.

54
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• BEA columns had better performances than MOR columns under the same

packing volume and operating conditions. The OMP breakthrough percentages
in the column were determined by both the adsorption capacity and kinetics of
the OMPs by zeolite granules. The breakthrough percentages of different OMPs
with similar adsorption capacities were affected by the adsorption kinetics.

• The breakthrough model with the kinetic and isotherm constants determined
by batch experiments, with both the powders as well as the granules, cannot
make good predictions on the real breakthrough curve of the columns. It was
found that both the kinetic and the isotherm constants were supposed to be
lower in the column than those in the batch, while the isotherm constant was
the main cause of the deviation on the model prediction. With a lower isotherm
constant, the model was able to provide good resemblance between modelled
and measured breakthrough curves. Furthermore, with a known breakthrough
curve at a certain EBCT, the model was able to determine a proper isotherm
constant, which can be used to make prediction on the breakthrough curve at a
different EBCT.



5 L I M I TAT I O N S A N D S U G G E S T I O N S

Based on the conducted experiments, the following suggestions are proposed to im-
prove the current methodology and future research:

• For the experiment of adsorption isotherms in WW, zeolite dosages were from
1 mg/L to 1000 mg/L, however, the concentration decrease under low dosage,
i.e. 1, 5 and 10 mg/L, was not obvious, which led to the poor quality of the
isotherm fitting. Therefore, more dosages between the range of 50 mg/L and
1000 mg/L were suggested.

• Further research on the isotherm of zeolite granules was recommended. For
example, the adsorption isotherms of full sized zeolite granules should be de-
termined. Used full sized granules can be pulverized in order to measure the
remained adsorption capacity of the granules.

• Packing more zeolites in the column will improve OMP adsorption efficiencies
and meanwhile, will increase the expense of the column. Future research should
be carried out on the balance between the OMP removal efficiency and the ex-
pense of the column, in order to find the optimum design that can minimize the
cost. To compare OMP removal efficiency by different types of zeolite granules,
a fixed weight of zeolites can be used instead of the fixed height of zeolites in
the column experiments.

• In this study, the effect of kinetic constants and isotherm constants on the perfor-
mances of the breakthrough model were studied separately, by fixing one and
changing another one. It was recommended to investigate the scenario where
the kinetic and isotherm constants are simultaneously performed as adjustable
parameters to find out the proper constants for predicting the curves at another
EBCT. However, the drawback of this approach is that there is a possibility that
the wrong set of parameters is used in the calculations which should be care-
fully noted.

• Due to the outbreak of COVID-19, it was not allowed to collect WW samples
since February 2020. As a result, the column experiment and breakthrough
model in WW was not studied in this research. Compared with OMP adsorp-
tion in demi-water, the adsorption capacity of OMPs in WW was less and the
adsorption rates in WW was lower. It can be speculated that there will be a
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faster breakthrough of OMPs in WW. It was suggested to carry out column
experiments in WW and to build up a model for the prediction of OMP break-
through in WW.
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A A P P E N D I X : C H E M I C A L S T R U C T U R E O F
O M P M O L E C U L E S

(a) Benzotriazole (b) Methyl-Benzotriazole (c) Sulfamethoxazole

(d) Hydrochlorothiazide (e) Carbamazepine (f ) Diclofenac

(g) Metoprolol (h) Propranolol (i) Sotatol

65



appendix: chemical structure of omp molecules 66

(j) Trimethoprim (k) Clarithromycin

Figure A.1: Chemical structure of OMPs (The numbers marked on the structures are the pKa
values for each functional group)



B

A P P E N D I X : O M P A D S O R P T I O N
I S OT H E R M S I N D E M I -W AT E R B Y B E A
A N D M O R P O W D E R S W I T H
E Q U I L I B R I U M T I M E O F 2 4 H A N D 4 8 H .

(a) BEA. (b) BEA

(c) BEA (d) MOR

(e) MOR (f ) MOR

Figure B.1: Demi-water isotherms after 24 hours and 48 hours
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A P P E N D I X : O M P A D S O R P T I O N
I S OT H E R M S I N W W B Y B E A A N D M O R
P O W D E R S W I T H E Q U I L I B R I U M T I M E O F
2 D A N D 8 D.

(a) BEA. (b) BEA

(c) BEA (d) MOR

(e) MOR (f ) MOR

Figure C.1: WW isotherms after 2d and 8d
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A P P E N D I X : P F O F I T T I N G F O R O M P
A D S O R P T I O N I N D E M I -W AT E R B Y B E A
A N D M O R G R A N U L E S

(a) 1H-Benzo. (b) Methyl-Benzo.

(c) Sulfa. (d) Trime.

(e) Sotalol. (f ) Metop.
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(g) Carba. (h) Diclo.

Figure D.1: PFO fitting for OMP adsorption in demi-water by BEA granules (dots represent
the experimental data, curves are the model fitting)
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(a) 1H-Benzo. (b) Methyl-Benzo.

(c) Sulfa. (d) Carba.

(e) Diclo.

Figure D.2: PFO fitting for OMP adsorption in demi-water by MOR granules (dots represent
the experimental data, curves are the model fitting)
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A P P E N D I X : P F O F I T T I N G F O R O M P
A D S O R P T I O N I N D E M I -W AT E R A N D W W
B Y B E A G R A N U L E S

(a) 1H-Benzo. (b) Methyl-Benzo.

(c) Sulfa. (d) Carba.

(e) Diclo. (f ) Metop.

72



appendix: pfo fitting for omp adsorption in demi-water and ww by bea granules 73

(g) Trime. (h) Sotalol.

Figure E.1: PFO fitting for OMP adsorption in demi-water and WW by BEA granules (dosage
of 500 mg/L for medium-removal and bad-removal OMPs; dosage of 50 mg/L
for good-removal OMPs)



F A P P E N D I X : P R E PA R AT I O N O F
C A L I B R AT I O N S TA N DA R D S F O R LC - M S

Table F.1: General preparation guide for standard samples in LC-MS

Table F.2: Detailed preparation guide for standard samples in LC-MS

Table F.3: Detailed preparation guide for calibration standards in LC-MS
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G
A P P E N D I X : T H E I N F O R M AT I O N O F
O M P S TA N DA R D S A N D I N T E R N A L
S TA N DA R D S F O R LC - M S

Table G.1: The information of OMP standards and internal standards for LC-MS
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H A P P E N D I X : M S PA R A M E T E R S A N D
Q U A N T I F I C AT I O N I O N S

Table H.1: MS parameters and quantification ions
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