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ABSTRACT

REMOVAL OF PHARMACEUTICALS FROM SECONDARY
EFFLUENT BY GRANULAR ACTIVATED CARBON ADSORPTION

This study investigates the removal of four pharmaceuticals: acetaminophen (ACT),
carbamazepine (CBZ), erythromycin (ERY) and sulfamethoxazole (SMX) by granular activated
carbon (GAC). Firstly, sorption and biodegradation potential of these pharmaceuticals was studied
and removal mechanisms (primary, secondary, cometabolic substrate, etc.) were investigated. After
that, adsorption experiments were carried out in batch reactors to obtain isotherm constants. Then,
the removal of pharmaceuticals was examined in rapid small-scale continuous-flow GAC columns.
The results were compared with outputs of a model called AdDesign. Results showed that sorption
of these pharmaceuticals was very low and they were biodegraded by activated sludge to some extent.
ACT was highly biodegradable, whereas CBZ was the least biodegraded pharmaceutical. Adsorption
experiments showed that the affinity of pharmaceuticals to adsorb onto GAC was higher when they
were the only pharmaceutical, but when they were in the mixture the affinities were lower. This
indicated that there was a competition between them. On the other hand, adsorption of the bulk
organics present in secondary effluent on GAC was very low. Small-scale column tests showed that
there was no full breakthrough of either of the pharmaceuticals in the experimental period because of
the low initial concentrations. In the presence of background organic matter, higher concentrations of
pharmaceuticals were observed in the effluent which indicated a competition between the
pharmaceuticals and the background organic matter. Through the use of AdDesign model the column
performance could be studied in a longer term and the full breakthrough of pharmaceuticals could be

demonstrated under various conditions.
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OZET

IKINCIL ARITMA ATIKSUYUNDA KALAN FARMASOTIKLERIN
GRANULER AKTIiF KARBON ADSORPSiYONUYLA GIDERIMi

Bu calisma, dort farmasoétigin: asetaminofen (ACT), karbamazepin (CBZ), eritromisin (ERY) ve
siilfametoksazol (SMX), graniiler aktif karbon (GAK) kullanilarak giderimini arastirmaktadir. {1k
olarak, bu farmasotiklerin sorpsiyon ve biyobozunma potansiyeli incelenmis ve giderim
mekanizmalar1 (birincil, ikincil, kometabolik substrat, vb.) arastirilmistir. Daha sonra, izoterm
sabitlerini elde etmek icin kesikli reaktdrlerde adsorpsiyon deneyleri yapilmistir. Ardindan,
farmasoétiklerin giderimi hizl, kiiclik Olgekli stirekli akisli GAK kolonlarinda incelenmistir. Bu
deneylerden elde edilen sonuglar AdDesign adi verilen bir modelin ¢iktilariyla karsilastirilmistir.
Sonuglara gore bu farmasétiklerin aktif gamura adsorpsiyonu oldukga diisiiktiir ve hepsi aktif camur
tarafindan bir dereceye kadar biyolojik olarak pargalanmaktadir. ACT biyolojik olarak yiiksek oranda
parcalanabilirken, CBZ biyolojik olarak en az bozunan farmasdtik olmustur. Adsorpsiyon deneyleri,
farmasoétiklerin GAK’a adsorbe olma egiliminin, tek farmasotik olarak bulunduklarinda daha yiiksek
oldugunu, ancak karisim icindeyken bu egilimin daha diisiik oldugunu gostermistir. Bu durum,
aralarinda bir rekabet oldugunu belirtmistir. Ote yandan, ikincil aritma atiksuyundaki organiklerin
GAK’a adsorpsiyonu ¢ok diisiik ¢ikmistir. Kiigiik kolon testleri, baslangi¢ konsantrasyonlarinin
diisiik olmasi nedeniyle calisilan deney stirelerinde hicbir farmasotigin tam kirilma noktasina
ulagsmadigin1  gostermistir. Arka planda organik madde oldugunda, cikista farmasotik
konsantrasyonlarinin daha yliksek oldugu gézlemlenmistir; bu durum, farmasoétikler ile organik
maddeler arasinda bir rekabet oldugunu gostermistir. AdDesign modelinin kullanilmasiyla kolon
performansi daha uzun siirede incelenerek, cesitli kosullar altinda farmasoétiklerin tam kirilma

noktalar1 gosterilebilmistir.
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1. INTRODUCTION

Micropollutants are contaminants present at low concentrations such as ng/L or pg/L. Since
micropollutants are persistent, they are not biodegradable completely and cannot be removed with
conventional wastewater treatment technologies. Especially in recent years, a great amount of
micropollutants is released into water bodies and they are of great concern all around the world. It is
believed that they have many adverse effects on both human and environment health. These
micropollutants include pharmaceuticals, personal care products, industrial chemicals, steroid
hormones and pesticides. Toxic properties and adverse effects of these micropollutants on living
organisms are still not well known. So, their removal becomes increasingly important (Nas et al.,
2017; Taztn, 2017).

Municipal wastewater treatment plants (WWTPs) are not designed for removing
micropollutants, as their primary aim is to remove biodegradable carbon, nitrogen and phosphorous
compounds that arrive at the WWTPs in concentrations at the order of mg/L. However,
micropollutants are generally in the range of pg/L or ng/L. Their removal in conventional treatment
systems are insufficient. As a consequence, these contaminants present in water bodies pose a risk
for the environment and human health. Since in WWTPs it is not possible to remove the
micropollutants completely, appropriate treatment techniques should be used to reduce the
ecotoxicological effects of micropollutants on living organisms (Nas et al., 2017; Verlicchi et al.,
2012).

There is not a specific treatment for complete removal of micropollutants. Conventional
treatment processes cannot eliminate the micropollutants and bulk substances together. Some options
used for micropollutant removal are coagulation-flocculation, ozonation and advanced oxidation,
membrane processes and membrane bioreactor (MBR) and activated carbon adsorption (Nas et al.,
2017).

Activated carbon adsorption is a very effective method for the removal of these contaminants in
advanced treatment. Activated carbons are porous carbonaceous adsorbents. A high number of
organic and inorganic solutes can be removed from water and wastewater by adsorption onto
activated carbon. Since activated carbon has a high adsorptive surface area (500-1500 m?/g), the
amount of material adsorbed by it may be potentially very large. It is mainly used in the form of

powdered activated carbon (PAC) or granular activated carbon (GAC). PAC is generally produced



from wood and the average particle size is in the range of 15-25 um. It is widely used in the treatment
of both wastewater and drinking water. In addition, the particles size of GAC is ranging from 0.2 to
5 mm. GAC filters are also widely used in purification of groundwater, drinking water and wastewater

as an advanced treatment step (Cegen and Aktas, 2011).

To study the effectiveness of GAC filtration in micropollutant removal, laboratory-scale studies
(often called pilot-scale studies) can be conducted. Even though a full-scale GAC system is an
effective technique for some toxic organics removal from drinking water and wastewater, it may be
an expensive process if it is designed improperly. For the proper design, expensive and time-
consuming pilot-scale studies are necessary (Crittenden et al., 1986). Pilot-scale studies simulate full-
scale systems in terms of GAC particle size, hydraulic loading rate, bed depth and empty bed contact
time (EBCT). Since these parameters are kept constant, contaminant breakthrough in pilot-scale
studies occurs at the same time as at the full-scale systems. As a result, pilot-scale studies require

large volumes of water and are expensive and time consuming (Reinert, 2013).

Studies have been carried out for finding alternative ways to determine GAC adsorber
performance in a more cost and time effective manner. In response to this situation, a rapid method
for large-scale design from small column studies, Rapid Small Scale Column Test (RSSCT) was
developed and evaluated. There are some advantages of this test: A smaller volume of water is needed,
less time is required and extensive isotherm and kinetic studies are not needed to obtain a full-scale
performance prediction. These advantages make it a very effective alternative instead of pilot-scale
studies. By using the similarity principle, dimensionless parameters are kept constant in RSSCT and
full-scale adsorbers. GAC particle size is reduced in RSSCT. So, identical breakthrough profiles can
be obtained and adsorber performance evaluations can be conducted over a short period of time
(Crittenden et al., 1986; Reinert, 2013).



2. AIM OF THE STUDY

The main aim of this study is to investigate the removal of organic micropollutants from
secondary effluent of wastewater treatment plants (WWTPs) by using Granular Activated Carbon
(GAC) adsorption. Micropollutants that are named hazardous, priority or emerging contaminants
according to international criteria have been chosen for this study. These are the pharmaceutical
compounds acetaminophen (paracetamol) (ACT), carbamazepine (CBZ), erythromycin (ERY) and
sulfamethoxazole (SMX). Removal of these selected micropollutants was studied by using GAC
filters in Rapid Small-Scale Columns (RSSC). Since secondary effluents from WWTPs contain
biomass, GAC filters are expected to convert to Biological Activated Carbon (BAC) filters as time
passes. As a result, BAC combines carbon adsorption and biological activity. This process was also

investigated within the scope of this study. Table 2.1 shows the main parts of this study.



Table 2.1. The main parts of the study.

1t PART

2" PART

e Estimation of biodegradation potential of
pharmaceuticals by BIOWIN (US EPA,
2012)

e Comparison of results with experimental
data from literature

e Biodegradation of selected
pharmaceuticals in batch reactors

e Batch experiments with two types of
activated sludge (R1 and R2 reactors)

¢ Investigation of removal mechanisms
(primary, secondary, cometabolic
substrate, etc.)

?
CBZ “
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SMX Estimations ﬂ ﬂ ﬁ i
3rd PART 4t PART

e Kinetic and isotherm experiments with
Granular Activated Carbon (GAC)

e Determination of equilibrium time and
isotherm constants
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e Simulation of RSSCTs by a
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In the first step, biodegradation potential of 27 pharmaceuticals from different groups was
searched with BIOWIN models. Then the results were compared with the experimental data from the
literature. After that, biodegradation properties of micropollutants selected for this study (ACT, CBZ,
ERY and SMX) were examined in batch reactors. Experiments were carried out with two types of
activated sludge from two reactors R1 and R2. R1 reactor was fed with a synthetic domestic
wastewater which contained both organic and inorganic compounds in order to enrich both
heterotrophic and nitrifying bacteria. R2 reactor was fed with inorganic substrates only. The feed was
rich in terms of ammonium sulfate for enhancement of nitrifying bacteria. The purpose of these
experiments was to investigate the removal mechanisms (primary, secondary, cometabolic removal,

etc.) of pharmaceuticals.

In the next step, adsorption properties of selected micropollutants were examined in batch
reactors. For this purpose, kinetic and isotherm experiments were carried out with Granular Activated
Carbon (GAC). After this step, micropollutant removal was investigated in continuous-flow activated
carbon filters. Experiments were carried out in Rapid Small-Scale GAC columns. Also, the removal
of selected micropollutants was investigated with BAC in RSSCs which is an originality of this study.
Additionally, the adsorption of background organic matter in synthetic secondary effluent was studied
with respect to its effect on the adsorption of micropollutants. In the last step, a simulation model
called AdDesignS™ was used to simulate the RSSCTs and the outputs from the model compared
with the experimental data. This model provides three models that can be used for simulating gas and
liquid phase adsorption in fix bed adsorbers. These models can be used separately or combined with
each other to provide desired simulation (Mertz et al., 1999). The details of the model are presented

in the following sections.



3. THEORETICAL BACKGROUND

3.1. Micropollutants

Until the 1990s, heavy metals and persistent organic pollutants were the main concern as primary
pollutants. However, with the help of appropriate measures and regulations, a reduction in the
emissions of these contaminants has been achieved over the years. In the last decades, the emission
of “emerging pollutants” has become an environmental problem. These pollutants are generated in
everyday life due to the use of pharmaceuticals, hormones, personal care products, surfactants and
surfactant residues, pesticides and industrial products. They are present in industrial wastewaters,
domestic wastewaters, landfill leachates and other sources. Pollutants which are present in the
concentration range of pug/L to ng/L in the environment are named as micropollutants and currently
receive special attention. Conventional wastewater treatment systems are not able to remove these
micropollutants completely. As a result, from influent to effluent, most micropollutants are removed
to a degree, but they still remain in the effluent at low concentrations. So, reuse of treated wastewater
or their discharge into water bodies may have direct or indirect risk to both people and aquatic
environment. Consequently, the occurrence of micropollutants in wastewaters and their behavior
during wastewater treatment require further study. Advanced wastewater treatment methods should
be applied for the elimination of these contaminants (Cegen and Aktas, 2011; Petrovic et al., 2003;
Thanh, 2018).

Pharmaceuticals are a group of micropollutants that are used in large quantities in human and
veterinary medicine all over the world. These pharmaceuticals are introduced into environment over
anthropogenic or industrial activities. Figure 3.1 shows the possible sources and pathways of
pharmaceuticals in the aquatic environment. The first source is wastewater that contains high
concentrations of pharmaceuticals from human excrement and also disposal of expired or unused
drugs. Another source is agricultural and livestock waste. In addition, effluents from pharmaceutical
industry are another source (Ortuzar et al., 2022). WWTPs are considered as the biggest pathway of
pharmaceuticals into water bodies (Bofill, 2023). High concentrations of pharmaceuticals are
observed in the influent of WWTPs. Since they cannot be removed totally, the potential risk in
relation with the presence of pharmaceuticals in aquatic environment is currently under consideration,

even though they are at low concentrations (Rattier et al., 2012b; Xu and Duran, 2017).
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Figure 3.1. Sources of pharmaceuticals in the environment (Adapted from Ortuzar et al., 2022).

Within the scope of this study, acetaminophen (ACT), carbamazepine (CBZ), erythromycin (ERY))
and sulfamethoxazole (SMX) have been selected as model substances. Acetaminophen is an anti-
inflammatory pharmaceutical. Erythromycin and sulfamethoxazole are antibiotics from the highly
risky compounds group and they cause antibiotic resistance in pathogens (Goktas and Macleod, 2017;
Verlicchi et al., 2012). Carbamazepine, which is an antiepileptic pharmaceutical, is known to have
very low removal in treatment systems. It is stated that these selected pharmaceuticals are at high
concentrations at the end of treatment processes (Petrie et al., 2015).

According to a study, average influent concentrations of acetaminophen, carbamazepine,
erythromycin and sulfamethoxazole from different WWTPs are 38 ug/L, 1.20 pg/L, 1.80 ug/L and
0.92 pg/L, respectively. Additionally, average effluent concentrations of these pharmaceuticals from
WWTPs are 0.89 ng/L for acetaminophen, 1.04 pg/L for carbamazepine, 0.73 pg/L for erythromycin
and 0.28 ug/L for sulfamethoxazole (Verlicchi et al., 2012). According to other studies, the ranges of

these pharmaceuticals in some secondary effluents are given in Table 3.1.



Table 3.1. Range of selected pharmaceuticals in secondary effluents.

Micropollutant | Range in Secondary Effluents (ng/L) Reference
1.9 - 19 (Korea)
32 — 4300 (Spain)
25 — 4319 (Norway)
129 — 11733 (UK)
73 — 729 (Korea)

Kim and Zoh, 2016
Acetaminophen

Al-Kaf et al., 2017

Carbamazepine 1680 (Sweden) Kim and Zoh, 2016
10.8 — 163 (Japan)
182.7 (Sweden) Baresel et al., 2015
Erythromycin 1000 — 6000 (Germany)
1 — 838 (Canada) Schafhauser et al., 2018
9 — 353 (Italy)
Sulfamethoxazole 310 (USA) Kim and Zoh, 2016

3.8 — 407 (Korea)

Removal efficiencies for pharmaceuticals in WWTPs varied widely from less than 20% to more
than 90%. In some cases, even up to 99% removal was observed. While acetaminophen showed 90%
and higher removal, the removal efficiency of carbamazepine was about 20% or less (Thanh, 2018).
In another study, the removal of carbamazepine was studied with some other micropollutants
(diclofenac, gemfibrozil, ibuprofen, naproxen, atenolol, metoprolol, trimethoprim and triclosan) in
operating WWTPs in five EU countries. Results showed that carbamazepine was removed less than
10% (Paxéus, 2004).

In another research, the efficiency of a conventional wastewater treatment plant, including
physical removal, biological oxidation and disinfection, on removing pharmaceuticals and some other
micropollutants was investigated. The removal of 95 different micropollutants was studied. The
results showed that while the majority of targeted pharmaceuticals was removed at least 80%, there
were some persistent micropollutants such as desmethyl citalopram, phenytoin and carbamazepine.
It was stated that their physicochemical properties make these micropollutants resistant to degradation
in WWTPs. However, three micropollutants, paracetamol (acetaminophen), caffeine and salicylic
acid found initially at concentrations of 289.40 ug/L, 78.09 ug/L and 32.74 pg/L respectively in the
influent were not detected in the effluent which showed their total removal (Cardenas et al., 2016).

3.1.1. Regulations

A study published by The European Commission states that current European Union legislation

does not have specific provisions on micropollutants and further work is needed to address emerging

contaminants in the current revision of policy legislation packages. In 2022, a proposal for Urban



Wastewater Treatment Directive was published by the European Commission to provide
micropollutant removal. This proposal requires large WWTPs to add a fourth stage treatment process

by 2030 at the latest to remove at least 80% of certain micropollutants, especially pharmaceuticals.

In addition, The Water Framework Directive addresses micropollutants, but partially. It covers
a Watch List which is a system to monitor and control selected chemicals that pose an environmental
risk across river basins in the European Union. The first Watch List included 17 substances (mostly
hormones, insecticides, and antibiotics) that must be monitored at least once per year and in the last

update, two types of antibiotics (ciprofloxacin and amoxicillin) were added to the Watch List.

The full removal of micropollutants in water is currently not legally regulated in the European
Union, but some countries are developing regulations relating to this issue. For example, Switzerland
passed a law to reduce micropollutant loads from wastewater treatment plants serving at least 2000
people. The increased reuse of wastewater for irrigation strengthens the need to remove
micropollutants from treated wastewater, particularly in water-scarce countries. Furthermore,
countries like Germany, France and the Netherlands are regarding the reduction of micropollutants
in treated wastewater through additional treatments to the traditional treatment processes. Common
methods of these advanced treatments are ozonation, granular and powdered activated carbon (Bofill,
2023).

In Tiirkiye, there 1s no legislation or regulation limiting the discharge of micropollutants (Akkurt
& Oguz, 2019). The discharge standards are included in the Water Pollution Control Regulation (Su
Kirliligi Kontrol Yonetmeligi, 2020) and Urban Wastewater Treatment Regulation (Kentsel Atiksu
Aritim1 Yonetmeligi 2006). These regulations are mainly used to control conventional and collective
parameters such as Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD)

rather than micropollutants.

Within the current legislation, wastewater discharges do not control any micropollutants, such
as hormones, pharmaceuticals and nanomaterials. Additionally, in Surface Water Quality Regulation
(Yeristii Su Kalitesi Yonetmeligi, 2021) there is a list of specific pollutants that includes major
pesticides, but there are also pharmaceuticals. In this list, there is a quality standard for
sulfamethoxazole. Annual average environmental quality standard is specified as 5 pg/L and
maximum allowable environmental quality standard is specified as 50 pg/L for both rivers/lakes and
coastal and transitional waters. Otherwise, in the current situation there is no discharge standard for

organic micropollutants and it is clear that collective parameters BOD and COD cannot meet the need
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for control of micropollutants. For this reason, if treated wastewater is recycled and reused, exposure

to micropollutants may occur (Dogruel et al., 2022).

Pharmaceuticals and personal care products that cannot be fully removed in treatment plants
accumulate in soil and water. They threaten clean water resources. They are constantly transferred
from soil to plants, from plants to animals and humans. So the use of treated wastewater for irrigation
causes the accumulation of these micropollutants in soil. In Tiirkiye, there are some standards for the
use of treated wastewater as irrigation water in Circular on Technical Procedures for WWTPs (Atiksu
Aritma Tesisleri Teknik Usuller Tebligi, 2010). But, these limits were determined for parameters such
as salinity, heavy metals and conductivity. There is no legal limit for micropollutants on the use of

treated wastewater as irrigation water (Akkurt & Oguz, 2019).

3.2. Micropollutant Removal Methods

There are different methods used for removing micropollutants from water and wastewater. Some

of them are biological removal, ozonation, membrane filtration and activated carbon adsorption.

3.2.1. Biological Removal

In a biological system removal of micropollutants generally take place by biodegradation and

biosorption (sorption onto sludge). The details of these mechanisms are given in the next sections.

3.2.1.1. Biodegradation. The biodegradation potential of a micropollutant depends on its

physicochemical properties and solubility in the aqueous phase. A high solubility increases the
bioavailability to microorganisms. In addition, environmental conditions, such as lack of oxygen and
nutrients; the presence, type and activity of microorganisms also affect the biodegradation of
micropollutants. Biological removal of micropollutants may occur by three mechanisms: removal as

a primary substrate, removal as a secondary substrate or cometabolic removal.

In the removal as a primary substrate, the micropollutant often is removed by normal metabolism
where it is utilized as an energy and growth substrate. Biodegradation of the compound can take place
under aerobic, anoxic and anaerobic conditions. In the case of removal as a secondary substrate, if
the concentration of the micropollutant is very low, no net growth of biomass can take place using
this substrate. However, bacteria can still consume this substrate if there is another substrate at a high

concentration to support the growth of the existing population. In these cases, the substrate at the high
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concentration is defined as the primary substrate and the micropollutant at the low concentration
becomes the secondary substrate which also serves as a source of energy and carbon.

If a micropollutant is totally resistant to biodegradation under the specific condition, it can be
still removed by a mechanism called cometabolism. Cometabolism is the biological transformation
of a non-growth substrate by bacteria through enzymes which can only be induced in the presence of
a primary substrate providing energy for cell maintenance and growth. In cometabolic transformation,
bacteria cannot get energy and use the carbon benefit, so a growth substrate, such as easily
biodegradable compounds like glucose, must be supplied to the microorganism for the growth of new
cells. Cometabolic removal is often observed in the treatment of domestic, municipal and industrial
wastewaters (Cecen and Aktas, 2011).

The biodegradation of a pharmaceutical in a domestic wastewater usually follows first-order
kinetics due to the low concentration (Cegen, 2017). Accordingly, the first-order biodegradation rate
constant Kpiol i used in the expression of biodegradation rate. It is assumed that no substantial
biological degradation would take place if Kpioi<0.1 L.gsst.d 2. For 0.1 L.gss™.d <Kpioi<10 L.gsst.d*?
partial removal takes place by biological transformation. For kpio>10 L.gss™*.d?, more than 95%
removal can be expected for a compound, but the removal strongly depends on reactor configuration
as well as sludge recycle flow (Ternes and Joss, 2006). Also, another classification on the basis of
VSS indicates compounds as recalcitrant (Kpio <0.1 L.gvss.d™?) slowly biodegradable (0.1 L.gvss™.d"
! <kpioi<0.5 L.gvsst.d?), moderately biodegradable (0.5 L.gvss™.d <kpioi<1 L.gvss™.d*) and highly
biodegradable (koio>1 L.gvss™t.dY) (Fernandez-Fontaina et al., 2016). The first-order biodegradation

rate constant (Kuior) is calculated according to the following equation:

& — e_kbiol-Vss-t (31)

Co

1n§—i = —Kpiop. VSS. t (3.2)
0

where Cp is initial concentration (ug/L), Cj is final concentration (ug/L), kuiol IS the first-order
biodegradation rate constant, VSS is the mixed liquor volatile suspended solid (MLVSS)
concentration (mg/L) and t is the elapsed time in the batch reactor (day), respectively.

Gauthier et al. (2010) investigated the fate of pharmaceuticals known to be resistant to
biodegradation. For this purpose, glucose was added as a readily degradable carbon source for

studying the cometabolism of selected pharmaceuticals. It was observed that the difficult to degrade
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micropollutants can be biodegraded if there is an easily used carbon source in the medium.
Microorganisms were not able to grow if there were only pharmaceuticals available as the carbon
source. However, with the addition of glucose, the selected pharmaceuticals could be degraded if they
were contacted with the biomass for an enough period of time. It is reported that around 20% removal
of carbamazepine, sulfamethoxazole and sulfamethizole was observed with the cometabolism of
these micropollutants.

Similarly, the cometabolic removal of sulfamethoxazole was studied in activated sludge at bench
scale (Miiller et al., 2013). This study focused on both sulfamethoxazole cometabolism with acetate
and ammonium nitrate and when sulfamethoxazole utilization was present as the only carbon and
nitrogen source. Activated sludge was able to degrade sulfamethoxazole both as a carbon and/or
nitrogen source, but biodegradation was improved with the addition of acetate and ammonium nitrate
as readily degradable compounds, since they provided energy for heterotrophic biomass growth and
metabolic activity.

In another study, the biodegradation of 10 selected micropollutants, including diclofenac,
carbamazepine, ibuprofen, propyphenazone, etc. was studied by enriched nitrifier cultures in the
presence of different growth substrates and inhibitors. The enriched nitrifier culture showed higher
degradation of the selected pharmaceuticals than the conventional activated sludge (CAS). Also,
when ammonium and organic substrates were added, higher removal efficiencies of some
pharmaceuticals were observed. In addition, experiments with the addition of allylthiourea (ATU)
were carried out in order to inhibit nitrification. Results showed that there was only a partial
degradation of selected pharmaceuticals due to the activity of heterotrophic bacteria. It was concluded

that the removal of targeted pharmaceuticals was enhanced by nitrification (Tran et al., 2009).

3.2.1.2. Biosorption. Sorption onto sludge is another mechanism for biological removal of

micropollutants. The sorption potential of a pollutant onto sludge can be predicted based on its
octanol-water partition coefficient (Kow). High Kow values indicate less solubility of micropollutants
in water, resulting in high affinity to sludge. Generally, low sorption potential is indicated by log
Kow<2.5, whereas medium and high potentials are indicated by 2.5<log Kow<4 and log Kow>4,

respectively (Cecen and Aktas, 2011; Rogers, 1996).

In addition, in experimental studies with activated sludge, the solid-water partition coefficient Kq
can be used to express sorption. This value is dependent on the characteristic of the sludge and the

sorbing compound, so it may be a better indicator of sorption. For a compound under equilibrium
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conditions, the concentration sorbed onto sludge (Csored) IS assumed to be proportional to the

concentration in solution (Cdissolved):

Csorbed = Kq - SS . Cgissolved (33)

where Csormed is the sorbed concentration of compound (ug/L), Kq is the solid-water partition
coefficient (L/g SS), SS is the suspended solids concentration (g/L) and Cuissolved IS the dissolved
concentration of compound (ug/L). Although there is no strict limit, the removal by sorption onto
sludge in a WWTP is considered negligible if Kq < 0.500 L/g SS (Cegen and Giil, 2021; Ternes et al.,

2004). In that case, biodegradation may be considered as the main removal mechanism.

Although biological treatment methods have many advantages, they also have some limitations.
Even though high removal efficiencies can be obtained for a wide range of micropollutants, they are
not very effective in the total elimination of some compounds which are resistant, like carbamazepine
and benzothiazole (Matamoros et al., 2015). The studies showed that even if WWTPs remove more
than 90% of pharmaceuticals, very low concentrations of these are still being released into the
environment daily. These pharmaceuticals can accumulate with time resulting in a risk for both
environment and human health. As a conclusion, some other methods should be investigated to
remove the majority of pharmaceuticals from wastewater. Micropollutants can be potentially
removed from water and wastewater by different processes, such as ozonation, membrane processes

and sorption on activated carbon. These processes are reviewed in the next sections.

3.2.2. Ozonation

Ozonation is a method that is widely used in water treatment for disinfection, to eliminate odor
and taste and to remove inorganic materials. Nowadays, ozone has been tested for removing
pharmaceutical residues in water with the increased awareness of these harmful substances. It is
reported that ozonation is a promising method for reducing pharmaceutical concentrations in full-
scale WWTPs with high efficiencies (Hollender et al., 2009; Thanh, 2018).

Sui et al. (2010) investigated the application of ozone after ultrafiltration as tertiary treatment of
secondary effluent in a WWTP. Results showed that ozonation is an effective method to remove most
of the pharmaceuticals including carbamazepine, diclofenac, trimethoprim, etc. When the ozone
dosage was 5 mg/L at 15-minute contact time; carbamazepine, diclofenac, sulpiride, indomethacin

and trimethoprim were significantly eliminated by more than 95%. Gerrity et al. (2011) stated that
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the application of ozone with H2O> can eliminate some targeted micropollutants with high removal
rates including carbamazepine, ibuprofen, diclofenac, fluoxetine. According to this study, average
secondary effluent concentrations of carbamazepine and sulfamethoxazole were 180 (+10) ng/L and
443 (£172) ng/L, respectively. Results showed that the average removal of these pharmaceuticals

after Os/H20, were >99% for carbamazepine and 98% for sulfamethoxazole.

Besides the high effectiveness of ozonation on pharmaceutical removal, this method has some
disadvantages. The production of ozone is an energy intensive process and its application is costly.
An ozone treatment system may increase the energy consumption of a conventional WWTP by 40-
50% (Ahmed et al., 2017). In addition, there is a formation of some by-products during ozonation. It
is reported that potentially carcinogenic compounds such as N-nitro-sodimethylamine (NDMA) and
bromate may be formed during the application of ozone. These by-products are generally at low
concentrations, but they may reduce the water quality (Ahmed et al., 2017; Hollender et al., 2009;
Luo, et al, 2014; Thanh, 2018).

3.2.3. Membrane Processes

Membrane processes are also used for removing micropollutants from drinking water and
wastewater. Generally, removal of micropollutants takes place by adsorption onto membrane.
Microfiltration (MF) and ultrafiltration (UF) are effective for removing turbidity in treatment
systems, but they are not as effective in eliminating micropollutants because of their sizes. So, these
processes are not used alone because of the poor performance. They should be used in combination
with some other methods like nanofiltration (NF) and reverse osmosis (RO) (Nas et al., 2017). In a
study, the combination of MF/RO as tertiary treatment was used to remove micropollutants from
secondary effluent of a WWTP. Results showed that this method is very effective and all the targeted
micropollutants except caffeine were totally removed. In addition, more than 90% removal of
carbamazepine was achieved with this system (Sui et al., 2010).

In another study, removal of pharmaceuticals and endocrine disrupting compounds from
secondary municipal WWTP by an UF pressure-vessel skid was evaluated. It was seen that this UF
system was not very effective in eliminating selected compounds. For example, while influent
concentrations of acetaminophen, carbamazepine, erythromycin and sulfamethoxazole were 18, 191,
289 and 66 ng/L, respectively; the effluent concentrations from UF pilot testing were 17, 161, 245
and 63 ng/L for these pharmaceuticals, respectively. These results showed that there was almost no

removal of these micropollutants. In the same study, removal of some micropollutants in a membrane
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bioreactor (MBR) system using primary WWTP effluent as feed water was also investigated. Results
of the research showed that some compounds were effectively removed, for example carbamazepine
was reduced from 281 ng/L to less than 10 ng/L and erythromycin was reduced from 800 ng/L to 34
ng/L (Snyder et al., 2007).

Removal of some micropollutants, including diclofenac, ibuprofen, carbamazepine, diazepam,
sulfamethoxazole in a pilot-scale membrane bioreactor was compared to conventional activated
sludge plants. It is reported that carbamazepine was not removed during the wastewater treatment and
the effluent concentrations were in the range of influent concentrations. This compound was also not
removed in the MBR. Moreover, compounds including ibuprofen and sulfamethoxazole showed a
removal potential both in conventional activated sludge and MBR. The results showed that these
compounds could be degraded during wastewater treatment and there is a slight difference in the
effluent concentrations between conventional WWTPs and MBRs. However, it was concluded that
MBRs are more advantageous than conventional activated sludge systems, because lower effluent
concentrations of micropollutants could be obtained from these systems (Clara et al, 2005). On the

other hand, MBRs have a disadvantage which is the high energy and operational costs.

3.2.4. Adsorption on Activated Carbon

Adsorption on activated carbon is another micropollutant removal method. Adsorption is
considered to be an important phenomenon in most natural physical, chemical and biological
processes. Adsorption is the accumulation or concentration of substances at a surface or interface.
The adsorbent is the adsorbing phase and the adsorbate is the material being adsorbed. Adsorption
can occur between two phases: gas—liquid, gas—solid, liquid—solid or liquid- liquid interfaces. In the

case of activated carbon adsorption, the adsorbing phase is a solid.

In most types of wastewater and water treatment practice, there are two driving forces that result
in the adsorption of a solute from a solution onto a solid phase. The first one is the solvent disliking
(lyophobic) character of a solute. The solubility of a dissolved substance is the most important factor
for the intensity of adsorption. A hydrophilic substance tends to stay in the water, so it is less
adsorbable on a solid phase. Contrary to this, a hydrophobic substance tends to be adsorbed and does
not stay in water. Complex contaminants like humic acids have both hydrophilic and hydrophobic
groups, so while the hydrophilic part of the molecule tends to stay in the solution, the hydrophobic

part is adsorbed. The second driving force is the affinity of the solute for the solid. It is due to electrical



16

attraction of the solute to the solid and this adsorption type may occur as a result of van der Waals

attraction or chemical interaction with the adsorbent (Cecen and Aktas, 2011).

Adsorption can be classified as chemical adsorption and physical adsorption. In chemical
adsorption, a chemical reaction occurs between the adsorbed solute and the solid. There is an
exchange of electrons between specific surface sites and solute molecules which result in a chemical
bond. Chemical adsorption is generally predominant at high temperatures. This type of reaction rarely
occurs in wastewater and water treatment. However, physical adsorption generally occurs in the
treatment of water and wastewater. It is due to van der Waals’ forces and is a reversible process.
When the molecular forces of attraction between the adsorbent and the solute are greater than the
forces of attraction between the solvent and the solute, the solute will be adsorbed onto the surface of
adsorbent materials. Exchange of electrons does not occur in physical adsorption. The physically
adsorbed molecule is free to move within the interface due to less strong attachment to a specific site
compared to chemical adsorption (Cegen and Aktas, 2011; Hung et al, 2005).

The chemical and physical adsorption interact together in adsorption. Adsorption of organic
molecules exhibit a large range of binding energies. Higher energies are associated with chemical
adsorption, whereas lower energies are associated with physical adsorption. As a result, it is usually
difficult to differentiate between chemical and physical adsorption in wastewater treatment aiming

the removal of organic pollutants (Cegen and Aktas, 2011).

3.2.4.1. Factors affecting adsorption. There are many factors that affect the adsorption process. Some

of them are surface area of the adsorbent, physical and chemical characteristics of the adsorbate, pH
and temperature. Generally, liquid-phase adsorption of organic pollutants by activated carbon is
increased with decreasing pH. The degree of this effect may change due to the characteristic of
wastewater and activation technique of the activated carbon. In addition, the extent of adsorption
usually increases with decreasing temperature, because the adsorption reactions are exothermic
(Cegen and Aktas, 2011).

3.2.4.2. Adsorption equilibrium and adsorption isotherms. The adsorption isotherm represents the

distribution of the adsorbed material between the solution phase and the adsorbed phase at
equilibrium. The adsorption isotherm gives the information on the adsorption process and it is a
functional expression for the variation of adsorption with concentration of adsorbate in bulk liquid at
constant temperature (Equation 3.4). Here, Ce is the concentration in the liquid phase, q is the amount

adsorbed, and T is the temperature.
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Figure 3.2 shows the adsorption isotherm curves. Generally, if its shape is convex upward an

isotherm is favorable. If it is concave upward, the isotherm is unfavorable. Any point on an isotherm

curve gives the adsorption capacity at a particular equilibrium concentration.

Favorable

Linear

Unfavorable

Ce

Figure 3.2. Adsorption isotherm curves (Adapted from Cecen and Aktas, 2011).

Adsorption isotherms are described in many mathematical forms. Some of them are based on a
simplified physical picture of adsorption, and others are purely empirical and intended to correlate
the experimental data in simple equations. The most widely used mathematical expressions of
adsorption equilibrium are the Freundlich and Langmuir isotherms (Crittenden et al. 2012; Cegen and
Aktas, 2011).

The Freundlich isotherm is commonly employed to describe the adsorption of molecules onto
activated carbon. It offers insights into the correlation between the concentration of the adsorbate
(molecules being adsorbed) in the liquid phase and the amount of adsorbate adsorbed onto the surface.
The Freundlich isotherm is an empirical equation that describes heterogeneous adsorption onto
surfaces with non-uniform energies. The equation and the linearized form are expressed as in

Equation 3.5 and Equation 3.6, respectively:

de = X/M =K.C? (3.5)
log q. = logK + n.log C, (3.6)

where ge is the adsorption capacity of activated carbon (mg of substance adsorbed/g activated carbon),
X is the adsorbed amount (mg), M is weight of activated carbon (mg), Ce is the equilibrium

concentration of the adsorbate (mg/L), K is Freundlich exponent and n is Freundlich slope.
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The K value is an indicator of adsorption capacity and it shows the strength of adsorption. Higher
K value indicates higher adsorbent loading that can be achieved. The adsorption intensity (n) is shown
by the slope of the adsorption isotherm curve. When n value is lower, the isotherm shape becomes
more concave. An increase in activated carbon dose is more effective at low n values than in the case

of steeper isotherm curves with high n values (Cegen and Aktas, 2011; Worch, 2012).

In addition, the theoretical Langmuir equation is also used as an adsorption isotherm. Although
this equation generally does not describe adsorption data as accurately as the Freundlich equation, it
introduced a clear concept of the monomolecular adsorption on energetically homogeneous surfaces.
In Langmuir isotherm, adsorbents are supposed to contain fixed individual sites and each site adsorbs
only one molecule, forming a monolayer. In contrast to Freundlich equation, the constants in the
Langmuir equation have a strictly defined physical meaning. The equation and the linearized form
are expressed as in Equation 3.7 and Equation 3.8, respectively. By using Equation 3.8, b and Qmax

can be calculated from the slope and intercept (Cecen and Aktag, 2011):

__ Qmax bCe
Qe = “abey) 3.7)
1 1 1 1
e )
Je Omax b .gmax Ce ( )

where gmax IS the maximum solute adsorbed per unit weight of adsorbent in forming a complete

monolayer on the surface (mg/g) and b is Langmuir adsorption constant (L/mg).
Upon these two isotherms, the Freundlich isotherm is widely used for defining the adsorption
from aqueous solutions, especially adsorption on activated carbon. It is a kind of standard equation

for describing adsorption processes in water treatment (Worch, 2012).

3.2.4.3. Transport mechanisms. In an adsorption system, equilibrium is built between the adsorbate

and the adsorbent. The adsorption kinetics is defined by the rate of approach to equilibrium. The rate

of adsorption is generally limited by different transport mechanisms shown in Figure 3.3.

The first transport mechanism is advection. In this process, adsorbates must be first transported
from the bulk solution to the liquid film (the boundary layer of water) surrounding the activated

carbon particle. This transport may occur through diffusion (Cegen and Aktas, 2011).
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There is a liquid film or external film that surrounds the adsorbent particles. Mass transport
through this layer occurs by molecular diffusion. The film or external diffusion consists of the
transport of the adsorbate from the bulk liquid to the external surface of the adsorbent particle. The
rate of this diffusion depends on the hydrodynamic properties of the system (Cegen and Aktas, 2011;
Worch, 2012).

The other transport mechanism is internal (intraparticle) diffusion. It involves the transfer of
adsorbate from the surface of a particle like the activated carbon to sites in the particle. It depends on
the size and pore structure of the particle, but is independent of the hydrodynamic properties of the
system. There are two types of internal diffusion, namely pore diffusion and surface diffusion. The
surface diffusion is usually assumed to be the dominant internal transport mechanism (Cegen and
Aktag, 2011).

Liquid film Intraparticle
' diffusion diffusion

+—>

. 'ln(rapamcle Surface
diffusion and diffusion
adsorption | 4

Bulk liquid '
H '
Pore
diffusion
Adsorbate | Activated
----------- e e o
carbon

Figure 3.3. Internal and external transport of an adsorbate in an activated carbon particle (Adapted
from Cegen and Aktas, 2011).

In surface diffusion, the mass transfer occurs in the internal surface of the adsorbent particle. In
this model, the adsorbent is considered a homogenous medium and the adsorption equilibrium is
assumed to exist only at the outer surface of the adsorbent particle. If the film diffusion is very fast,
surface diffusion limits the adsorption rate. The surface diffusion coefficient decreases with

increasing adsorption strength according to the transport mechanism. For activated carbon, the typical
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range of surface diffusion coefficients is found between 101! m?/s for small molecules and 107° m?/s

for larger molecules such as humic substances.

In addition to surface diffusion, the adsorbate transport within the adsorbent particles can also
take place in the pore liquid. This diffusion is called pore diffusion. In contrast to surface diffusion,
the adsorption equilibrium has to be considered at each point of the pore system. In general, it is
assumed that there is a local equilibrium between the pore fluid concentration and the solid-phase
concentration. The typical range of pore diffusion coefficients are expected to be in the range of 107°
m?/s to 108 m?/s for small- and medium-size molecules. The mass transfer within the adsorbent

particle occurs generally by pore diffusion and surface diffusion in parallel (Worch, 2012).

3.3. Activated Carbon

Activated carbon is the most widely used adsorbent in water, municipal wastewater and industrial
wastewater treatment. The ability to adsorb a wide variety of organic compounds and its economic
feasibility make activated carbon the most preferable. In water treatment, it is used to remove organic
compounds that cause odor, taste and color. In advanced wastewater and industrial treatment, it is
used to remove toxic organic compounds. It is generally used in the granular form in the carbon

adsorption column application in water and wastewater purification (Hung et al, 2005).

Activated carbon is a porous carbon material with high adsorption capacity because of its high
surface area (between 500 and 1500 m?/g). Due to this, the amount of material adsorbed is potentially
very large. The total surface available for adsorption of solute includes the external surface of the
particles and the surfaces of pores. The pore surface area is much larger than the external surface area
of the particles. So adsorption occurs on the pores’ surfaces mostly. The ratio of the total surface area
to the mass of activated carbon is very large. As a result, activated carbon adsorption can be used in
a tertiary treatment process for the removal of organic pollutants from the secondary effluent of
biological wastewater treatment systems (Cecen and Aktas, 2011; Hung et al, 2005; Junpirom, 2006).

Activated carbon can be prepared by a one-step chemical activation with inorganic chemicals
such as potassium hydroxide, zinc chloride and phosphoric acid or by a two-step physical activation
with oxidizing gases such as steam or carbon dioxide. It can be produced from many different
carbonaceous materials, such as coal, lignite, wood, coconut shell and some polymers (Junpirom,
2006; Cegen, 2024).
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3.3.1. Types of Activated Carbon

Activated carbon is mainly in the form of powdered activated carbon (PAC) and granular
activated carbon (GAC). PAC is generally produced from wood in the form of sawdust and its average
particle size is in the range of 15-25 um. It is applied for the treatment of both wastewater and drinking
water. In wastewater treatment, it may be added to activated sludge or contacted with wastewater in

separate unit.

GAC is generally in the form of crushed granules of shell or coal and has sizes ranging from 0.2
to 5 mm. It is designated by mesh sizes like 8/20, 20/40 or 8/30 for liquid phase applications and 4/6,
4/8 or 4/10 for vapor phase applications. For liquid phase applications 12/42 mesh are advantageous.
GAC filters are widely used for drinking water, groundwater and wastewater purification and removal
of toxic organic compounds. In some GAC applications, a microbiological film may form on the
particles. As a result, biological removal of contaminants is combined with GAC adsorption. The new
material is called as biological activated carbon (BAC) (Cecen and Aktas, 2011).

3.3.2. Granular Activated Carbon Adsorbers

GAC adsorbers can be used for tertiary treatment of municipal and industrial wastewaters to

adsorb organic molecules that are not removed in biological treatment. Figure 3.4 shows use of GAC

in tertiary treatment of wastewaters.
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Figure 3.4. Use of GAC in tertiary treatment of wastewaters (Adapted from Cegen and Aktas,
2011).

In a carbon adsorption system, the operation conditions such as flow rate and contact time, the
properties of activated carbon and mode of operation must be taken into consideration. Additionally,
in sizing of GAC columns, the following factors are mainly important: the empty-bed contact time
(EBCT), the hydraulic loading rate and the carbon depth. The explanations and equations of the
important parameters are given in Table 3.2.

Table 3.2. Important parameters for GAC column operation.

Parameter Definition Equation
The theoretical residence time in EBCT=Ve/Q
Emp_ty Bed Contact the filter in the absence of packing | Vg: volume of the GAC bed
Time (EBCT) . .
media. Q: flow rate

The velocity of liquid in an empty
bed with a cross sectional area
corresponding to the hydraulic

loading rate (HLR).

VE=Q/A
Filter Velocities
A: cross-sectional area of bed

The water volume which passes VL=Q.tr
Throughput Volume through the reactor during the
filter operation time. te: filter operation time

The normalization of throughput BV =t/ EBCT
volume to the carbon bed volume.
The mass of activated carbon CUR =Mogac / Q . tok
required per unit volume of water | Mgac: mass of GAC in the column
treated until breakthrough. thk: time to breakthrough

Bed Volume (BV)

Carbon Usage Rate
(CUR)
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3.3.2.1. Mass Transfer Zone (MTZ) and Breakthrough Curves. As the water or wastewater flows

down in a GAC adsorber, pollutants are removed by adsorption and this process takes place in a zone
called the mass transfer zone (MTZ). As the operation of a GAC adsorber continues, MTZ moves to
the end of the adsorber. The adsorbate appears in the adsorber outflow for the first time when the
MTZ reaches the end of the adsorber and that time is called as breakthrough time. After the
breakthrough time, the concentration in the outflow increases due to the adsorption progress in the
MTZ. During that time there is a decrease in the remaining adsorbent capacity. If the whole MTZ has
left the adsorber, the outflow concentration equals the inlet concentration. At that point, all particles
on the adsorbent are saturated and there is no more adsorption. The concentration versus time curve
is called as the breakthrough curve (BTC) (Worch, 2012). The definition of breakthrough is arbitrary.
In practice, breakthrough is defined as the effluent concentration reaching either 5% of influent
concentration or the required effluent quality. Saturation is generally defined as Ce = 0.95xCo (Hung
et al, 2005). The MTZ and the breakthrough curve are shown schematically in Figure 3.5 (Worch,
2012).

R N S
/
R R

Real BTC
cleg

Real breakthrough time

N

Time i r"//
—_—

| Ideal BTC

w
Ideal breakthrough time

Figure 3.5. The MTZ through the adsorber bed and the BTC (Worch, 2012).

If single solutes are of interest, the prediction of breakthrough profiles is relatively easy ina GAC
adsorber. However, it is not the case in real situations when multiple substances are removed from
water or wastewater. In that condition, competition takes place for adsorption sites on activated

carbon. If the adsorption is the only mechanism for removal, the breakthrough curve shape is affected



24

by the presence of compounds of different adsorbability. In the presence of multiple substances,
individual MTZs for all components occur, which travel with different velocities through the
adsorbent bed. As a result, displacement processes take place leading to quite different breakthrough

behavior in comparison to single-solute adsorption (Cegen and Aktas, 2011; Worch, 2012).

3.3.3. Biological Activated Carbon Adsorbers

GAC applications can remove many adsorbable organic and inorganic compounds, but non-
adsorbable contaminants cannot be eliminated. On the other hand, these pollutants can be removed
by biological processes. So, the combination of both processes is seen as a solution for pollution

prevention (Hung et al, 2005).

When activated carbon was initially introduced for tertiary treatment of industrial or municipal
wastewaters, the main focus was the adsorption of pollutants on this material. However, it has been
realized that in some applications when GAC adsorbers were receiving secondary effluents, a
microbiological film formed on the particles. As a consequence of biological activity, GAC adsorbers
were converted into biofilm (attached-growth) reactors as time passes. The new material is called as
biological activated carbon (BAC) (Cecen and Aktas, 2011).

Organic material in the wastewater is degraded by microorganisms attached to GAC media and
partially adsorbed by GAC. As the microorganisms grow during the process, the thickness of the
layer increases. The pores of GAC are also progressively saturated by the target organic contaminants
during adsorption process (Hung et al, 2005). Figure 3.6 shows the processes occurring in BAC

systems.
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Figure 3.6. Processes on GAC media and change in substrate concentration from the bulk liquid to
the GAC surface (Cegen and Aktas, 2011).

In BAC adsorbers the breakthrough curves are different from GAC adsorbers. In a GAC adsorber
the breakthrough profile is determined by adsorption mechanisms only. The effluent concentration
increases sharply with respect to time during the operation as the capacity of adsorption is decreased.
Similarly, in BAC systems, adsorption is the dominant mechanism in the initial phases. As time
passes, biological activity leads to the formation of a biofilm. Accordingly, lower concentrations can
be achieved in the effluent compared to a GAC system. Finally, the adsorption capacity is completely
exhausted and the BAC adsorber functions as a biofilm reactor only (Cecen and Aktas, 2011). The
breakthrough curve profiles in GAC and BAC are shown in Figure 3.7.
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Figure 3.7. Breakthrough curves in the case of GAC and BAC adsorbers (Cecen and Aktas, 2011).

3.3.4. Removal of Micropollutants by Activated Carbon

Removal of micropollutants from wastewater by activated carbon was investigated in many
studies. In a study, pharmaceutical removal in effluents from three WWTP was investigated. The aim
was to achieve 95% removal of selected micropollutants in a Swedish WWTP through adsorption
onto activated carbon and to compare the performance of PAC and GAC. Results showed that
activated carbon is an efficient method to remove pharmaceuticals from WWTP effluents. 95%
removal was achieved for almost all the targeted micropollutants including carbamazepine. It is stated
that there is 95% removal in the use of PAC with applying the dose of 15-20 mg/L, and more than
90% removal in the use of GAC for all tested micropollutants (Karelid et al., 2017).

In another study, effluents from four different WWTPs were treated with PAC and ozone to
compare removal efficiencies of targeted micropollutants including carbamazepine, diclofenac,
sulfamethoxazole, etc. It is reported that diclofenac and carbamazepine were removed more than 90%
at 20 mg/L PAC and 5-7 mg/L ozone dosage, while higher PAC dosages (up to 40-50 mg/L) were
necessary to remove sulfamethoxazole, primidone, iomeprol and benzotriazole by 90%. Both
treatment techniques were suitable to eliminate the targeted micropollutants with suitable dosages.
For instance, higher dosages and longer contact times were required for removing sulfamethoxazole

with PAC treatment, while it was easily removed with ozonation (Altmann et al., 2017).
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In another study, a full-scale GAC system was used to remove steroidal estrogens and
pharmaceuticals from the WWTP effluent. Results of the research showed that there was more than
43% to 64% reduction in the removal of steroidal estrogens. Additionally, many of the targeted
pharmaceuticals, such as mebeverine, were removed between 84-99%. However, it is stated that some
of the pharmaceuticals including carbamazepine and propranolol had removal efficiencies of 17-23%.
It is said that removal of some organic micropollutants with GAC-based technology is less efficient,

because adsorption sites become saturated as time passes (Grover et al., 2011).

As mentioned before, a microbiological film may form on GAC filters and they are converted
to BAC as time passes. These BAC systems are also used to remove the micropollutants from water
and wastewater. For example, in a study the objective was to investigate the BAC performance in
removing pharmaceuticals from drinking water. The results showed that the concentration of almost
all pharmaceuticals including carbamazepine, paracetamol (acetaminophen) and sulfamethoxazole
were decreased below 0.01 pg/L by BAC, except for erythromycin and gabapentin. The
biodegradability and hydrophobicity of pharmaceuticals were the main properties which affected
their removal in BAC systems. The biodegradability is determined according to the biological rate of
constant (kniot). The water-octanol partition coefficient (log Kow) is widely used as an indicator of
hydrophobicity. Hence, the low kpioi and low Kow of erythromycin might be the reason for the low
removal in BAC. Likewise, the high kpior Of acetaminophen (58-80 L.gss™d™?) indicates its high
removal in a BAC process (Nugroho et al., 2010).

Moreover, the removal of some micropollutants by BAC media was investigated in another
study. The role of biodegradation, adsorption and physicochemical properties of selected
micropollutants, including acetaminophen, carbamazepine, erythromycin, sulfamethoxazole and
other compounds, was evaluated in order to understand their removal during the BAC process. For
this purpose, GAC, BAC and inhibited BAC (BAC + sodium azide) reactors were used. Sodium azide
was used to inhibit the biomass activity and discriminate between adsorption and biodegradation in
BAC. Itis reported that GAC was very effective in the removal of selected micropollutants. However,
the GAC performance decreased due to accumulation of effluent organic matter and microbial
colonization as expected. Additionally, results showed that there was a reduction (more than 60%) in
the concentrations of selected micropollutants after BAC process. Although compounds such as
carbamazepine, diclofenac and sulfamethoxazole are known as resistant to biological transformation,
this study showed that they were removed to a great extent by the BAC. Moreover, it is stated that
removal of some compounds including sulfamethoxazole, hydrochlorothiazide, ibuprofen, diclofenac

and erythromycin was negatively affected when the biomass in BAC was inhibited which indicated
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that their removal was enhanced by the action of the microbial biomass in BAC systems. It was
concluded that the combination of biodegradation and adsorption is advantageous in removing

micropollutants from wastewater (Rattier et al., 2012a).

Overall, adsorption on activated carbon has many advantages in removing micropollutants:

e There is no production of toxic or pharmaceutically active products along the adsorption
process.
The operation of activated carbon system is less complicated.

e Activated carbon is environmentally friendly. It can be produced from recycling materials
(biomass residues, coconut husk, etc.).

e High removal rates of different micropollutants from wastewater were seen in several
studies (Thanh, 2018).

Use of activated carbon in the removal of micropollutants from water and wastewater is a
common method all over the world. But it may be difficult to study in full-scale experiments, because
of time and resource concerns. So, a rapid test method was developed in order to overcome the

problems in experiments. Further information about this method is given in the next sections.

3.4. Rapid Small Scale Column Tests (RSSCTSs)

Rapid Small Scale Column Test (RSSCT) was developed as an alternative test technique to time-
consuming and costly pilot-plant studies (Crittenden et al., 1986). It is a very quick method for
designing a large-scale adsorbent column from small-scale column experiments. It can be used to
replicate a pilot-scale test column study for Empty Bed Contact Time (EBCT). In pilot-scale columns
it takes a long time to reach a breakthrough curve, but in RSSCTs the breakthrough can be achieved

in a very short time, like in hours or days (Poddar et al., 2013).

The RSSCTs rely on a dynamically-scaled physical model of full-scale GAC adsorbers. Some
scaling equations are used to proportion the column length and diameter, flow rate and GAC particle
size. In a RSSCT, it is possible to obtain data in a much shorter time than pilot-scale test due to
smaller EBCT. The EBCT is proportional to the amount of GAC that is available for the adsorption.
With the less available GAC amount in RSSC than in pilot-scale, the adsorption capacity of GAC is
reduced proportionally. As a result, the breakthrough curve is “compressed” in time, for example it

may be observed in about one week, while it may last 10 weeks in a pilot plant (DiGiano et al., 1999).
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The main idea to use the specifically designed small columns for studying the breakthrough
behavior is that the operational conditions in the small-scale column give the same situation in the
large-scale fixed-bed adsorber. The downscaling equations were derived from mass transfer models
to make certain that the effect of different mass transfer processes is equal in both scales. The
breakthrough curves identified in small-scale columns can then be used as the source for adsorber

design.

The major advantages of RSSCT are as follows:

(i) the RSSCT may be carried out in a shorter time (days) compared to a pilot-scale study
(months) and it requires a smaller volume of water because the breakthrough can be obtained faster,
(ii) extensive isotherm or Kinetic studies are not required to predict the full-scale performance (Worch,
2012).

Mass transfer accelerates as the boundary layer around the GAC particles is increased by
increasing the hydraulic load in the rapid small-scale columns. In rapid small-scale column tests,
diameters of GAC, which is used in pilot-scale, are greatly reduced by grinding. In the design of
RSSCT, a pilot-scale activated carbon column is reduced to a small scale by using some mathematical
correlations given in Table 3.3. According to the equations, for example when the GAC particle size
is reduced to one-tenth of the pilot-scale and x is generally taken as zero, EBCT is reduced to one-
hundredth. Therefore, these filters work at very low EBCTs. As a result, very small columns are used
in RSSCTs (Reinert, 2013).



Table 3.3. Basic mathematical equations used for RSSCT design (Reinert, 2013).
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Parameter Equation Relationship
Provides initial basis for
Scaling d e bench scale design
factor (SF) SF = [dp—] dependence on  GAC
p.5C particle diameters (dp)
o ] Ospnceof i
(D) Dge = [d ILC] Dy = [SF]™ Dy diffusivity on particle size
i
Empty bed contact time is
Ergg;;:chfd , related to the size of GAC in
T EBCTsc _ [dp.sc] . [ﬁ} each adsorber and the
(EBCT) EBCT,: |dpic D dependence of intraparticle
diffusivity on particle size
Provides relationship
between scaling factor,
Design EBCT,. d s 2-x y y (_empty k_Jed gonta}ct_ time,
Factor (DF) = l l = [t—] = [SF]*"= = DE | intraparticle diffusivity, and
EBCTic  [dpuc fic times (t) to run the large
column and small column

The most important point here is to provide a similitude between pilot-scale and small-scale
columns by performing dimension analysis. If similarity is ideal, the RSSCT that uses a smaller
adsorbent particle size compared to the pilot-scale adsorber, will have identical breakthrough as the
pilot-scale process. Thus, it is possible to simulate pilot-scale performance by using different rapid
small-scale columns. It is important that hydraulic loading and EBCT are selected appropriately in
RSSCTs (Crittenden et al, 1986; Crittenden et al., 1991).

For example, when in pilot-scale experiments the column height is 74 cm, column diameter is
7.62 cm, GAC particle size is 1 mm, and in RSSCTs these parameters are 7.8 cm, 0.7 cm and 0.106
mm, respectively. Thus, while experiments continue for 7 months in order to reach breakthrough, it
takes 22 days in RSSCTs (Reinert, 2013). By making the particle diameter of GAC smaller in small-
scale columns than full-scale adsorber, in the small-scale column, the EBCT can be reduced. So, a

smaller time is needed to reach breakthrough (DiGiano et al., 1999).

In a research, the feasibility of the RSSCT method for testing GAC in removing micropollutants
from WWTP was investigated. For this purpose, effluent from a WWTP in Berlin/Germany was used
in rapid small-scale columns. Results showed that the RSSCT system was applicable for testing GAC

performance in removing micropollutants from WWTP effluent. RSSCTs’ reproducibility and
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robustness were satisfying for the experimental set-up used within this study. It is stated that RSSCTs
can be used for comparing the performances of different GACs on removing micropollutants from
WWTP effluents. Also, the performances of larger filters can be predicted using this rapid small-scale

column method (Zietzschmann et al., 2014).

Overall, it is stated that the use of small-scale columns is very useful for the prediction of full-
scale GAC columns. There are many advantages of using this method: it assesses the adsorption
capacity and kinetics, has low capital and operational costs, etc. The small-scale columns can also be
used to test different GACs before pilot testing. This will decrease the costs of pilot-scale systems
(Crittenden et al., 1991).

According to the literature and the given information, RSSCTs have many advantages compared

to the pilot-scale tests. So, this method was used for the experiments within the scope of this study.

3.5. Software Models for Simulating the RSSCTs

Several mathematical models can be used to simulate the adsorption behavior. Adsorption
Design Software (AdDesignS™) developed by the National Center for Clean Industrial and
Treatment Technologies at Michigan Technological University is a software model that provides
evaluation and design systems which use granular activated carbon for the removal of contaminants
from drinking water and wastewater. It consists of both equilibrium and mass transfer models, which
can be used to simulate gas- and liquid-phase multicomponent adsorption in fixed bed adsorbers.
There are three models in this software, namely the equilibrium column model (ECM), the constant
pattern homogeneous surface diffusion model (CPHSDM), and the pore surface diffusion model
(PSDM). These models can be used separately or in combination to provide the desired simulation

depending upon the selected application.

The ECM is an adsorption model that ignores mass transfer resistance, uses ldeal Adsorbed
Solution Theory (IAST) to predict the competitive adsorption effects in multi-component mixtures.
The ECM can be used to determine the elution order of the adsorbing compounds, the highest carbon
usage rate in multicomponent mixtures, and the highest effluent concentrations due to competitive

adsorption.

The CPHSDM is an adsorption model for a single compound which is a favorably adsorbed

compound (n<1). In situations where more than one component is present, ECM calculations can first
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be performed to reduce the multicomponent system to a single target compound. Then, CPHSDM
calculations can be performed with the target compound to obtain an estimate of the adsorbent usage
rate. These types of calculations can be used for the early design stages to assess the cost effectiveness

of using adsorption processes.

The PSDM is a dynamic fixed-bed model that includes the following assumptions:
e Flow rate is constant,
e Plug-flow conditions exist in the bed,
e Intraparticle mass flux is described by surface and pore diffusion,
e The Freundlich isotherm equation represents the adsorption equilibrium of individual
compounds,

e There are no interactions between adsorbing compounds during the diffusion process.

Adsorption calculations using this model require equilibrium and kinetic parameters combined
with several physical properties of the adsorbent and the adsorbing compound(s). PSDM requires
much more calculation time than the two previous models but it results in breakthrough curves for

each compound (Mertz et al., 1999).

The PSDM was used within the scope of this study for simulating the results of the experiments.
This model was defined as an effective and useful method to simulate adsorption systems in different
situations (Hand et al., 1997; Magnuson and Speth, 2005; Hristovski et al., 2008). By considering
both surface and pore diffusion, the PSDM is referred as the most inclusive mass transfer model
(Hand et al., 1997). This model in AdDesignS was also used for the simulation of adsorption in
different studies. It was used to predict individual and competitive GAC column runs (Bausk, 2015;
Patterson et al., 2019; Putz, 2004; Reinert, 2013; Stewart, 2011). Figure 3.8 shows the AdDesign
software window where different parameters such as component properties (adsorption kinetics and
equilibrium isotherm values), adsorber data (bed length, bed diameter, bed mass, flowrate, EBCT,

etc) and adsorbent data (apparent density, particle radius, etc.) can be entered as inputs.
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Figure 3.8. AdDesignS software window.

This model also calculates the film diffusion coefficient according to the Gnielinski correlation,
the surface diffusion coefficient according to the Sontheimer correlation and the pore diffusion
coefficient according to Hayduk and Laudie correlation for diffusion coefficient (Mertz et al., 1999).

Equations are presented in Table 3.4.
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Table 3.4. Equations of correlations for mass transfer coefficients (Mertz et al., 1999).

Correlations

Equation

Gnielinski
correlation for
film diffusion
coefficient (kr)

f

141501
oo L (

—¢)| D,

dp

[2 + 0.644Re'/2Sc?/3]

Sontheimer
correlation for
surface
diffusion
coefficient (Ds)

DL sp CO

TppaqO

x SPDFR

Hayduk and
Laudie
correlation for
diffusion
coefficient for
pore diffusion
coefficient (Dp)

L=

_ 13.26x 10°5
1

Dy,
Tp

Dy

1.14 y70.589
L Vb

dp: adsorbent particle
diameter

Dv: adsorbate liquid phase
diffusivity

€: bed void fraction

Re: Reynolds number
Sc: Schmidt number

€p: porosity of the carbon
Co: initial inlet
concentration

Tp: adsorbent tortuosity
pa: apparent adsorbent
density

qo: solid phase
concentration in equilibrium
Mﬂﬂ]Co

SPDFR: Surface to Pore
Diffusion Flux Ratio

Vb: molar volume of the
chemical at the normal
boiling point

uL: water viscosity

Besides, dimensionless parameters are also calculated by the model. Some of these

dimensionless parameters are Stanton number, Surface Biot nhumber, Pore Biot number, Surface

Diffusivity Modulus (Eds) and Pore Diffusivity Modulus (Edp). These values can be used to identify

which mass transfer mechanism is controlling the adsorption process (Mertz et al., 1999). The

equations of these parameters are presented in Table 3.5.
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Table 3.5. Equations of dimensionless parameters (Crittenden et al. 2012; Worch, 2012).

Parameter Equation
Stanton number (St) St = ket (1~ &) ke: film mass transfer coeff.
ksbrpc t:: residence time
r . .
Surface Biot number Bi= —2° en: bed porosity
Dsppdo rp: particle radius
ket s .
Pore Biot number Bi= P Co: |n|t.|a}l cpncentra‘Flon
Dp qo: equilibrium loading related
Solute distribution D — JoPb to the initial concentration, Co
parameter (Dy) & Cogp pp: particle density
Surface diffusivity L Ds: surface diff. coeff.
Modulus (Eds) 1 Dp: pore diff. coeff.
Pore diffusivity | . _ Dptr(1—ep)ep | P Bed density
Modulus (Ed,). p= 2 e ep: Particle porosity

The Stanton number (St), and the diffusion modulus (Ed) describe the rate of the respective mass
transfer process (film or surface/pore diffusion) compared to the rate of advection. The dimensionless
Biot number (Bi) characterizes the relative influence of the external and internal mass transfer on the
overall mass transfer rate and equals to St/Ed. Since film diffusion and surface diffusion are sequent
processes, the slower process determines the overall kinetics. When Biot number is high, the film
mass transfer becomes faster compared to the intraparticle mass transfer. In general, intraparticle
mass transfer controls the adsorption rate at Bi>50, and film diffusion controls the adsorption rate at
Bi<0.5. Both mechanisms are significant for the overall adsorption rate in the intermediate range

(Worch, 2012). The value of these dimensionless groups can also be shown by the following equation:

St = Bis x Edg = Bi, x Ed,, (3.9)

For example, if St is equal to 30, Eds isto 1 and Edpis to 0.1, it can be said that Bis (Surface Biot
number) is 30 and the intraparticle diffusion mechanism is the controlling mechanism. Also, it can
be concluded that the surface diffusion is 10 times faster than the pore diffusion and is the controlling
diffusion mechanism inside the particle since these transport mechanisms act in parallel (Mertz et al.,
1999).

For fitting the model data to experimental results, different methods were used in studies. Some
of them were changing the isotherm parameter K, setting the n value the same for all components or
varying the diffusion coefficient parameters. The purpose is to obtain the best fit of breakthrough

curve from the model to the experimental results (Patterson et al., 2019; Putz, 2004; Reinert, 2013).
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This method was used within the scope of this study to simulate the column experiments with GAC
and the details were given in Materials and Methods section and results were presented in Results

and Discussion section.

3.6. Grinding of Granular Activated Carbon for Application in RSSCTs

As mentioned before, GAC generally has a particle size of 0.2 — 5 mm. In order to use it in
RSSCTs, the particle size should be smaller. Therefore, granular activated carbon is generally ground

to desired sizes before use by different methods.

One of the methods used for grinding is using a mortar and pestle. In a study, the activated carbon
samples that had different particle sizes were crushed using a mortar and pestle and then dry sieved
by 63 um sieve in order to obtain approximately 60 um particle size. The schematic view of the

method is given in Figure 3.9 (Shkal et al., 2018).

Figure 3.9. Schematic view of GAC grinding with a mortar and pestle.

In another study, three types of granular activated carbon samples with particle sizes ranging
from 0.595 mm to 1.68 mm were first crushed by using a coffee grinder for few seconds and then
crushed by using a mortar and pestle. After that it was wet sieved with deionized water through the
mesh 140x170 which means the particle size ranges from 0.105 mm to 0.088 mm. Finally, the sample
that had desired particle size was collected and stored (Ashani, 2017). The apparatus used for grinding

procedure is given in Figure 3.10.
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Figure 3.10. Apparutus used for grinding of GAC samples.

A Hamilton Beach blender is also used for grinding GAC particles. In a study, the GAC sample
was ground for 20 seconds and it was sized using a sieve shaker. It is reported that the remaining part
that was bigger than the desired range was ground for an additional 20 seconds and sieved again.
Then, the particles were collected and stored in polypropylene bottles for use in future analyses (Patni
et al., 2008).

The continuation of grinding until the desired particle size is also mentioned in another study.
Two different kinds of GAC were used in analyses. For RSSCTs, GAC samples were crushed into
smaller particle sizes and sieving was carried out with an electric sieve shaker. In the procedure a
small volume of carbon was crushed using a ceramic mortar and pestle and the carbon was transferred
to the top-most sieve periodically and the sieve cover was installed. Then, the sieve shaker was
allowed to shake for 5-7 minutes. GAC remaining on the top sieve was returned to the mortar, ground
again and the process was repeated. GAC retained in the desired size range was collected and stored
in a desiccator for further experiments (Mastropole, 2011).

Although the mortar and pestle method and grinding with a blender are widely used for granular
activated carbon grinding, there is a possibility of not having spherical shapes of activated carbon

with these procedures. So, using a ball mill is another method that can be used.

SPEX Shaker Mill is one of the milling equipments. In this type of mill, about 10-20 gram of
powder can be ground at a time. This device has a vial that contains the sample and the grinding
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media, which is secured in the clamp and swung energetically back and forth several thousand times
a minute. The back-and-forth shaking motion is combined with lateral movements of the ends of the
vial. The milling media contains hard, spherical objects called “milling balls” and with each swing of
the vial they impact against each other, both milling and mixing at the same time. Since the speed of
the clamp motion is about 1200 rpm and ball velocities are high, on the order of 5 m/s, the force of
the ball’s impact is generally great. The most common design of this type of mill has two vials milling
the powders simultaneously in order to increase the throughput. There are various types of vial
materials, such as hardened steel, zirconia, stainless steel, alumina, plastic, etc. There are researches
of grinding different kinds of materials with these SPEX type mills (De Castro and Mitchell, 2002).
The SPEX 8000D Mixer/Mill and stainless steel vial set are shown in Figure 3.11 and Figure 3.12,
respectively. SPEX 8000D Mixer/Mill was used for grinding GAC particles in this study.

Figure 3.11. SPEX 8000D Mixer/Mill.

2008

Figure 3.12. SPEX stainless steel vial set for SPEX 8000D Mill.



39

3.7. Analysis of Micropollutants

Analysis of emerging contaminants is difficult because of the diversity of chemical properties of
compounds, their low concentrations (generally at pg/L or ng/L levels) and the complexity of
matrices. There are different methods for analysis of different types of emerging contaminants, but
LC-MS and GC-MS methods mainly in combination with solid-phase extraction (SPE) are being
developed for the analysis of pharmaceuticals. Generally, GC and LC are used for separation and MS
is used for detection widely. GC-MS analysis usually requires an additional derivatization because of
the low volatility of pharmaceuticals, so sample preparation becomes time consuming and the

possibility of contamination and errors increase.

In addition, some compounds, such as carbamazepine, decompose during GC analysis.
Consequently, LC-MS and LC-MS/MS methods are used widely. The studies showed that LC-
MS/MS can be used for assaying polar pharmaceuticals and their metabolites. Moreover, it is stated
that the limits of detection achieved with LC-MS/MS methods were slightly higher than those
obtained with GC-MS methods. But, LC-MS methodology showed advantages in terms of versatility
and sample preparation is less complicated (Petrovic et al., 2003).

LC-MS/MS is claimed as a powerful analytical tool which is capable of screening samples for
numerous compounds. It is able to analyze polar, non-polar and thermally labile compounds without
extensive and time consuming sample preparation. Multiple Reaction Monitoring (MRM) is used
because of its excellent selectivity, sensitivity and speed. Advanced software tools such as Scheduled
MRM™ algorithm uses information of retention times to optimize automatically the MRM dwell
time of each transition and total cycle time of the experiment resulting in highest data quality. To
increase the confidence level in analytical results, QTRAP technology is used to acquire
automatically fast and sensitive MS/MS spectra in Enhanced Product lon (EP1) mode and to make
search against mass spectral libraries for compound identification. As a result, the information of the
complete molecular fingerprint saved into EPI spectra reduces the risk of false positive results
(Latawiec and Schreiber, 2014; Schreiber, 2012).

In a study, a number of pharmaceuticals and personal care products (PPCP) were determined in
surface waters by using LC-MS/MS. Water samples were injected into the LC-MS/MS directly to
quantify the compounds at ng/L levels. MRM was used on an AB SCIEX QTRAP® 4500 system.
Reproducibility and accuracy were increased by employing Scheduled MRM™ algorithm to

maximize dwell times for each analyte. The method that was used provided very low detection limits
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of common pharmaceuticals and personal care products. Limit of detection (LOD) in ng/L range was
achieved even in the absence of any extensive sample preparation. It is stated that the large sample
injection procedure provides an effective mechanism to monitor surface waters and drinking water
for PPCP (Latawiec and Schreiber, 2014).

In this thesis study, for the analysis of selected micropollutants, LC-MS/MS method was used.

The details of the method are given in the Materials and Methods Section.
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4. MATERIALS AND METHODS

4.1. Estimation of Biodegradation Potential of Pharmaceuticals by BIOWIN Models

4.1.1. BIOWIN Models

Biodegradation is the major removal mechanism for most organics found in WWTPs. It depends
on many factors such as molecular structure and environmental conditions. In a biological treatment
unit, the main point is to estimate the biodegradation potential and biodegradation rate of a substance.
Due to the complexity of this problem, some models have been developed to predict biodegradation.
For example, BIOWIN models have been suggested as a screening tool to obtain information about
the biodegradability of a vast number of substances found in water or wastewater. BIOWIN models
belong to the EPI (Estimation Programs Interface) Suite (US EPA, 2012). EPI Suite™ is a Windows®-
based program which provides users the estimates of physical/chemical and environmental fate
properties. BIOWIN estimation tools consist of seven models. Six of them predict the rate of aerobic
biodegradation of a chemical in the presence of mixed microbial populations (Dimitrov et al., 2007
Balakrishnan et al., 2020).

The values obtained from these models stand either for biodegradability or indicate the time
required for biodegradation. In BIOWIN1 and BIOWINZ, the biodegradation rates are expressed as
“fast biodegradation/does not biodegrade fast”. On the other hand, BIOWIN3 and BIOWIN4 indicate
the time required for ultimate and primary biodegradation, respectively. Primary biodegradation
refers to the transformation of a parent compound to an initial metabolite. Ultimate biodegradation
refers to the transformation of a parent compound to water, carbon dioxide, mineral oxides of any
other elements present in the test compound, and new cell material. Also, BIOWIN5 and BIOWING6
yield values standing for biodegradation rate. They classify compounds as “rapidly/not rapidly”
biodegradable. These two models base on the Japanese MITI (Ministry of International Trade and
Industry) ready biodegradation test. These models also use an approach similar to BIOWIN1 and
BIOWIN2 (Dimitrov et al., 2007; Riicker and Kiimmerer, 2012). More detailed information about
the BIOWIN models can be found in a previous study (Cegen and Giil, 2021).
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4.1.2. BIOWIN Estimations in This Study

The biodegradation potential of 27 pharmaceuticals, which includes the pharmaceuticals chosen
for this thesis study (ACT, CBZ, ERY and SMX), from four different drug classes under aerobic
conditions was investigated. The first criterion in the selection of a pharmaceutical was its occurrence
ina WWTP. A pharmaceutical with a high consumption rate is very likely to be found at a relatively
high concentration in domestic wastewater. Another selection criterion was the octanol-water
distribution coefficient (log Kow). The log Kow can be regarded as an indirect indication of the sorption
capacity to biological sludge. As mentioned earlier, according to a classification, low, medium and
high sorption potential is indicated by log Kow<2.5, 2.5< log Kow<4 and log Kow>4, respectively
(Rogers, 1996). In the present study pharmaceuticals with log Kow<4 were selected. Due to the
relatively lower sorption to sludge, a higher fraction of them would stay in liquid phase and be found
at a relatively high concentration in secondary effluents unless sufficiently removed by
biodegradation. In addition to these pharmaceuticals, three pharmaceuticals, namely diclofenac,
azithromycin and glibenclamide, were selected from the group having log Kow>4 in order to study

the behavior of highly sorbing pharmaceuticals.

First, theoretical biodegradability of pharmaceuticals was searched using the BIOWIN models
of the Estimation Programs Interface Suite. Then, the results were compared with experimental data
from the literature. In evaluation of experimental results, biodegradation rates (Knio) and biosorption

of pharmaceuticals (log Kq) were considered.

Moreover, the BIOWIN results of acetaminophen, carbamazepine, erythromycin and
sulfamethoxazole were compared with the biodegradation experiments carried out in this study. The
outputs of the BIOWIN models 1-6 for the selected pharmaceuticals are given in the “Results and

Discussion” section.

4.2. Selection of Micropollutants

In the scope of this study, 4 micropollutants: acetaminophen (ACT), carbamazepine (CBZ),
erythromycin (ERY) and sulfamethoxazole (SMX) have been chosen for experimental studies. These
micropollutants were chosen according to their octanol-water distribution coefficients (log Kow).
Micropollutants which have lower log Kow adsorb to biological sludge less compared to more
hydrophobic pollutants (log Kow > 4). As a result, they are present at high concentrations in the

effluent of secondary settling tanks. Moreover, pKa (—log10Ka) is another property. Ka is the acid
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dissociation constant of a solution. The pKa value indicates the strength of an acid and the lower pKa
values show that the acid dissociates more in water. The properties of these micropollutants are given
in Table 4.1.

Table 4.1. Properties of selected micropollutants.

Micropollutant Subgroup Cf:gfrrnnllﬁgl weil\gillf ((:;/Iri:)l) log Kow pKa
Acetaminophen | Analgesic; anti- |\ 151.165 0.46 9.38
inflammatory ' ' '
Carbamazepine Antiepileptic C1sH12N20 236.274 2.45 13.60
Erythromycin Antibiotic Cs7He7NO13 733.937 3.06 8.86
Sulfamethoxazole | Antibiotic | CioHuN3OsS | 253.276 0.89 %*f(alz = % f;;
a2 — 9.

4.3. Operation of Activated Sludge Reactors

One of the aims of this study was to investigate the biodegradation of selected pharmaceuticals.
A pharmaceutical may be removed as a primary substrate by normal metabolism. In that case it serves
as an energy- and growth substrate. On the other hand, if its concentration is very low, no net growth
of biomass can take place. However, bacteria can still consume it in the presence of another substrate
at a high concentration supporting the growth of the existing population. In this case, the substrate at
the high concentration is defined as the primary substrate whereas the pharmaceutical becomes the
secondary substrate. If a pharmaceutical is totally resistant to biodegradation under the specific redox
condition, it can still be removed by another mechanism called cometabolism which is the biological
transformation of a non-growth substrate by bacteria through enzymes which can only be induced in
the presence of a primary substrate (Cegen and Aktas, 2011; Kili¢ and Cegen, 2023). This is most
likely to happen in the presence of high nitrification activity at high sludge retention times during
biological treatment. Furthermore, micropollutants can also be removed through heterotrophic

cometabolism in an environment where organic matter is present.

For the purpose of investigating the biodegradation of pharmaceuticals, 5 L of concentrated
activated sludge was taken from the recycle line of the Pasakdy Advanced Biological Wastewater
Treatment Plant. Then, an activated sludge reactor (R1) having a volume of 4 L was started up in
December 2022 and since then operated as a semi-continuously fed batch (SCFB) reactor. It was an
operation that simulates the continuous-flow operation in batch type reactors. This reactor was fed

with Feed 1 which represents a domestic wastewater which has a C/N ratio of 10. The daily loading


https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C8H9NO2&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C37H67NO13&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C10H11N3O3S&sort=mw&sort_dir=asc
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rate is around 500 mg COD/L.day and 50 mg TKN/L.day. Daily 1/20 of the sludge was wasted from
the reactor to have a sludge age of 20 days.

Additionally, in March 2023 another reactor (R2) was started up with the sludge taken from R1.
It was also operated as a SCFB reactor. The feed of this reactor (Feed 2) consisted only of inorganic
compounds and did not contain any organic carbon. It was rich in terms of ammonium sulfate for
enhancement of nitrifying bacteria in R2. The aim was to investigate the biodegradation of
pharmaceuticals in the presence of nitrification. The compositions of Feed 1 and Feed 2 are presented
in Table 4.2.

Table 4.2. Composition of stock Feed 1 and stock Feed 2.

Feed 1 Feed 2
Compounds - -
Concentration (mg/L) | Concentration (mg/L)
D(+)-anhydrous glucose 5600 -
Organics | Sodium acetate trihydrate 8000 -
Peptone water 2000 -
Ammonium sulphate 4000 4714
Sodium bicarbonate 2250 12000
Di-potassium hydrogen 1000 1000
phosphate
Potassium dihydrogen
Inorganics phosphate 1000 1000
Magnesium sulphate 1000 1000
Manganese (1) sulfate o5 o5
monohydrate
Calcium sulphate dihydrate 500 500
Iron sulfate heptahydrate 343 343

In these two activated sludge rectors shown in Figure 4.1., Chemical Oxygen Demand (COD)
(in R1) and NH4-N (in R2), removal efficiencies and physical conditions, such as pH and temperature
were monitored. For this purpose, regularly COD, NH4-N, Mixed-Liquor Suspended Solids (MLSS),
Mixed-Liquor Volatile Suspended Solids (MLVSS) and pH measurements were done. The
information about the operation of the reactors is presented in detail in Appendix A. The sludges
taken from these reactors were used to investigate the biodegradation potential of the selected
pharmaceuticals shown in Table 4.1.
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Figure 4.1. Activated sludge reactors (R1 and R2).

4.4. Biosorption of Pharmaceuticals by Activated Sludge

Biological removal may occur by biosorption of a pollutant or biodegradation by activated
sludge. Within the scope of this study, biosorption of pharmaceuticals by activated sludge was
investigated. Experiments were carried out in a total volume of 500 mL with R1 and R2 sludge (500
mg/L VSS) and selected pharmaceuticals (initial concentration of each one was 200 pg/L). 300 mg/L
sodium azide (NaNs) was also added in order to inhibit biodegradation. This way it would be possible
to differentiate biosorption and biodegradation. Duration of the experiments was 15 days. Samples

were taken at the beginning and at the end of the experiments. Figure 4.2 shows the experimental set.

Figure 4.2. The experimental set of biosorption experiment.
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4.5. Biodegradation of Pharmaceuticals

4.5.1. Short-term Biodegradation Experiments

In this part, biodegradation kinetics of pharmaceuticals was studied. Experiments were carried
out with R1 sludge and a mixture of the 4 selected pharmaceuticals (initial concentration of each one
was 200 pg/L) in order to understand the biodegradation mechanisms. Erlenmeyer flasks were placed
in an orbital shaker at 120 rpm and were kept a temperature of 25°C. The experiments were carried
out with a total volume of 200 mL, at different activated sludge concentrations (20-500 mg/L). Figure
4.3 shows an example of a set of an experiment. Kinetic experiments were performed at the original
pH of samples without the addition of a buffer. In order to monitor the pharmaceutical concentrations,
samples were taken periodically during the experiments. The first experiment was carried out for 30
hours with only the mixture of pharmaceuticals and R1 sludge. The second experiment was carried
out for 10 days with the addition of the synthetic secondary effluent for the purpose of investigating

the biodegradation potential of pharmaceuticals in the presence of organic substances.

Figure 4.3. A set of a biodegradation experiment.

4.5.2. Long-term Biodegradation Experiments

In this part, biodegradation potential of the 4 selected pharmaceuticals in two types of activated
sludge was investigated in a long term. Experiments were carried out in a total volume of 500 mL
with R1 and R2 sludge (500 mg/L VSS) and with a mixture of pharmaceuticals (initial concentration
of each one was 200 pg/L) for 49 days. These sludge samples from R1 and R2 were also continuously
fed with Feed 1 and Feed 2 (Table 4.2), respectively. The purpose was to investigate the removal
mechanisms (primary, secondary, cometabolic substrate, etc.) of micropollutants. It is known that
generally in the presence of nitrification, cometabolic removal may occur. So, R2 sludge which was
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enriched in terms of nitrifiers was used in order to observe the effect of nitrification on biodegradation
of pharmaceuticals.

An experiment was also carried out with R1 sludge and a mixture of pharmaceuticals (200 pg/L
of each) in the presence of 11.6 mg/L N-Allylthiourea (ATU) in order to inhibit the nitrification
activity. During the experiment, R1 sludge was continuously fed with Feed 1. The purpose was to

observe the removal of pharmaceuticals under heterotrophic activity only.

Additionally, experiments were carried out in a long term with individual pharmaceuticals
(initial concentration of each one was 200 pg/L) and activated sludge samples (500 mg/L VSS) taken

from R1 and R2 reactors.
4.6. Adsorption Experiments
4.6.1. Selection of Granular Activated Carbon
According to the properties of selected micropollutants, different kinds of granular activated
carbons were searched and it was decided to use a coal-based activated carbon. Norit GAC 1240AF
was suggested by Cabot considering the purpose of this study and it was selected for experiments.
500 g Norit GAC 1240AF sample was sent free of charge by the company. The properties of Norit

GAC 1240AF activated carbon are given in Table 4.3.

Table 4.3. Properties of the granular activated carbon.

Activation Type Steam activation
lodine Number (mg/g) min. 1000
Particle size > 12 mesh (1.70 mm) max. 5 mass-%
Particle size < 40 mesh (0.425 mm) max. 5 mass-%
Total Surface Area (B.E.T.) 1100 m?/g
Mesopore Surface Area (Smeso) 170 m?/g (Sampaio et al., 2022)
Micropore Volume (Vmicro) 0.36 cm®/g (Sampaio et al., 2022)
Specific Pore Volume (Vp) 0.54 cm®/g (Sampaio et al., 2022)
Methylene Blue Adsorption 22
Apparent Density 470 kg/m?®
Density, backwashed and drained 415 kg/m?®
Moisture max. 5%
pH Alkaline
pHezc 7.6




48

4.6.2. Granular Activated Carbon Grinding

The particle size of selected GAC is around 1 mm. In order to use it in the rapid small scale
column tests (RSSCTs), it should be ground into smaller sizes. Grinding process was carried out at
the Istanbul Technical University Chemical and Metallurgical Engineering Faculty Metallurgical and
Materials Engineering Laboratories. Since the scale factor was selected as 1/10, the desired particle

size should be around 0.1 mm which is 100 pm.

Since there were Norit C Gran and Norit PKDA granular activated carbon samples from previous
studies, these samples were used for optimization of the experiments. The grinding procedure was
carried out in two steps. Firstly, the granular activated carbon was ground using SPEX type ball mill
(Mixer/Mill 8000D) and then it was sieved by using Retch sieve shaker with different mesh sizes.
Ball mill and sieve shaker are shown in Figure 4.4 and Figure 4.5, respectively. The ball mill was run
with two vessels which contained alcohol for 15 minutes in order to clean the vessels before each run.

Figure 4.4. 8000D Mixer/Mill used for grinding GAC particles.
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Figure 4.5. Retsch sieve shaker used for sieving GAC particles.

Different amounts of GAC and grinding balls were used in order to reach the desired particle
size. For example, 4 g GAC and 24 g grinding balls were weighed and put in a vessel. The GAC and
grinding balls that were weighed are shown in Figure 4.6. Two vessels were prepared for one run.
Then, the vessels were put into the Ball Mill and run for 15 minutes at 1200 rpm. After that, GAC
was separated from grinding balls and put in the sieve shaker which had different mesh size sieves
for 10 minutes. The parts remaining on the different mesh size sieves were observed. As a result of
several experiments, 10 g GAC grinding with 15 g grinding ball in Ball Mill for 4 minutes and 15
minutes in sieve shaker was decided as the grinding method.

Figure 4.6. GAC and grinding balls.
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After the method was optimized, Norit GAC 1240 AF was ground. The original particle size of
this GAC is around 1 mm and the desired particle size is 0.1 mm (100 pm). Firstly, the vessels were
filled with alcohol and put into the Spex type Ball Mill. The ball mill was run for 15 minutes in order
to clean the vessels. After that 10 g GAC and 15 g grinding ball were weighed and put in a vessel.
Two vessels were prepared for one run and put in the ball mill for 4 minutes. Then, the GAC was
separated from grinding balls and put in the sieve shaker which had four sieves with 71 pm, 100 pm,
125 pm and 150 pm mesh size. After 15 minutes, remaining GAC between 100 um and 125 pm
sieves was collected for further use in the experiments. The remaining parts of GAC on 125 um and
150 um sieves were separately collected and ground again in order to reach the desired particle size.
Finally, all samples which have the particle size range between 100 um and 125 um were put in a
bottle and stored for the next experiments. The GAC samples after sieving and final sample are shown

in Figure 4.7 and Figure 4.8, respectively.

Figure 4.8. Final GAC sample (particle size between 100 um and 125 pm).
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4.6.3. Preparation of Synthetic Secondary Effluent

In this study, a synthetic secondary wastewater which represents the secondary effluent of a
WWTP was prepared in order to carry out the experiments in a controlled environment. Also, since
a high volume of water was needed for the experiments, it was not possible to take real effluent
samples from a WWTP continuously. The synthetic secondary effluent contains low amounts of
organic substrates and different types of inorganic substrates. The composition and the

characterization of this wastewater are presented in Table 4.4 and Table 4.5, respectively.

Table 4.4. Composition of synthetic secondary effluent.

Compounds Concentration (mg/L)
Beef extract 1.8
Peptone 2.7
Humic acid 4.2
Tannic acid 4.2
(Sodium) lignin sulfonate 2.4
Sodium lauryle sulphate 0.94
Acacia gum powder 4.7
Ammonium sulfate ((NH4)>SO4) 7.1

Monopotassium phosphate (KH2PO4) 7

Ammonium bicarbonate (NHsHCO3) 19.8
Magnesium Sulfate Trihydrate (MgS0..3H20) 0.71

Table 4.5. Characterization of synthetic secondary effluent.

Parameter Value

DOC (mg/L) 6.01£1.9

NHs-N (mg/L) 4.6+0.21
UVass (1/cm) 0.171+0.008
Soluble UV2s4 (1/cm) 0.144+0.002
UV2go (1/cm) 0.155+0.008
Soluble UV2g (1/cm) 0.130+0.002
Colorsss (1/cm) 0.030+0.002
Soluble Colorszs (1/cm) 0.021+0.001

pH 6.94

4.6.4. Real Secondary Wastewater

In one case, 5 L of effluent from the Pasakdy Advanced Biological Wastewater Treatment Plant
was taken in order to characterize and compare it with the synthetic secondary effluent prepared in

this study. Table 4.6 shows the characterization of the real secondary effluent.
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The concentrations of pharmaceuticals in the real effluent showed that ACT, ERY and SMX
were lower than the average concentrations given in Table 3.1, whereas CBZ concentration was
similar. On the other hand, all pharmaceuticals were found at lower concentrations in this real effluent

compared to another study (Verlicchi et al., 2012).

Table 4.6. Real secondary effluent characterization.

Parameter Value
DOC (mg/L) 7.9+1
COD (mg/L) 28.9+7
NH4-N (mg/L) 0.27+0.05
pH 6.74
UV2s4 (1/cm) 0.206+0.04
Soluble UV2s4 (1/cm) 0.164+0.006
UV2go (1/cm) 0.165+0.035
Soluble UVgo (1/cm) 0.126+0.006
Colorazs (1/cm) 0.034+0.019
Soluble Colorszs (1/cm) 0.014
Temperature (°C) 19.2
Acetaminophen (ug/L) 0.009
Carbamazepine (ug/L) 0.524
Erythromycin (ug/L) 0.118
Sulfamethoxazole (ug/L) 0.056

4.6.5. Kinetic Experiments

4.6.5.1. Kinetic Experiments with the Synthetic Wastewater and GAC. Kinetic experiments were

carried out in completely mixed batch reactors with synthetic secondary effluent and at different
ground and original (non-ground) GAC doses in order to determine the time for adsorption to reach
equilibrium (the balance between the GAC and liquid phase). In secondary effluent, there is
background organic matter and this causes a competition between micropollutants and background
organic matter. So, the experiments were carried out first with only background organic matter
(synthetic secondary effluent) at 120 rpm and 25°C. The volume was 200 mL. pH was not adjusted
at the beginning of experiments. pH of the synthetic wastewater was between 6.9 and 7.7. Figure 4.9
shows an example of a set of a kinetic experiment. During the experiments, bulk organic matter
concentrations were monitored by measuring dissolved organic carbon (DOC) in all flasks hourly.
Additionally, UVa2s4, UV2g0 and Colorazs of samples were also measured hourly for comparison. These
parameters were chosen because of their ease of measurement and they represent aromatic and

unsaturated organic compounds, lignin-derived compounds and color, respectively.
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Figure 4.9. A set of a kinetic experiment.

4.6.5.2. Kinetic Experiments with Micropollutants and GAC. Kinetic experiments with a mixture of

micropollutants in deionized water and different GAC doses were also carried out. Initial
concentrations of 4 pharmaceuticals (ACT, CBZ, ERY and SMX) in the mixture were 1000 ug/L.
The experiments were carried out at 120 rpm and 25°C. The volume was 200 mL. Samples were taken
hourly and filtered through 0.22 um hydrophilic PTFE filters. Then, 0.8 mL MS-grade MeOH and
0.1 mL Internal Standard (100 pg/L methyl-d3-triphenylphosphonium iodide) were added to the vials.

4.6.6. Isotherm Experiments

After the equilibrium times were determined, isotherm experiments were carried out under the
same conditions with synthetic secondary effluent at different ground and original (non-ground) GAC
doses. The samples were taken at the beginning and at the equilibrium times (for example at 24" or
120" hour). DOC, COD, UV2s4, UV2g0, and Colorazs of samples were measured.

Additionally, isotherm experiments were carried out with pharmaceuticals in deionized water at
different ground GAC doses. Isotherms were constructed a) with single pharmaceuticals in the
presence of ground GAC, b) with a mixture of pharmaceuticals in the presence of ground GAC and
c¢) with a mixture of pharmaceuticals in the presence of synthetic secondary effluent and ground GAC.
Initial concentrations of pharmaceuticals were 1000 pug/L and GAC concentrations were 100, 200,
500, 750, 1000, 1500 and 2000 mg/L. The experiments were carried out for 24 hours with ground
GAC at 120 rpm and 25°C. The liquid volume was 200 mL. Samples were taken at the beginning and

at the end of the experiments for the analyses.

Moreover, another isotherm experiment (t=24 hours) was also carried out with the mixture of
pharmaceuticals and the real secondary effluent from the Pasakoy WWTP in order to observe the

competition between micropollutants and background organic matter. Also, the results were
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compared to the experiment with synthetic secondary effluent and the mixture of pharmaceuticals.
GAC doses were 100, 200, 500, 750, 1000, 1500 and 2000 mg/L and the volume was 200 mL in all

chambers. Samples were taken at the beginning and at the end of the experiment for the analyses.

4.7. Rapid Small-Scale Column Tests (RSSCTSs)

A primary objective of this study was to investigate the removal of selected pharmaceuticals by
adsorption onto granular activated carbon (GAC) in rapid small-scale columns. For this purpose,
columns have been prepared with an inner diameter of 1 cm. The total length of columns was 10 cm,
whereas 2 cm of them were filled with GAC. The rest of the column was filled with cotton and glass

beads. A schematic diagram of a rapid small-scale column is shown in Figure 4.10.
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Figure 4.10. A schematic diagram of a small-scale column.

Figure 4.11 shows on the left the set-up for the Rapid/Small-Scale Column Tests (RSSCT) and

on the right the column itself.
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Figure 4.11. RSSCT set-up (left) and the small-scale GAC column (right).

The experiments were carried out with both original and ground GAC in order to make a
comparison. Calculations were made according to the equations in Table 3.3 as mentioned before.

Table 4.7 shows the operation conditions for RSSCTs with original and ground GAC.

Table 4.7. Operation conditions for RSSCTs.

GAC used in RSSCTs | Particle size (mm) | EBCT (min) | Flow rate (mL/min)
Original GAC 1 20 0.078
Ground GAC 0.1 0.20 7.85

The columns were fed with synthetic secondary effluent and/or a mixture of pharmaceuticals
according to the purpose of different experiments. Samples were taken from the outflow for either

the measurement of UV parameters and DOC or the analyses of pharmaceuticals.

4.7.1. RSSCTs with Biofilm

One of the aims of this study was to investigate whether Biological Activated Carbon (BAC)
columns could be operated to observe both adsorption and biodegradation of selected
micropollutants. As mentioned before, a microbiological film may form on GAC filters and they turn
into BAC as time passes. This process combines the carbon adsorption and biological activity. Since
empty-bed contact time (EBCT) is very small in GAC columns (0.20 minutes) there was no time for
conversion of GAC to BAC filter. So, a known amount of ground GAC was contacted with an
activated sludge sample (200 mg/L VSS) taken from the R1 reactor in an Erlenmeyer flask for 15
days. Synthetic domestic wastewater was added as a feed. After that, the column was filled with this

GAC sample. Then a mixture of micropollutants (initial concentrations were all 200 pg/L) and
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synthetic secondary effluent was fed to the column for 4 hours and 8 hours in two experimental sets.
Samples were taken regularly for measuring pharmaceutical concentrations, UV2s4, UV2g0, Col0ra3s

and DOC parameters during the experiment.

4.7.2. RSSCTs with Individual Pharmaceuticals

Two RSSCTs were carried out with CBZ and SMX in order to investigate the removal of
individual pharmaceuticals by adsorption onto GAC. The columns were prepared as described in the
previous section (Section 4.7). The initial concentrations of CBZ and SMX were 1000 pg/L and the
duration of the experiments were 76 hours. Samples were taken regularly from the outflow of the

column for the analyses of pharmaceuticals.

4.7.3. Tracer Test

A tracer test at 25°C was carried out to estimate the dispersivity parameters of the small-scale
column used in the experiments. NaCl was used as the tracer. A GAC column was prepared as
described before (Section 4.7). At the beginning the column was fed with deionized water for
saturation, then 1 g/L NaCl was fed to the column. Samples were taken every two minutes and
conductivity was measured by using WTW LF 320 Conductiviy Meter. When the NaCl concentration
was equal to the initial concentration, the column was fed again with deionized water until the
conductivity was approximately zero. The duration of the experiment was 120 minutes. The
experimental data were compared with the following equation of 1-D advection-dispersion:

Ckxt) = % [erfc (;i;%) + exp (;—i) erfc (2)71;’_;)] (4.1)

where Co is influent concentration [M/L®], V is velocity [L/T], Dx is longitudinal dispersion
coefficient [L?/T], x is length in the direction of flow [L], t is time [T]. The dispersion coefficient was
determined such that the root mean square error of the sum of the squares difference between the
predicted and measured effluent concentrations is minimum. Also, for calculations time that tracer

spent in the inlet and outlet tubing was taken into consideration.
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4.8. Use of a Mathematical Model for Simulating RSSCTs

The simulation model AdDesignS™ was used to obtain breakthrough curves fitting the
experimental results from RSSCTs and simulate the tests for longer time periods. The PSDM model
was used within the scope of this study as mentioned before. Firstly, properties of pharmaceuticals,
isotherm parameters from batch experiments, properties of activated carbon and column parameters
were used as inputs to obtain breakthrough curves. Then, for calibrating the model, isotherm
parameters (n values) and film diffusion coefficients were modified. For film diffusion coefficients
values from 0.002 cm/s to 0.2 cm/s were tried in different runs. The change in n values of
pharmaceuticals was 10%. The purpose was to obtain the best fit of breakthrough curves. After that,
additional column tests were run for longer time periods to obtain the full breakthrough (C/Co=1) and

observe the adsorption behavior of pharmaceuticals.

4.9. Adsorption and Biodegradation Experiments in Batch Reactors with Individual

Pharmaceuticals

The purpose of this step was to investigate the synergistic effect of granular activated carbon
(GAC) and activated sludge on the removal of pharmaceuticals. For this purpose, two
pharmaceuticals, namely carbamazepine (CBZ) and sulfamethoxazole (SMX) were chosen according
to their biodegradation and adsorption potential in previous experiments. The experiments showed
that these pharmaceuticals were slowly biodegraded by activated sludge and moderately adsorbed by
GAC. In the experiments 500 mg/L GAC and activated sludge sample from R1 reactor (500 mg/L
VSS) were used. Initial concentration of CBZ and SMX was 1000 pg/L. The details of the
experiments were given in Table 4.8. Duration of the experiments was 4 days. Samples were taken
hourly in the first day and daily in the rest of the experiments. Figure 4.12 shows the set of an

experiment with CBZ.

Table 4.8. The details of the experiments.

Number of batch reactor Feed
1 Control (1000 pg/L CBZ or SMX)

2 1000 pg/L CBZ or SMX + 500 mg/L GAC
3 1000 pg/L CBZ or SMX + 500 mg/L R1 sludge
4 1000 pg/L CBZ or SMX + 500 mg/L R1 sludge + 500 mg/L GAC
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Figure 4.12. The set of an experiment with CBZ.

4.10. Analysis of Micropollutants
Presence and concentrations of selected micropollutants were determined by LC-MS/MS.

4.10.1. Method Development

Before the start of experiments, a significant part of the present study was devoted to method
development for pharmaceutical measurements. LC-MS/MS (APl Q-Trap 4500 triple quadrupole
linear ion trap mass spectrometry) was used for both qualitative and quantitative analysis of
pharmaceuticals. The properties of AB Sciex QTrap 4500 LC-MS/MS are given in Table 4.9 and the
device is shown in Figure 4.13.

Table 4.9. Properties of AB Sciex QTrap 4500 LC-MS/MS.

Triple quadrupole: 5 — 2000 Da
Linear ion trap: 50 - 2000 Da
50 msec in MRM
Scheduled MRM modes

Mass Range

Polarity Switching

Detector Type AcQuRate Pulse Counting CEM

Q1 MS, Q3 MS, Product lon, Precursor lon,

Scan Types MRM, MS®, MRM?, TripleTrap Scanning
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Figure 4.13. AB Sciex QTrap 4500 LC-MS/MS.

The Accucore aQ C18 column from Thermo Fisher Scientific was employed, and methyl-d3-
triphenylphosphonium iodide was used as the internal standard. A binary solvent system was used as
mobile phases, consisting of MS-grade methanol buffered with 0.1% formic acid (Pump A) and MS-
grade water buffered with 0.1% formic acid (Pump B).

The analysis methodology is as follows: First, 1 mL of the sample was mixed with 0.8 mL of
LC-grade methanol and filtered through a 0.22 pm porous syringe filter. Then, 0.9 mL of the filtered
sample was placed in an HPLC vial, along with 0.1 mL of internal standard (IS) solution prepared at
a concentration of 100 ug/L. Determination of pharmaceuticals in filtered samples was performed at
the pg/L level, using non-scheduled multiple reaction monitoring (MRM) parameters for each
pharmaceutical. The detection of pharmaceuticals based on scheduled MRM (sSMRM) was performed
using the ESI probe operating in a positive ionization mode. The source parameters for ESI positive
mode were as follows: curtain gas (CUR): 30; ion spray voltage (IS): 5500 V/ 4500 V; temperature
(TEM): 550°C; ion source gas 1 (GS1): 50 and ion source gas 2 (GS2): 60. For instrument control
and data acquisition the Analyst Software 1.6.2 (AB Sciex) and MultiQuant 3.0.1 (AB Sciex)
programs were used. A representative LC-MS/MS chromatogram of 4 selected pharmaceuticals and

internal standard (methyl-d3-triphenylphosphonium iodide) is shown in Figure 4.14.
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Figure 4.14. LC-MS/MS chromatogram of a sample containing ACT, CBZ, ERY, SMX and
methyl-d3-triphenylphosphonium iodide (1S).

4.11. Analytical Methods

4.11.1. Total/Dissolved Organic Carbon Measurements

Total Organic Carbon (TOC) and Dissolved Organic Carbon (DOC) measurements were carried
out during the experiments in order to observe the changes in the organic matter of samples. For this
purpose, Shimadzu TOC-V WP Analyzer was used. For DOC measurements samples were filtered

through 0.45 um Hydrophilic PTFE filter in order to remove granular activated carbon particles.

4.11.2. Chemical Oxygen Demand (COD) Analysis

COD analyses were done to determine the change in organic matter during the experiments.
Moreover, these analyses were carried out as an alternative method for DOC analyses and also for
comparison. The dichromate closed reflux and colorimetric method was used. The soluble COD
(SCOD) of samples were determined after filtering through 0.45 pm Hydrophilic PTFE filters.
Samples were refluxed with diluted potassium dichromate (K>Cr207) and concentrated sulfuric acid
(H2S04) for two hours at 150°C in the ECO 25 Thermoreactor COD digester, in the presence of
AQ2S0; as catalyst and HgSO4 to prevent chloride interference. The digested samples were measured
colorimetrically at 600 nm with the Hach DR3900 Spectrophotometer. Deionized water treated with
the dichromate solution and sulfuric acid was used as reference and the difference between the
absorbance of reference and sample was used to calculate COD of samples.
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4.11.3. Spectrophotometric Measurements

Spectrophotometric measurements of samples were mainly carried out at wavelengths of 254 nm
for aromatic and unsaturated organic compounds, 280 nm for lignin-derived compounds and 436 nm
for color. All samples were filtered through 0.45 pm Hydrophilic PTFE filters to remove GAC
particles and 1 cm quartz cells were used. For the absorbance measurements, Shimadzu UV-160A
UV-Visible Recording Spectrophotometer was used. The absorbances were measured three times and

the averages were reported.

4.11.4. pH Analysis

WTW Inolab-1 pH meter was used for pH measurements. The calibration of the pH probe was

done every 2 or 3 weeks by using standard buffer solutions having pH values of 4 and 7.

4.11.5. Mixed Liquor Suspended Solid (MLSS) and Mixed Liquor Volatile Suspended Solid
(MLVSS) Analysis

For the MLSS analysis, 10 mL sample was filtered through filter paper (Sartorius Stedim Biotech
Glassfiber Prefilter 0.45 pum) and the residue on the filter paper was dried for one hour at 103°C in
the FN500 oven. For MLVSS analysis, the residue was ignited after MLSS analysis for 30 minutes
at 550°C in the Protherm muffle furnace. All MLSS and MLVSS analysis were done in duplicates
and the averages were reported.

4.11.6. NHs-N Analysis

The Nessler Method was used in NH4-N analyses. For this purpose, the Method 8038 in the Hach
Water Analysis Handbook, 5th edition was followed and Hach DR3900 Spectrophotometer was used.
After necessary dilutions, 3 drops of Hach Mineral stabilizer, 3 drops of Hach Polyvinyl alcohol
dispersing agent and 1 mL Merck Nessler reagent were added to 25 mL sample and 25 mL deionized
water as the blank. After one minute, NHs-N concentration of the sample was read in mg/L by using

the spectrophotometer.
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5. RESULTS AND DISCUSSION

5.1. Biodegradation of Selected Pharmaceuticals: Comparison of BIOWIN Estimations and

Experimental Findings
5.1.1. BIOWIN Outputs
The selected compounds and the BIOWIN models outputs are given in Table 5.1 and Table 5.2,
respectively. Pharmaceuticals that were used in biodegradation/adsorption experiments in this study

are highlighted.

Table 5.1. Properties of pharmaceuticals.

Name Group CAS number Formula log Kow
Acetaminophen 103-90-2 CsHoNO2 0.46
Ibuprofen 15687-27-1 C13H1802 3.97
Diclofenac 15307-86-5 C14H11CIo2NO> | 451
Tramadol 27203-92-5 Ci6H2sNO2 3.01
Naproxen Anti-inflammatory [ 22204-53-1 C14H1403 3.18
Ketoprofen 22071-15-4 C16H1403 3.12
Codeine 76-57-3 C18H21NO3 1.19
Fenoprofen 71720-56-4 C15H1403 3.90
Nimesulide 51803-78-2 C13H12N205S 2.60
Phenazone 60-80-0 C11H12N20 0.38
Erythromycin 114-07-8 Cs7He7NO13 3.06
Sulfamethoxazole 723-46-6 C10H11N303S 0.89
Trimethoprim 738-70-5 C14H18N4O3 0.91
Clarithromycin 81103-11-9 CssHsoNO13 3.16
Ciprofloxacin Antibiotic 85721-33-1 C17H18FN303 0.28
Azithromycin 83905-01-5 CagH72N2012 4.02
Sulfamethazine 57-68-1 C12H14N4O2S 0.14
Norfloxacin 70458-96-7 C16H18FN303 0.46
Ofloxacin 82419-36-1 C18H20FN304 -0.39
Amoxicillin 26787-78-0 C16H19N305S 0.87
Carbamazepine 298-46-4 CisH12N20 2.45
Lamotrigine 84057-84-1 C9H7CI2Ns 2.57
Pregabalin Antiepileptic 148553-50-8 CsH17NO2 -1.78
Diazepam 439-14-5 C16H13CIN2O 2.82
Phenobarbital 50-06-6 C12H12N203 1.47
Metformin Anti-diabetic 657-24-9 C4H11Ns -2.64
Glibenclamide 10238-21-8 | C23H28CIN3OsS | 4.79
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According to BIOWIN1 and 2 values, all pharmaceuticals in the anti-inflammatory group are
biodegraded fast, except for diclofenac and tramadol, while in the antibiotics group, only
trimethoprim and amoxicillin are classified as fast biodegraded pharmaceuticals. Moreover, in the
antiepileptics, lamotrigine is not biodegraded fast and glibenclamide in the anti-diabetic group is not
biodegraded fast according to BIOWIN2 value. BIOWINS and 6 values also indicate that among all
these pharmaceuticals, only acetaminophen (BIOWING is 0.5090) and pregabalin (BIOWINS is
0.5006) are rapidly biodegradable, but since these values are very close to 0.5, these pharmaceuticals

can also be classified as not rapidly biodegradable.

When BIOWIN3 and 4 values are taken into consideration, the time required for primary
biodegradation of pharmaceuticals in the anti-imflammatory group varies between days and weeks,
whereas the time required for ultimate biodegradation is from weeks to months. In the antibiotic
group, erythromycin, clarithromycin, azithromycin and ofloxacin can be classified as refractory
according to their BIOWIN3 values. Ultimate biodegradation of sulfamethoxazole, sulfamethazine
and amoxicillin would take place in weeks or months while trimethoprim, ciprofloxacin and
norfloxacin would require months. Among these pharmaceuticals in this group amoxicillin may be

converted into smaller compounds within days with regard to BIOWIN4 value.

In the group antiepileptic, BIOWIN3 values show that the ultimate biodegradation of pregabalin
would take place in weeks, while carbamazepine, diazepam and phenobarbital would require weeks
or months. Ultimate biodegradation of lamotrigine requires longer time, at the order of months.
BIOWIN4 values show that the primary biodegradation of pregabalin would take place within days.
On the other hand, days or weeks are required for primary biodegradation of carbamazepine,
diazepam and phenobarbital. Additionally, the time for lamotrigine to be converted into smaller
compounds would be weeks. Among the pharmaceuticals in this group, lamotrigine seems to be
resistant to biodegradation. In the anti-diabetic group, ultimate biodegradation of metformin would
require weeks according to BIOWINS3 value. On the other hand, glibenclamide can be classified as
refractory. BIOWIN4 values indicate that primary biodegradation of glibenclamide would be subject
to primary degradation in weeks, but it may not reach ultimate degradation (BIOWIN3). In the case
of metformin, primary degradation takes place earlier, in days or weeks. Thus, in any case metformin

seems to be more biodegradable than glibenclamide (Kilig¢ and Cegen, 2023).
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Name

BIOWIN 1

BIOWIN 2

BIOWIN 3

BIOWIN 4

BIOWIN 5

BIOWIN 6

> 0.5: fast biodegradation
< 0.5: not to degrade fast

5-4.75: hours

4.75-4.25: hours to days
4.25-3.75: days
3.75-3.25: days to weeks
3.25-2.75: weeks
2.75-2.25: weeks to
months

2.25-1.75: months

< 1.75: refractory

> 0.5: rapidly
biodegradable

< 0.5: not rapidly

biodegradable

Acetaminophen 1.0015 0.9886 2.8673 3.8748 0.4866 0.5090
Ibuprofen 0.8314 0.8672 2.9582 3.7986 0.1976 0.1521
Diclofenac 0.1353 0.0027 2.2863 3.2984 -0.1313 0.0029
Tramadol 0.3649 0.0810 2.0921 3.1034 0.2815 0.0823
Naproxen 0.8972 0.9611 2.9219 3.9097 0.4439 0.3447
Ketoprofen 0.8888 0.8770 2.9265 3.7806 0.3192 0.1848
Codeine 0.6931 0.7316 2.0396 3.1895 0.4191 0.0606
Fenoprofen 1.0196 0.9921 29174 3.8972 0.4324 0.3434
Nimesulide 0.5557 0.5423 2.3121 3.3765 -0.1313 0.0015
Phenazone 0.7860 0.8943 2.8052 3.5811 0.2003 0.0962
Erythromycin -1.4385 0.0000 1.2404 2.5869 -0.1005 0.0000
Sulfamethoxazole 0.4479 0.1281 2.4297 3.3054 -0.1165 0.0060
Trimethoprim 0.5922 0.9164 2.0385 3.3749 0.0889 0.0172
Clarithromycin -1.7926 0.0000 1.2007 2.5569 -0.1403 0.0000
Ciprofloxacin -0.3974 0.0000 1.9170 3.2138 0.0597 0.0001
Azithromycin -1.6578 0.0000 0.9748 2.2994 -0.3277 0.0000
Sulfamethazine 0.4906 0.1549 2.2994 3.2007 -0.1496 0.0040
Norfloxacin -0.3916 0.0000 1.9435 3.2311 0.0934 0.0001
Ofloxacin -0.6388 0.0000 1.5132 2.9163 0.0204 0.0001
Amoxicillin 1.1523 0.9843 2.5166 4.0465 0.2859 0.0160
Carbamazepine 0.6351 0.4143 2.6770 3.5068 0.0873 0.0364
Lamotrigine -0.2067 0.0002 1.9501 2.9308 -0.3281 0.0006
Pregabalin 0.8983 0.9242 3.2363 4.0469 0.5006 0.4767
Diazepam 0.7678 0.8085 2.3311 3.4819 0.0837 0.0217
Phenobarbital 0.5811 0.4469 2.4958 3.3641 0.1798 0.0612
Metformin 0.6861 0.7640 2.9137 3.6614 0.3287 0.2379
Glibenclamide 0.7267 0.3764 1.7137 3.1837 -0.2668 0.0005
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5.1.2. Comparison of BIOWIN Outputs with the Experimental Data in Literature

The BIOWIN outputs are compared with the experimental results obtained in a high number of
studies reported in literature. These studies were carried out on biodegradation and sorption of various
pharmaceuticals. Most of them originate from laboratory-scale aerobic biological treatment units,
primarily activated sludge. The details of the comparison for ACT, CBZ, ERY and SMX are
presented in a previous study (Cegen and Giil, 2021). For other pharmaceuticals, results are discussed
in another study (Kili¢ and Cegen, 2023).

It was seen that in general BIOWIN estimations were in accordance with experimental data in
literature. However, in some cases experimental results indicated slightly higher biodegradation than
predicted from BIOWIN models. It can be said that BIOWIN models tend to slightly underestimate
the biodegradation of pharmaceuticals. This is mainly due to the fact that these models take only the
single substance into consideration. However, in real systems the wastewater is composed of several

substances and a complex microbial ecology is encountered.

Moreover, BIOWIN models use the molecular structure alone in order to estimate the
biodegradability. However, it was shown in the literature studies that biodegradation of
pharmaceuticals may be enhanced at different operation conditions, such as longer SRT, higher
nitrification activity and the presence of easily biodegradable bulk organic matter. These conditions
may lead to the removal of pharmaceuticals removal by co-degradation or cometabolism. In
particular, the role of nitrification is very evident. SRTs longer than 20 days enhance nitrification rate
and thus also the cometabolic removal of pharmaceuticals. Moreover, sorption of pharmaceuticals

onto sludge may also be a factor.

Thus predictive tools such as BIOWIN models are be very helpful for having an initial idea about
biodegradability of pharmaceuticals under aerobic conditions. These models can also be used for
experimental design. However, there is probably a need for their improvement considering the

experiences gained from experimental studies (Cegen and Giil, 2021; Kilig and Cegen, 2023).
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5.2. Biological Removal of Pharmaceuticals

5.2.1. Biosorption of Pharmaceuticals by Activated Sludge

Biosorption experiments were carried out with both R1 and R2 sludge, in order to observe the
sorption of pharmaceuticals to activated sludge. Results showed that biosorption of the selected
pharmaceuticals (ACT, CBZ, ERY and SMX) by both activated sludges (R1 and R2) was low. Table
5.3 shows that around 16% of ACT was sorbed by R1 and R2 sludges, followed by ERY and SMX
with around 12% and 5%, respectively. Additionally, CBZ was sorbed only 4%, while it was not
sorbed by R2 sludge.

As mentioned earlier, solid-water partition coefficient Kq is generally used to express sorption.
For a compound under equilibrium conditions, the concentration sorbed onto sludge (Csorbed) iS
assumed to be proportional to the concentration in solution (Cgissolved):
Csorbed = Kq - SS . Cgissolved (5.1)
where Csomed iS the sorbed concentration of compound (ug/L), Kq is the solid-water partition
coefficient (L/g SS), SS is the suspended solids concentration (g/L) and Cudissolved iS the dissolved
concentration of compound (ug/L). By using Equation 5.1, the Kq values of pharmaceuticals were
calculated and presented in Table 5.3. Sorption onto R2 sludge (rich in nitrifiers) was less for all

pharmaceuticals compared to R1 sludge. According to Kq values, sorption of ACT onto sludge was
the highest followed by ERY, SMX and CBZ.

Table 5.3. Biosorption of pharmaceuticals by activated sludge.

R1 Sludge (500 mg/L) R2 sludge (500 mg/L)
Pharmaceutical Icnol;[]'fl E(')?]il Sorption Kd Icr:)';[:fl E(;?\il Sorption Kd

’ ’ % L/g SS ' ' % L/g SS

gL | ey | 0 |99 ) | gy | PO | (H959)
ACT 173.1 | 143.8 17 0.409 | 168.9 | 144.1 15 0.343
CBz 120.2 | 115.6 4 0.080 | 114.6 | 1145 0 0.002
ERY 132.4 | 115.2 13 0.300 | 140.3 | 125.1 11 0.243
SMX 167.9 | 1585 6 0.118 | 261.5 | 252.3 4 0.073

All Kg values were lower than 0.5 L/g SS which indicates that the sorption of these

pharmaceuticals onto activated sludge was negligible. So, it can be said that biosorption is negligibly

small and biodegradation is the main mechanism of their removal. These results are also in
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accordance with other studies in the literature. The log Kow values of these pharmaceuticals was low
indicating low/medium sorption capacity to sludge. As reported in a study, experimental studies also
showed that sorption of ACT, CBZ, ERY and SMX was very low (Cegen and Giil, 2021).

5.2.2. Biodegradation Experiments
As mentioned in Section 4.1, the results of biodegradation experiments carried out in the present
doctoral study were compared with the predictive BIOWIN results of acetaminophen (ACT),

carbamazepine (CBZ), erythromycin (ERY) and sulfamethoxazole (SMX).

5.2.2.1 Short-term experiment without background organic matter. A short-term experiment was

carried out for 30 hours with sludge taken from the R1 reactor for trial purposes in order to observe
the decrease in the concentrations of pharmaceuticals in the presence of biological activity. In this
experiment there were only a mixture of pharmaceuticals (200 pug/L of each) and different
concentrations of activated sludge (AS) taken from the R1 reactor (20, 50, 100, 200 and 500 mg/L
VSS) which contained both heterotrophic and nitrification activity. A steady concentration was
reached in pharmaceuticals after 30 hours. Results showed that ACT was the most biodegraded
pharmaceutical at the end of 30 hours compared to others. At all AS concentrations, the degradation
efficiencies of CBZ, ERY and SMX were less than 20%, while it was higher than 50% for ACT.
These results are in accordance with the BIOWIN estimations. BIOWIN 1 and 2 results indicate fast
biodegradation for ACT, while not fast biodegradation for CBZ, ERY and SMX. According to
BIOWIN calculations, primary biodegradation of ACT takes place in days, whereas days/weeks are
necessary for CBZ and SMX and weeks/months are necessary for ERY. The decrease in
concentrations of pharmaceuticals are presented in Figure 5.1, Figure 5.2, Figure 5.3 and Figure 5.4,

respectively.
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Figure 5.1. Decrease in the ACT concentration in the short-term experiment in a mixture of

pharmaceuticals.
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Figure 5.2. Decrease in the CBZ concentration in the short-term experiment in a mixture of

pharmaceuticals.
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Figure 5.3. Decrease in the ERY concentration in the short-term experiment in a mixture of

pharmaceuticals.
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Figure 5.4. Decrease in the SMX concentration in the short-term experiment in a mixture of

pharmaceuticals.
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It was also observed that the change in activated sludge concentration did not significantly affect
biodegradation of CBZ, ERY and SMX. On the other hand, ACT degradation increased at higher

activated sludge concentrations. The removal efficiency of ACT at 500 mg/L AS was more than 90%.

As mentioned in previous sections, the first-order biodegradation rate constant Kpiol is used in

expression of biodegradation rate. A classification on the basis of VSS indicates compounds as

recalcitrant (Kpiol <0.1 L.gvsst.d?) slowly biodegradable (0.1 L.gvss™®.d? <kpio<0.5 L.gvsst.d™?),
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moderately biodegradable (0.5 L.gvss™.d?<knioi<1 L.gvss™.d™) and highly biodegradable (kbio>1
L.gvsst.d) (Fernandez-Fontaina et al., 2016). The first-order biodegradation rate constants (Kpior) Of

pharmaceuticals were calculated according to the following equation using the results of experiments:
Ci _
lna = _kbiol'VSS't (5.2)

where Co is initial concentration (ug/L), Ci is final concentration (ug/L), kuvioi IS the first-order
biodegradation rate constant, VSS is the mixed liquor volatile suspended solid (MLVSS)
concentration (mg/L) and t is the elapsed time in the batch reactor (day), respectively. The Kpiol Values
of ACT, CBZ, ERY and SMX were calculated as 5.5 L.gvss™*.d?, 1.7 L.gvss™.d %, 3.2 L.gvss™.d? and
2.4 L.gvsst.d?, respectively. These values indicate high potential of biodegradation of these
pharmaceuticals by R1 sludge in the absence of background organic matter in short-term. It can be
said that in this case these pharmaceuticals were used as primary substrate by microorganisms since

no background organic matter was present.

5.2.2.2 Short-term experiment with background organic matter. In this experiment there were a

mixture of pharmaceuticals (initially 200 pg/L of each) and different concentrations of activated
sludge (AS) taken from the R1 reactor in which there were both heterotrophic and nitrification
activity. At the beginning of the experiment the activated sludge was also fed with the synthetic
secondary effluent in order to observe biodegradation potential of selected pharmaceuticals in the
presence of bulk organic matter. This synthetic effluent contained a low amount of organic substrates
and different types of inorganic substrates (Table 4.4). As mentioned previously, a pharmaceutical
may be biodegraded as a secondary substrate when there are organic substances. Daily samples were
taken for 10 days. The decrease in acetaminophen (ACT), carbamazepine (CBZ), erythromycin
(ERY) and sulfamethoxazole (SMX) concentrations are presented in Figure 5.5, Figure 5.6, Figure

5.7 and Figure 5.8 respectively.

ACT : Results showed that around 99% of ACT was biodegraded after 10 days. This result was
expected since BIOWIN 3 and 4 values, which indicate ultimate and primary biodegradation,
respectively, showed that the time necessary for biodegradation of ACT is at the order of days.
Moreover, it was observed that the presence of organic substances enhanced the biodegradation of
this pharmaceutical. From Equation 5.2, the kpiol Value of ACT was also calculated as 9.67 L.gvss™.d"
L which indicates that ACT is a highly biodegradable pharmaceutical. This result is also in accordance

with formerly reported studies as reviewed in a previous study (Cecen and Giil, 2021).
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Figure 5.5. Decrease in the ACT concentration in short-term experiment in the presence of

background organic matter.
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Figure 5.6. Decrease in the CBZ concentration in short-term experiment in the presence of

background organic matter.

CBZ: The presence of organic matter in the synthetic secondary effluent slightly affected the
biodegradation of CBZ. Also other studies report the same effect (Gauthier et al., 2010; Plosz et al.,
2012). BIOWIN 4 value indicated the time needed for primary biodegradation of CBZ as
weeks/months. Therefore, experimental results and previous theoretical calculations are in
accordance with each other. The kpiol Value of CBZ was calculated as 0.66 L.gvss™.d* indicating that

partial removal can be expected as seen in the experiment. This pharmaceutical can be classified as
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moderately biodegradable. It is possible that this pharmaceutical was removed as a secondary
substrate when enough biodegradable organic matter was available.

ERY: Biodegradation efficiency of ERY increased in the presence of organic matter up to
90% (in 500 mg/L VSS concentration). The BIOWIN values indicate that this compound is almost
refractory as seen in Table 5.2. However, the calculated Kpioi Value, which is 1.30 L.gvss™t.d?,
indicates that partial removal may take place for this pharmaceutical. It was possibly removed as a

secondary substrate in the presence of background organic matter.
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Figure 5.7. Decrease in the ERY concentration in short-term experiment in the presence of
background organic matter.

SMX: On the other hand, SMX was the least biodegraded pharmaceutical in the presence of
the synthetic secondary effluent (around 16% efficiency). The Koiol Value, which is 0.20 L.gvss™.d™,
is the lowest among all pharmaceuticals. This value indicates that SMX can be classified as a slowly
biodegradable compound. According to the BIOWIN 3 value in Table 5.2 ultimate biodegradation
would occur in weeks/months. Therefore, a longer experimental period might be needed for a higher

biodegradation of this pharmaceutical.
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Figure 5.8. Decrease in the SMX concentration in short-term experiment in the presence of

background organic matter.

Additionally, UV2s4 and UV2go parameters were measured in order to determine the
biodegradation of specific groups in background organic matter in the synthetic secondary effluent.
Figure 5.9 and Figure 5.10 shows the decrease in UV2s4 and UVago, respectively. Notably, results
showed that there was a successful removal of the specific organic groups in background organic
matter. This organic matter was possibly used as primary substrate to serve energy and growth

requirements of microorganisms and enhance the removal of pharmaceuticals.
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Figure 5.9. Decrease in UV2s4 values in the synthetic secondary effluent.
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Figure 5.10. Decrease in UV2go values in the synthetic secondary effluent.

5.2.2.3. Long-term experiments with synthetic domestic wastewater. In the light of the results of

short-term experiments, long-term experiments were carried out for the purpose of investigating the
biodegradation potential of pharmaceuticals in the presence of organic substances in order to
understand the removal mechanism in long-term. In these experiments activated sludge samples taken
from R1 and R2 reactors were used. Firstly, a mixture of pharmaceuticals (200 pug/L of each) was
added to the Erlenmeyer flasks containing activated sludge taken from R1 and R2 reactors (500 mg/L
VSS). Then, the experiments were repeated with individual pharmaceuticals (200 pg/L) with R1 and
R2 sludges in order to compare their biodegradation potential both in a mixture and alone. During the
experiments, R1 and R2 sludges were continuously fed with Feed 1 and Feed 2 (Table 4.2),
respectively. Feed 1 contained easily biodegradable organics such as glucose, and Feed 2 was rich in
terms of ammonium sulfate. R1 sludge was fed with 149+17 mg COD/L.day and average removal
efficiency was 75%. R2 sludge was fed with 15+4 mg NH-N/L.day and average removal efficiency
was 40%.

In addition, one experiment was carried out with a mixture of pharmaceuticals (200 pg/L of
each) and R1 sludge in the presence of N-Allylthiourea (ATU) (11.6 mg/L) in order to inhibit the
nitrification activity. During the experiment, R1 sludge was continuously fed with Feed 1 (Table 4.2).
The details and the results of the experiments are given in Table 5.4. The kpiol Values of ACT, CBZ,

ERY and SMX belonging to these long-term experiments were also calculated using Equation 5.2.
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Table 5.4. Long-term biodegradation experiments with R1 and R2 sludge.

Experiment Duration | Kbiol (L.gvss™.d?)

ACT 0.20

A mixture of pharmaceuticals with 49 davs CBZ 0.02

R1 sludge® and F1® S ITERY | 046

SMX 0.15

A mixture of pharmaceuticals with éCB:; 881

R1 sludge @ and F1® and ATU® 28 days :

(Nitrification inhibited) ERY | 044

SMX 0.29

ACT 0.27

A mixture of pharmaceuticals with 49 davs CBZ 0.03

R2 sludge @ and F2 S TERY | 045

SMX 0.05
Single ACT with R1 sludge ¥ and F1®) | 17 days 0.55
Single ACT with R2 sludge @ and F2® | 17 days 0.60
Single CBZ with R1 sludge ™ and F1® | 56 days 0.04
Single CBZ with R2 sludge @ and F2® | 56 days 0.03
Single ERY with R1 sludge @ and F1® | 21 days 0.20
Single ERY with R2 sludge @ and F2® | 21 days 0.18
Single SMX with R1 sludge ™ and F1® | 45 days 0.15
Single SMX with R2 sludge ® and F2®) | 45 days 0.24

R1 sludge: both heterotrophic and nitrification activity

@R2 sludge: enriched in nitrifiers

®Feed 1: containing readily biodegradable background organic matter
®Feed 2: rich in terms of ammonium sulfate, no organic compounds
®ATU: used for inhibition of nitrification

ACT: It was observed that ACT was biodegraded almost completely (99% removal efficiency)
by both activated sludges when it was alone or in a mixture. Moreover, its biodegradation in the
presence of ATU was also high (99% removal efficiency), indicating that it can also be biodegraded
by heterotrophic activity alone. These results are in accordance with the BIOWIN estimations (Table
5.2) and the other experiments in the literature as reviewed in a study (Cecen and Giil, 2021). As
mentioned before, BIOWIN 1 and 2 values of ACT shows fast biodegradation. Also, BIOWIN 3 and
4 values showed that the time necessary for biodegradation of ACT is at the order of days/weeks. It
was seen that biodegradation of ACT took place at the beginning of the experiments (around at 2" —
3" days). The results of the experiments belonging to ACT are given in Figure 5.11.

On the other hand, knioi Values of ACT presented in Table 5.4 varied between 0.20 and 0.60
L.gvss t.d indicating partial removal by biological transformation. Its degradation rate was higher in
both sludges when it was the only pharmaceutical in the feed as expected.
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ACT in R1 and R2 Sludge
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Figure 5.11. Change in the ACT concentration with respect to time in long-term biodegradation

experiments.

Additionally, to determine the statistical significance of differences between the biodegradation
of ACT by R1 and R2 sludges, t-test was applied. Significant differences were determined at p<0.05.
Results showed that biodegradation of this pharmaceutical by R1 and R2 sludges was not statistically
different from each other (p>0.05) when it was in the mixture or it was the single pharmaceutical as

indicated by the t-test at 95% confidence level.

CBZ: The biodegradation of CBZ by both types of activated sludge was lower than in the case
of other pharmaceuticals. The kniol Values were close to each other as presented in Table 5.4. This
showed that no substantial degradation could be expected for CBZ. This effect was reported also in
other studies. It is possible that this pharmaceutical was removed to some extent as a secondary
substrate when enough biodegradable organic matter was available (Gauthier et al., 2010). The Kpiol
values also showed that the nitrification activity did not significantly enhance the biodegradation of

this pharmaceutical.

BIOWIN models also indicate that CBZ is hardly biodegradable. According to BIOWIN 3 value,
the time needed for ultimate biodegradation of CBZ is weeks/months as seen in Table 5.2.
Accordingly, previous theoretical calculations and experimental results are in accordance with each
other. Furthermore, in other studies it was reported that the removal of CBZ was extremely slow in
nitrifying sludge (Suarez et al. 2010), and it was neither removed by heterotrophic nor nitrifying

activity (Fernandez-Fontaina et al., 2016).
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Figure 5.12. Change in the CBZ concentration with respect to time in long-term biodegradation

experiments.

Additionally, t-test was applied for the biodegradation of CBZ by R1 and R2 sludges. According
to the results, biodegradation of this pharmaceutical by R1 and R2 sludge was significantly different
from each other (p<0.05) when it was in the mixture. On the other hand, when it was the single
pharmaceutical, its biodegradation by both sludges was not statistically different from each other
(p>0.05). It was thought that the presence of other pharmaceuticals might have affected the
biodegradation potential of CBZ.

ERY: According to the BIOWIN 3 value in Table 5.2, ERY is classified as refractory meaning
that it is not biodegradable. However, experimental results showed that it was biodegraded by both
activated sludges when it was in a mixture or alone. Also, Kpiol Values of ERY presented in Table 5.4
were close to each other at all experimental conditions and indicated partial removal by biological
transformation. It was possibly removed as a secondary substrate in the presence of organic matter
and as a cometabolite in the case of nitrification activity alone (R2 sludge). The results of the
experiments belonging to ERY are given in Figure 5.13. These results are also in accordance with the
other studies in the literature as reviewed in a study (Cegen and Giil, 2021). High biodegradation rates
were reported for ERY under nitrification conditions (Fernandez-Fontaina et al., 2012; Suarez et al.,
2010).
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ERY in R1 and R2 Sludge
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Figure 5.13. Change in the ERY concentration with respect to time in long-term biodegradation

experiments.

Also, t-test was applied to determine the significant differences between biodegradation of ERY
by R1 and R2 sludges. Results showed that biodegradation of ERY by R1 and R2 sludge was not
statistically different from each other (p>0.05) when it was in the mixture. On the other hand, when
it was the single pharmaceutical, its biodegradation by both sludges was significantly different from
each other (p<0.05). The nitrification activity in R2 sludge may have caused this difference between

the biodegradation potential of ERY by two sludges.

SMX: SMX is also slowly biodegradable according to the BIOWIN values (Table 5.2).
According to BIOWIN 4 value, the time needed for primary biodegradation of SMX is days/weeks.
However, it was observed that SMX was biodegraded almost completely by R1 sludge when it was
in the mixture, whereas its biodegradation was lower in R2 sludge which was enriched in nitrifiers.
It was concluded that the presence of readily biodegradable organics enhanced its removal whereas
nitrification activity had a slight effect on biodegradation of SMX in the presence of a mixture of
pharmaceuticals. In addition, kpiol Values indicated that biodegradation rate of SMX was the same

(0.15 L.gvss t.d?) in the R1 sludge both when it was in a mixture or alone.

On the other hand, when SMX was the single pharmaceutical, its biodegradation rate by R2
sludge (Kniol = 0.24 L.gvss™.d™) was higher than when it was in the mixture (Koiol = 0.05 L.gvss™.d™2).
At the end of 45 days, it was almost completely biodegraded. This might be explained with the effect
of nitrification activity since R2 sludge was enriched in nitrifiers and there was no organic compound

in the solution. In this case, SMX may be removed as a cometabolite when nitrifying bacteria oxidize
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ammonia and produce the enzyme ammonia monooxygenase (AMO) which causes cometabolism of
compounds. The results belonging to SMX are given in Figure 5.14.
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Figure 5.14. Change in the SMX concentration with respect to time in long-term biodegradation

experiments.

Other studies also showed different results on biodegradation of SMX. It was reported in a
study that heterotrophic activity was mainly responsible for SMX degradation and nitrification had a
minimal effect. When the sludge was fed with organic carbon, this pharmaceutical could be
biodegraded. It was suggested that SMX was used as a secondary substrate (Fernandez-Fontaina et
al., 2016). However, in some other studies, SMX was removed by cometabolism too by nitrifying

bacteria (Miiller et al. 2013; Kassotaki et al. 2016).

Additionally, t-test was applied for the biodegradation of SMX by R1 and R2 sludges.
Biodegradation of this pharmaceutical by R1 and R2 sludge was significantly different from each
other (p<0.05) when it was in the mixture, in fact the p value was very low (1.05xe%%). This was also
stated by the low kpiol value (0.05 L.gvsst.d?) in Table 5.4 which showed SMX was slightly
biodegraded by R2 sludge (enriched in nitrifiers) in the presence of other pharmaceuticals. On the
other hand, when it was the single pharmaceutical, its biodegradation by both sludges was not
statistically different from each other (p>0.05). The presence of other pharmaceuticals might have

affected the biodegradation potential of SMX.

Overall, in the presence of enough organic matter, some pharmaceuticals, even at low

concentrations, can be used as secondary substrates or they can be removed by cometabolism due to
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heterotrophic or nitrification activity. This is particularly true in the case of slowly biodegradable
compounds CBZ, SMX and ERY (Cecen, 2017; Cegen and Giil, 2021).

5.3. Experiments for Adsorption Kinetics

5.3.1. Kinetic Experiments with Ground GAC and Synthetic Secondary Effluent

Kinetic experiments were performed with ground GAC having a particle size of around 100 um
using the synthetic secondary effluent. One of the experiments carried out for 50 hours showed that
equilibrium was reached after around 24 hours which means that the concentrations in the liquid
phase reached a constant value at that time. During the experiment, UV2s4, UV2g0 and Colorass of
samples from all chambers were measured hourly. As mentioned before, these parameters stand for
some of the organic fractions in the synthetic effluent. The results are shown in Figure 5.15, Figure
5.16 and Figure 5.17, respectively.
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Figure 5.15. Change in UV2s4 of the samples with respect to time.
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According to UVas4 and UVago results, it can be said that higher amount of aromatic and

unsaturated organic compounds and lignin-derived compounds in the synthetic secondary effluent

were adsorbed at higher GAC concentrations.
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Figure 5.17. Change in the Colorsss of the samples with respect to time.

In addition, it was observed that at low GAC concentrations there was low adsorption in terms

of color, while at concentrations higher than 1000 mg/L, adsorbances decreased to very low levels

which indicates high adsorption onto granular activated carbon.
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5.3.2. Kinetic Experiments with Original (Non-ground) GAC and Synthetic Secondary Effluent

Another kinetic experiment was carried out with original GAC (particle size = around 1 mm) in
order to compare the results with ground GAC. When the GAC has a bigger particle size, the
adsorption takes place at a slower rate. As a result, equilibrium takes place in a longer period of time.
Since the particle size of the original GAC was 10 times bigger than ground GAC, it was expected to
reach the equilibrium in a longer time. So the experiment was carried out during 120 hours. UV2s4,
UV2g0 and Colorszs parameters were observed during the experiment and results showed that the time
for equilibrium was around 100 hours. The results are shown in Figure 5.18, Figure 5.19 and Figure
5.20, respectively.
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Figure 5.18. Change in the UV2s4 of the samples with respect to time.
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Figure 5.19. Change in the UV2go of the samples with respect to time.
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Figure 5.20. Change in the Colorszs of the samples with respect to time.

These results emphasize the importance of using ground GAC, which effectively reduces the
equilibration time. In the case of ground GAC, the diffusion of substances into GAC is enhanced. It
was observed that the equilibrium time for original GAC was almost 5 times longer than ground
GAC. It is in accordance with the purpose of this study which was to carry out the experiments in
rapid small-scale columns. The results were obtained much faster with rapid small-scale columns as

shown in further sections.

5.3.3. Kinetic Experiments with the Mixture of Micropollutants

Two kinetic tests were carried out with a mixture of pharmaceuticals in order to determine the
time for adsorption to reach equilibrium. In these tests ground GAC was used. The first experiment
was carried out at relatively low GAC concentrations (50, 100, 150 and 200 mg/L) in a time period
of 24 hours. For all pharmaceuticals the equilibrium concentration was reached in the first few hours.
Only for ACT at the 50 mg/L GAC dose, equilibrium took place around 24 hours. The results are
given in Appendix B.

In the second set 100, 200, 500, 750, 1000, 1500 and 2000 mg/L GAC was used and duration of
the experiment was 49 hours. Results of this experiment showed that for all pharmaceuticals at lower
GAC doses (100 and 200 mg/L GAC), the equilibrium times were between 24 and 30 hours. At higher
GAC concentrations (from 500 mg/L to 2000 mg/L GAC) equilibrium took place earlier as expected.
Increasing dosage gives the micropollutants more opportunities to attach to the surface of the
activated carbon. Higher activated carbon dosage can increase the adsorbable area (Nam et al., 2014).

Moreover, removal efficiencies by GAC adsorption were higher than 90% for all pharmaceuticals at
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the end of this experiment. Figure 5.21, Figure 5.22, Figure 5.23 and Figure 5.24 show the change in
ACT, CBZ, ERY and SMX concentrations in chambers during the experiment at higher GAC
dosages, respectively. According to all results, the equilibrium time for pharmaceuticals was

determined as 24 hours.
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Figure 5.21. Change in the ACT concentrations with respect to time.
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Figure 5.22. Change in the CBZ concentrations with respect to time.
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Figure 5.23. Change in the ERY concentrations with respect to time.
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Figure 5.24. Change in the SMX concentrations with respect to time.

5.3.3.1 Adsorption kinetics. In addition, adsorption rates were also calculated for all pharmaceuticals

by using the data of the kinetic experiments. There are two kinetic models that were used for
describing the adsorption kinetics: pseudo first-order and pseudo second-order equations. Under the
assumption that the adsorbate uptake follows a first-order rate law, the adsorption kinetics can be

described by the Equation 5.3 and the linearized form is expressed in Equation 5.4, respectively:

d
=k (qe — q¢) (5.3)
t
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In(ge — q¢) =Inge — k4t (5.4)

where K is the rate constant, g: is the amount of solute adsorbed on the adsorbent at time t, and Qe is

the amount at equilibrium.

Another reaction kinetic approach is based on a pseudo second-order rate law. The equation and
the linearized form are expressed in Equation 5.5 and Equation 5.6, respectively:

d
ditt =k, (qe — qp)* (5.5)

t 1

t
dc  kzqe? Qe (56)

where ko is the rate constant (Worch, 2012). By using the Equation 5.4 In (ge — qt) — time graphs were
drawn for all pharmaceuticals as shown in Figure 5.25, Figure 5.26, Figure 5.27 and Figure 5.28.
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Figure 5.25. Experimental data of ACT and the fitted linear pseudo first-order rate equation.



10
9
8
. @1000 pg/L MP mix + 100 mg/L GAC
~6 @1000 pg/L MP mix + 200 mg/L GAC
C-Z 5 ©1000 pg/L MP mix + 500 mg/L GAC
% 4 01000 pg/L MP mix +750 mg/L GAC
T3 @1000 pg/L MP mix + 1000 mg/L GAC
2 @1000 pg/L MP mix + 1500 mg/L GAC
1 @ 1000 pg/L MP mix + 2000 mg/L GAC
0
0 20 40 60
Time (h)

Figure 5.26. Experimental data of CBZ and the fitted linear pseudo first-order rate equation.
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Figure 5.27. Experimental data of ERY and the fitted linear pseudo first-order rate equation.
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Figure 5.28. Experimental data of SMX and the fitted linear pseudo first-order rate equation.

88

In addition, by using the Equation 5.6 time/q: — time graphs for all pharmaceuticals were drawn

as shown in Figure 5.29, Figure 5.30, Figure 5.31 and Figure 5.32.
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Figure 5.29. Experimental data of ACT and the fitted linear pseudo second-order rate equation.
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Figure 5.30. Experimental data of CBZ and the fitted linear pseudo second-order rate equation.
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Figure 5.31. Experimental data of ERY and the fitted linear pseudo second-order rate equation.
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Figure 5.32. Experimental data of SMX and the fitted linear pseudo second-order rate equation.

The average rate constants (ki and kz) and R? values are presented in Table 5.5. These values

showed that the fit of the pseudo second-order model was better than the pseudo first-order model in

the simulation of kinetics of all pharmaceuticals adsorption on GAC.

Table 5.5. Kinetic parameters obtained by using the linear kinetic models.

Pharmaceutical

Pseudo first-order kinetic model

Pseudo second order kinetic model

ki (1/h) R?2 kz (g/ug.h) R?
ACT 0.080+0.02 0.78+0.06 0.00080.0005 0.99::0.003
CBZ 0.069+0.02 0.65+0.16 0.0006+0.0005 0.99::0.002
ERY 0.076+0.03 0.74+0.13 0.00210.0015 0.99::0.002
SMX 0.078+0.02 0.75+0.06 0.010:£0.0007 0.99::0.003

The adsorption rates were also calculated using the ko values from the pseudo-second order

model and presented in Table 5.6. For the calculations data belonging to the highest concentration of

GAC (2000 mg/L) were used. According to the results, rate of the adsorption of SMX was the fastest
among the others followed by CBZ, ACT and ERY.
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Table 5.6. Adsorption rates of pharmaceuticals (2000 mg/L GAC).

Pharmaceutical | ka2 (g/pg.h) | ge (ng/g) | Adsorption rate (ng/g.h)
ACT 0.0008 450 162
CBz 0.0006 715 306.7
ERY 0.0021 214 96.2
SMX 0.010 447 1998

5.4. Isotherm Experiments

5.4.1. Isotherm Experiments with Ground/Original GAC and Synthetic Secondary Effluent

The purpose of these experiments was to investigate the adsorption of background organic matter
onto GAC. Therefore, no pharmaceuticals were added. The equilibration time for each experimental
set was determined from Kinetic experiments as 120 and 24 hours for original and ground GAC,
respectively. An experimental set-up similar to kinetic experiments was prepared for isotherm
experiments by considering the equilibration time. Samples were taken at the beginning and end of
experiments. Changes in background organic matter were characterized by DOC measurements and
absorbance readings at 254, 280 and 436 nm wavelengths. According to the results, the Freundlich
isotherm was fitted to data. As mentioned in Section 3.2.4.2, the linearized form of the Freundlich

isotherm equation is expressed as follows:

logge = logK + n.logC, (5.7)

Adsorption isotherms were constructed using the initial and equilibrium concentrations of DOC,
UVas4, UV2go and Colorass for synthetic secondary effluent. g — C graphs were drawn and the K and
n coefficients for each experimental set were calculated. 3 sets of isotherm experiments with ground
GAC and 3 sets of isotherm experiments with original GAC were carried out with synthetic secondary
effluent. All g — C graphs in terms of UV2s4, UV2g0, Colorszs and DOC parameters are given in
Appendix C. The calculated K and n coefficients for each experimental set are presented in Table
5.7.
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Table 5.7. Freundlich isotherm constants belonging to adsorption of background organic matter.

Experiment Sztt Parameter K (adsorption capacity) n ﬁ?sr?sri‘:;i)on Equti:iggium
UVas4 27 (cm*/g GAC)(cm)" 1.05
UV2s0 25.7 (cm*/g GAC)(cm)" 1.1
1 Colorass 2.4 (cm™/g GAC)(cm)" 0.7
DOC 0.16 (mg C/g GAC)(L/mg)" 3.4
Synthetic UVass 90.4 (cm™/g GAC)(cm)" 1.3
secondary |, UVaso 89.6 (cmt/g GAC)(cm)" 1.3 24 h
effluent +
Ground GAC Colorazs 7.7 (cm™*/g GAC)(cm)" 0.9
UV2s4 100.5 (cm™/g GAC)(cm)" 15
3 UVago 100.8 (cm™*/g GAC)(cm)" 1.5
Colorass 13 (cm*/g GAC)(cm)" 1.02
DOC 0.01 (mg C/g GAC)(L/mg)" 5.85
UV2s4 6.9 (cm™/g GAC)(cm)" 0.9
UV2s0 5.6 (cm™/g GAC)(cm)" 0.9
. Colorass 2.2 (cm™/g GAC)(cm)" 0.73
DOC 0.008 (mg C/g GAC)(L/mg)" 4.7
Synthetic UVa2ss 9.8 (cm™Y/g GAC)(cm)" 0.75
f’;:lc; Z‘:}?ri’ 2 [ UV 8.9 (cmY/g GAC)(cm)" 0.72 120 h
Original GAC Colorass 6.7 (cm™/g GAC)(cm)" 0.81
UV2s4 42.7 (cm*/g GAC)(cm)" 1.3
UV2s0 44 (cmt/g GAC)(cm)" 1.3
3 Colorazs 31 (cm™/g GAC)(cm)" 1.08
DOC 0.13 (mg C/g GAC)(L/mg)" 3.3

When synthetic secondary effluent was used, isotherm constants in terms of UV2s4 and UV2go

were close to each other. Since these parameters represent similar groups in background organic

matter, this result was expected. Absorbance at 254 nm mainly corresponds to aromatic and

unsaturated organic parts, whereas absorbance at 280 nm corresponds to lignin-derived parts (Cegen

and Aktas, 2011).

The result of the experiments with original GAC showed that the K values representing

adsorption capacity were lower than the experiments with ground GAC. It was concluded that affinity

of the organic matter in synthetic secondary effluent to original GAC was low compared to ground

GAC. Itis recommended to grind larger adsorbent particles before the application because it shortens
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the equilibration time and reduces the risk of experimental errors. However, it was indicated that the
isotherms determined with ground material possibly do not exactly reflect the adsorption on the
original particles (Worch, 2012). This could be explained by the smaller surface area of original GAC
which has a bigger particle size. Consequently, adsorption capacity of ground GAC would be higher
than original GAC.

In addition, it was observed that K values are too low and n values are too high in terms of DOC
parameter for both original and ground GAC. These values indicate low adsorption of background
organic matter present in the secondary effluent in terms of this parameter. There may be also a non-
adsorbable fraction in synthetic secondary effluent solution. As seen in Figure C.4 and Figure C.8,
approximately around 2 mg/L of DOC may be non-adsorbable, thus around 25-30% of the initial
DOC. The low adsorption of background organic matter suggests a lower competition with

pharmaceuticals.

As mentioned before, pH was not adjusted in the experiments. It was measured at the beginning
and end. In experimental set 1 of ground GAC and experimental sets 1 and 2 of original GAC, the
pH values were below 7. In these sets it was observed that adsorption capacities of GAC were lower
compared to the other sets as indicated by K values. It can be said that low pH reduced the adsorption

capacity.

5.4.2. Isotherm Experiments with Ground GAC and a Mixture of Pharmaceuticals

The purpose of these experiments was to investigate the adsorption of pharmaceuticals onto GAC
in the absence and the presence of background organic matter. The equilibration time was determined
as 24 hours for pharmaceuticals from kinetic experiments carried out with ground GAC as mentioned
earlier. Experimental set-ups were prepared for isotherm experiments by considering the equilibration
time. Samples were taken at the beginning and end of experiments. By using the Freundlich equation,
the constants K and n were calculated for all pharmaceuticals as presented in Table 5.8. All g — C

graphs belonging to pharmaceuticals are given in Appendix D.

5.4.2.1 Pharmaceuticals in a mixture. K values showed that when there was a mixture of
pharmaceuticals, SMX had the highest adsorption capacity followed by ERY and ACT, while CBZ

had the lowest capacity. In terms of adsorption capacity, ACT and SMX had similar values and it can
be said that adsorption was favorable for these pharmaceuticals (n<1). On the other hand, CBZ had

the highest n value (1.45) indicating unfavorable adsorption of this pharmaceutical. Overall, it can be
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inferred that the selectivity of GAC for pharmaceuticals in experiments decreases in the following
order: SMX, ERY, ACT and CBZ in the case of the mixture of pharmaceuticals.

5.4.2.2 Single pharmaceuticals. Additionally, 2 sets of experiments were carried out with single

pharmaceuticals. According to the results, although n (adsorption intensity) values did not change
much, K values were higher for all pharmaceuticals compared to the mixture. It was concluded that

there was a competition between the four pharmaceuticals for adsorption sites on activated carbon.

Table 5.8. Freundlich isotherm constants belonging to adsorption of micropollutants onto ground
GAC (Equilibrium time: 24 hours).

K (adsorption capacity) | n (adsorption
Experiment Pharmaceutical (ng/g GAC)(L/ng)") Intensity)
Setl Set 2 Setl Set 2
1000 pg/L ACT only ACT 259.3 295.2 0.86 1.36
1000 ug/L CBZ only CBZ 216.5 202.3 1.06 1.30
1000 pg/L ERY only ERY 306.6 77.2 112 | 2.35
1000 pg/L SMX only SMX 187.5 236.3 1.70 1.25
ACT 43.5 0.89
Micropollutants mixture CBz 21.3 1.45
(1000 pg/L each) ERY 53.5 1.1
SMX 90.9 0.86
Setl Set 2 Setl | Set2?
) . ACT 46.5 38.7 1.04 0.94
Micropollutants mixture CBZ 7 o8 0.0002 181 370
(1000 pg/L each) + ERY 0.0022 225 387 | 105
Syn. Secondary WW
SMX 103.4 50.6 0.89 0.90
Micropollutants mixture ACT 924.4 0.40
(1000 pg/L each) + CBz 751.8 0.44
Real WW ERY 718.9 0.47
(Single experiment) SMX 696.2 0.41

5.4.2.3 Pharmaceuticals in a mixture and in the presence of synthetic secondary effluent. Experiments

were also carried out with a mixture of pharmaceuticals and synthetic secondary effluent in order to
observe the competition between the pharmaceuticals and background organic matter. The adsorption
capacity of CBZ, ERY an SMX decreased in the presence of background organic matter as seen from
K values in Table 5.8. On the other hand, the adsorption capacities of ACT were close to each other

in the absence and presence of background organic matter. In these experiments UV2ss, UVago,
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Colorazs and DOC were also measured and are presented in Table 5.9. In terms of color, n is the
lowest, meaning that the adsorption intensity is high. Adsorption capacity in terms of DOC was too
low and n value was too high which indicated low adsorption as in the case when there was only
synthetic secondary effluent. In fact, adsorption of the background organic matter present in synthetic
secondary effluent was much lower when there was a mixture of pharmaceuticals. Thus, the
competition is probably low. Since background organic matter did not consist of a single compound
(Table 4.4) in synthetic secondary effluent, the K and n values were not compared with the values of

pharmaceuticals.

Table 5.9. Freundlich isotherm constants belonging to adsorption of background organic matter in

the presence of micropollutants.

: # . : n (adsorption

Experiment Set Parameter K (adsorption capacity) intensity)
UV2s4 187 (cm™*/g GAC)(cm)" 1.75
Svntheti ] 1 UVago 143.2 (cm™*/g GAC)(cm)" 1.62

ynthetic secondary
offluent + Colorass 3.7 (cm*/g GAC)(cm)" 0.82
Micropollutants UV2s4 219 (cm/g GAC)(cm)" 1.78
mixture y UVas0 230 (cmt/g GAC)(cm)" 1.78
(1000 pg/L. each) Colorass 1.1 (cm™/g GAC)(cm)" 0.59
DOC 6.6 (mg C/g GAC)(L/mg)" 9.57
-1 n

Real WW + UV2s4 82.7 (cm™/g GAC)(cm) 0.68
Micropollutants L UV2g0 146.9 (cm™/g GAC)(cm)" 0.94
mixture Colorsss 248.1 (cm™/g GAC)(cm)" 1.23
(1000 pg/l. each) DOC | 2.75 (mg Clg GAC)(L/mg)" 2.04

5.4.2.4 Pharmaceuticals in a mixture and in the presence of a real secondary effluent. An experiment

was also carried out with the real secondary effluent from the Pasakoy WWTP and the mixture of
pharmaceuticals. The results showed that n values of all pharmaceuticals were low which indicate
higher adsorption intensity compared to the synthetic secondary effluent. Also, K values in Table 5.8
showed that the affinity of all pharmaceuticals to GAC were much higher in the presence of the real
WWTP effluent. The selectivity of GAC for pharmaceuticals decreases in the following order: ACT,
CBZ, ERY and SMX. In this experiment, UV2s4, UV2g0, Colorass and DOC were also measured and
are presented in Table 5.9. It was observed that adsorption capacity in terms of UV2s4 was lower and
UVago is close to result of the 1%t experiment, whereas adsorption capacities in terms of Colorsss and

DOC were higher compared to the synthetic secondary effluent. Since only one experiment was
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carried out with the real effluent sample and the sample qualities may change, different results might
be obtained from different experiments in other cases.

5.5. Rapid Small Scale Column Tests (RSSCTSs)

RSSCTs were carried out to investigate the removal of pharmaceuticals by GAC adsorption.

Table 5.10 shows the details and the purposes of these experiments.

Table 5.10. Details of RSSCTs.

Section Feed GAC type Purpose
551 Synthetic Original to investigate the adsorption of background
" secondary effluent organic matter onto original GAC
559 Synthetic Ground to investigate the adsorption of background
o secondary effluent organic matter onto ground GAC
553 A mixture of Original to investigate the adsorption of
- pharmaceuticals pharmaceuticals onto original GAC
A mixture of to investigate the adsorption of
5:54.1 pharmaceuticals jeround pharmaceuticals onto ground GAC
pfg r?}';;:;%g;ls to inve_stigate the adsorption of_
55.4.2 and Synthetic Ground pharmaceuticals onto ground GAC in the
presence of background organic matter
secondary effluent

5.5.1. RSSCTs with Original GAC and Synthetic Secondary Effluent

Two experiments were carried out with original (non-ground) GAC in order to make a
comparison with the experiments carried out with ground GAC. In these experiments the rapid small-
scale columns were filled with original GAC (particle size around 1 mm) and synthetic secondary
effluent was fed to it for 14 and 30 days, respectively in order to observe the removal of background
organic matter. There were no pharmaceuticals in the feed. Samples were taken for UV2s4, UV2g0 and
DOC measurements. Breakthrough curves, which reflect the concentration profile in the effluent of
an adsorber column, were obtained with respect to time. Figure 5.33 shows the normalized
concentration (C/Co=effluent concentration/initial concentration) in terms of UVa2ss and UVago
parameters in both experiments. The UV2ss and UVa2go values of the influent synthetic secondary
wastewater were 0.132 1/cm and 0.115 1/cm, respectively. For example, to reach 70% breakthrough
in concentration (C/Co=0.7), an operational period of approximately 10 days was needed. In the first
experiment, it was observed that almost 90% of initial UV2s4 and UV2go were reached at the end of
the experiment, while C/Co were around 0.8 at the end of the second experiment. It can be said that

the complete breakthrough of background organic matter (C/Co = 1) would occur at the order of days.
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Figure 5.33. Breakthrough curves in terms of UV2s4 and UV2go in the RSSCT column filled with
original GAC and fed with synthetic secondary effluent (14-day and 30-day experiments).

In the second experiment also DOC was regularly measured during 30 days. The DOC
concentration in the influent was 3.6 mg/L. Figure 5.34 shows the breakthrough curve in terms of
DOC. 80% breakthrough was reached after 10 days (C/Co=0.8). In terms of this parameter, full
breakthrough would also occur at the order of days.
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Figure 5.34. Breakthrough curve in terms of DOC in the RSSCT column filled with original GAC
and fed with synthetic secondary effluent (30-day experiment).
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5.5.2. RSSCTs with Ground GAC and Synthetic Secondary Effluent

Two experiments were carried out with ground GAC (particle size around 100 pm). In these
experiments the column was filled with ground GAC and synthetic secondary effluent was fed to it
for 24 and for 30 hours, respectively. There were no pharmaceuticals in the feed. During the
experiments, samples were taken hourly for DOC, UV2s4 and UV2go analyses and breakthrough curves

were obtained with respect to time.

Figure 5.35 and Figure 5.36 shows the C/Cq in terms of UV parameters in both experiments and
DOC in the first experiment, respectively. The breakthrough in terms of background organic matter
was reached in any case much earlier, in hours with ground GAC compared to days with original
GAC (shown in Figure 5.33). For example, in the first and second experiment with ground GAC, the
normalized concentration (C/Co) of UV parameters reached around 0.7 after around 8 hours.
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Figure 5.35. Breakthrough curves in terms of UV2s4 and UV2go during the experiments with ground
GAC and fed with synthetic secondary effluent (24-hour and 30-hour experiments).
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Figure 5.36. Breakthrough curves in terms of DOC in the RSSCT column filled with ground GAC

and fed with synthetic secondary effluent (24-hour experiment).

As mentioned in previous sections, the most important point is to provide a similitude between
pilot-scale and small-scale columns (Crittenden et al., 1991). If similarity is ideal, the breakthroughs
obtained from the original and ground GAC should be equal to each other. Thus, it is possible to
simulate pilot-scale performance by using different rapid small-scale columns. The shapes of the
breakthrough curves were similar to each other and as seen from Figure 5.33 and Figure 5.35; Figure
5.34 and Figure 5.36. The time needed to reach breakthrough was longer in the case of original GAC
as expected. For original GAC the breakthrough time was in the order of days, while for ground GAC

it was in the order of hours.

5.5.3. RSSCTs with Original GAC and a Mixture of Micropollutants

An experiment was carried out with original (non- ground) GAC in order to make comparison
with the experiments carried out with ground GAC. The rapid small-scale column was filled with
original GAC (particle size around 1 mm) and a mixture of pharmaceuticals (initial concentrations of
all pharmaceuticals were 200 pg/L) in deionized water was fed to it for 20 days. In the feed there was
no background organic matter. Breakthrough curves were obtained with respect to time for all
pharmaceuticals. Figure 5.37 shows the normalized concentrations (C/Co=effluent

concentration/initial concentration).
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Figure 5.37. Normalized concentrations of pharmaceuticals in the RSSCT column filled with

original GAC with respect to time.

It was observed that there was no full breakthrough (C/Co = 1) for any of the pharmaceuticals
since they were at low concentrations in the influent. In the period monitored, the normalized
concentrations (C/Co) of ERY and SMX were very close to each other (around 0.01), while for CBZ
this value was slightly higher (C/Co = 0.02) at the end of the experiment. In addition, C/Co of ACT
reached to 0.05 after 20 days. This indicates that only 5% of initial concentration of ACT was reached

to the effluent at the end of the experiment.

5.5.4. RSSCTs with Ground GAC and a Mixture of Micropollutants

5.5.4.1 Experiments with a mixture of micropollutants. Two experiments were carried out with

ground GAC and a mixture of micropollutants. The same procedure was followed for both
experiments as in the case of synthetic secondary effluent. The conditions were also the same. The
column was filled with ground GAC and a mixture of micropollutants (initial concentrations of ACT,
CBZ, ERY and SMX were 178 pg/L, 142 ng/L, 142 ng/L and 181 pg/L, respectively) was fed to it
for 30 hours. There was no background organic matter. Samples were taken regularly during the
experiments for monitoring the concentration of pharmaceuticals. Normalized concentrations (C/Co)
were calculated for all pharmaceuticals. The results of 1% and 2" experiment are shown in Figure

5.38 and Figure 5.39, respectively.
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Figure 5.38. Normalized concentrations of pharmaceuticals in the RSSCT column filled ground

GAC with respect to time (1% experiment).

It was observed in the first experiment that there was no full breakthrough (C/Co = 1) of either
of the pharmaceuticals. In fact, the column is far away from saturation. The C/Co of ERY reached
around 0.02 at the beginning of the experiment and remained constant for 30 hours, while for CBZ
this value was 0.01 during the experiment and reached around 0.02 at the end. On the other hand,
C/Co values were very close to each other (0.001) for ACT and SMX during the experiment.

The results of the second experiment were slightly different from the first experiment. As seen
in Figure 5.39, for ERY the C/Co value reached around 0.02 at the beginning of the experiment and
remained constant for 30 hours as in the first column test. Then, it reached to 0.03 at the end of the
experiment. For CBZ the C/Coreached around 0.01 at the beginning and reached to 0.04 after 5 hours
and remained constant. Also, the C/Coof ACT and SMX reached to 0.01 at the end of 30 hours. These
higher ratios could be explained with slightly higher initial concentrations of all pharmaceuticals in
the second experiment. Initial concentrations of ACT, CBZ, ERY and SMX were 285 pg/L, 328 pg/L,
272 pg/L and 270 pg/L, respectively in the influent. When these results were compared in terms of
loading, which was expressed as QxCo, in the first experiment loading of ACT, CBZ, ERY and SMX
were 1.40 pg/min, 1.11 pg/min, 1.11 pg/min and 1.41 pg/min, respectively. For the second
experiment loadings were 2.24 ng/min, 2.57 pg/min, 2.14 pg/min and 2.12 pg/min for ACT, CBZ,
ERY and SMX, respectively. These slightly higher loadings may have led to higher effluent

concentrations at the end of the experiment.
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Figure 5.39. Normalized concentrations of pharmaceuticals in the RSSCT column filled ground

GAC with respect to time (2" experiment).

In addition, it was observed in the second experiment that CBZ and ERY reached higher C/Co
ratios compared to ACT and SMX at the end of the experiment. However, isotherm experiments
showed that the affinity of ERY to GAC was higher compared to ACT in the presence of a mixture
of pharmaceuticals in the solution. This column test showed a different order of pharmaceutical
adsorption. These kinds of disagreements between the batch experiments and RSSCTs were
explained in a study that mass transfer processes in GAC filters are highly relevant, which need to be
taken into account in adequate breakthrough curve determination. Furthermore, it was said that the
potential for GAC pore fouling cannot be determined from batch experiments (Zietzschmann et al.,
2014). Yet, since the duration of the experiment was very short, it is possible to observe a different

pattern in breakthrough of pharmaceuticals in a long term.

The normalized effluent concentrations (C/Co) of pharmaceuticals were observed to be very low
during the short duration of experiments. So, these results were used as inputs in the AdDesign
software to simulate the breakthrough curves for longer time periods. The detailed results are given

and discussed in Section 5.8.

5.5.4.2 Experiments with a mixture of micropollutants and synthetic secondary effluent. Another

experiment was carried out with ground GAC and a mixture of micropollutants and synthetic
secondary effluent. In this experiment the column was filled with ground GAC and a mixture of
micropollutants (initial concentrations of ACT, CBZ, ERY and SMX were 168 ug/L, 181 ug/L, 171
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ug/L and 185 pg/L, respectively) and synthetic secondary effluent (initial DOC concentration was
6.2 mg/L) was fed to it for 24 hours. The purpose was to investigate the competition between the
pharmaceuticals and the background organic matter in the synthetic secondary effluent. Results are

shown in Figure 5.40.
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Figure 5.40. Normalized concentrations of pharmaceuticals in the presence of synthetic secondary

effluent in the RSSCT column with respect to time.

It was observed that when there was background organic matter, C/Co value of ACT reached
0.01 after 3 hours and remained constant. On the other hand, the C/Co values of CBZ, ERY and SMX
were close to each other at the end of the experiment. However, isotherm experiment with a mixture
of pharmaceuticals and synthetic secondary effluent (Table 5.8) showed that CBZ had the lowest
affinity to GAC compared to other pharmaceuticals. On the other hand, although isotherm test showed
a high affinity of ACT to GAC compared to ERY and CBZ, in this RSSCT it reached to the highest

C/Co ratio at the end of the experiment.

Besides, UV2s4, UV2g0, Colorazs and DOC parameters were also measured during the experiment
in order to observe the adsorption of background organic matter. As seen in Figure 5.41 and Figure
5.42, C/Co reached 0.6 in the first hours of the experiment in terms of all parameters. Thus, the
breakthrough of background organic matter occurred much earlier than pharmaceuticals. The affinity
of background organic matter to GAC was too low according to Freundlich parameters as seen in
isotherm experiments. When there was a mixture of pharmaceuticals, adsorption of background

organic matter was much lower. In terms of DOC, almost 95% of influent concentration was observed
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in the effluent of the column at the end of the experiment. This indicates almost complete
breakthrough in the same period of time.
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Figure 5.41. The normalized concentrations in terms of UV2s4, UV2g0 and Colorazs of synthetic

secondary effluent in GAC column with respect to time.
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Figure 5.42. The normalized concentration in terms of DOC of synthetic secondary effluentin

GAC column with respect to time.

5.5.5. Tracer Test

The dispersion coefficient and dispersivity values were determined from tracer test by matching

the experiment results to the model concentrations of 1-D advection-dispersion solution. Figure 5.43
shows the tracer test and the best-fit of the model. The shape of the experimental data is very close to
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the curve of model calculation. The best-fit dispersion coefficient and the other values are given in
Table 5.11.
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Figure 5.43. Experimental data of tracer test and model results.

Table 5.11. The parameters determined from tracer test.

Parameter Value
Flow rate (mL/min) 7.85
Length (L) (cm) 2
Velocity (v) (cm/min) 20
Dispersion coefficient (Dx) (cm?/min) 0.5
Longitudinal dispersivity (cm) 0.03
Peclet number (Pe = vL/Dy) 80

Peclet number defines the ratio of advection to dispersion along the column. High Peclet numbers
show that advection controls the mass transport. As the Peclet number approaches to infinity,
transport occurs only by advection and no axial dispersion occurs. On the other hand, if the Peclet
number approaches to zero, only axial dispersion occurs and there is no transport by advection
(Crittenden et al., 2012; Cegen and Aktas, 2011). High Peclet number in Table 5.11 showed that

advection controls the mass transport in the column due to high flow rate and dispersion is low.
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5.6. ldeal Breakthrough Time of RSSCTs

According to Worch (2012), in the case of infinitely fast mass transfer process and no dispersion,
an ideal breakthrough occurs and the time to reach the breakthrough is termed the ideal breakthrough
time. Each real breakthrough time can be approximately determined by the ideal breakthrough time
for strongly adsorbable substances in GAC filters with the following equation:

qoMma

CoQ

tbid ~ tg, = (5.8)

where Qo is the adsorbed amount in equilibrium with the inlet concentration (calculated from isotherm
experiments) (ug/g GAC), ma is the GAC mass (g), Q is the flow rate (mL/min), and Co is the inlet
concentration (ug/L). Figure 5.44 shows the ideal and real breakthrough time. In the case of a
symmetrical S-shaped breakthrough curve, the ideal breakthrough time is the time where the relative

concentration of the real breakthrough curve equals 0.5 (Worch, 2012).

C/C,

Real breakthrough time Ideal BTC

Ideal breakthrough time

Figure 5.44. The ideal and real breakthrough time (Adapted from Worch, 2012).

According to Equation 5.8, ideal breakthrough times for ACT, CBZ, ERY and SMX were
approximately calculated for each column test and presented in Table 5.12. For Freundlich parameters
(K and n), data from the isotherm experiments were used to calculate the adsorbed amount in
equilibrium (go = K.Co").
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Table 5.12. Ideal breakthrough time for pharmaceuticals in column tests.

K Co Q tp'd
Exp. Pharma. n m .
P (ng/g GAC)(L/pg)") gLy | ™ @ | (mLimin)| (d)
(non-ground) CBZ 21.3 1.45| 142 1163
0.6593 0.078
(_3AC ERY 53.5 1.1 142 515
(Section 5.5.3) [ gmX 90.9 0.86| 181 258
with ground GAC | ACT 435 0.89 | 232 15
(Average of two CBz 21.3 145| 235 15.6
exp.eriments) ERY 53.5 1.1 207 0.7110 785 5.7
(Section 5.5.4.1) [ gumX 90.9 0.86 | 226 2.7
ACT 38.7 0.94| 167 2
with ground GAC
in the presence of | CBz 0.0002 3.7 | 180 17
syn. secondary 0.7839 7.85
effluent ERY 225 1.05| 171 2
(Section 5.5.4.2)
SMX 50.6 0.9 185 2

5.6.1. Column Test with Original GAC

As seen in the column test with original (non-ground) GAC, the normalized effluent
concentrations (C/Co) of pharmaceuticals were very low during the experiment. Ideal breakthrough
times were approximately calculated for ACT, CBZ, ERY and SMX as 144, 1163, 515 and 258 days,
respectively. When original GAC was used the breakthrough could be achieved in a long period of
time, for example in weeks or months. Since there were internal and external mass transfer, dispersion
and competition between compounds, this ideal case was not expected and shorter period of time
would be necessary to reach the breakthrough. These results were also compared with a simulation
model called AdDesign which provides evaluation and design systems that use GAC for the removal

of contaminants. The detailed results were given and discussed in Section 5.8.

5.6.2. Column Test with Ground GAC

Two column tests were carried out with ground GAC and a mixture of pharmaceuticals. Ideal
breakthrough times for ACT, CBZ, ERY and SMX were also calculated and presented in Table 5.12.
For the calculations average values of two experiments were used. As mentioned before, these values
give only a rough estimation on the breakthrough time if there is no mass transfer effect in the GAC
column. According to the values, ideal breakthrough of CBZ is expected to be reached later than other

pharmaceuticals.
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In addition, the ideal breakthrough times for ACT, CBZ, ERY and SMX in the column
experiment in the presence of synthetic secondary effluent were also calculated. These values showed
that the ideal breakthrough times for ERY and SMX were shorter compared to the case when there
was no background organic matter. The ideal breakthrough time for ACT and CBZ was longer
compared to the absence of background organic matter, but close to each other in both cases. It was
expected that in ideal case, the presence of background organic matter could affect the adsorption of

pharmaceuticals.
5.7. Specific Throughput and Carbon Usage Rate of RSSCTs

Specific throughput and carbon usage rate (CUR) are also used to quantify the performance of a
GAC adsorber. Specific throughput is the volume of water treated per mass of adsorbent used at a
given treatment objective. CUR is the mass of adsorbent used per volume of water treated to a given
treatment objective. These are defined as shown in Equation 5.9 and 5.10, respectively (Crittenden et
al., 2012).

P _ V .tpk
Specific throughput = A Mo (5.9)

where V is the volume occupied by adsorber media (mL), tok is the time to arbitrary breakthrough (h),
EBCT is empty bed contact time (min) and Mgac is mass of GAC (g).

1
Specific throughput

Carbon usage rate = (5.10)

By using these equations, specific throughput and CUR of all conducted RSSCTs were calculated
and presented in Table 5.13. The breakthrough was chosen as C/Co = 0.7 for background organic
matter in terms of DOC and C/Co = 0.001 for pharmaceuticals. Then, the breakthrough times were
determined according to chosen breakthrough in order to compare the results of experiments. It was
seen that when ground GAC was used, specific throughputs are higher and carbon usage rates (CUR)
were lower due to the short period of time of the experiments. This indicates the use of RSSCTs is

advantageous in terms of time and cost saving.
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Table 5.13. Specific throughput and carbon usage rate of RSSCTSs.

Specific Bed
V | tk | EBCT | Mcac throughput CUR Volume

(mL) | () | (min) | @ | g eac) | @D | @y

Experiment

Original GAC with Syn.
Secondary Eff. 1.57 |120| 20 |0.6529 0.87 1.15 360
(Section 5.5.1)

Ground GAC with Syn.
Secondary Eff. 157 | 15 | 0.20 |0.6782 10.42 0.10 | 4500
(Section 5.5.2)

Original GAC with MPs

(Section 5.5.3) 157 | 4 | 20 |06593|  0.03 333 | 12
Ground GAC with MPs

(Section 5.5.4.1) 157 | 2 | 0.20 |0.7114 1.32 0.76 | 600
Ground GAC with MPs
and Syn. Secondary Eff. | 1.57 | 1 | 0.20 |0.7839 0.60 1.67 300

(Section 5.5.4.2)

5.8. Comparison of RSSCTs Results with a Simulation Model

As mentioned in previous sections, the RSSCTs carried out within the scope of this study were

simulated in the AdDesign Software and the results are presented in the following sections.

5.8.1. Simulation of an RSSCT with a Mixture of Pharmaceuticals and Ground GAC

The AdDesign model was used for simulating a 30-hour RSSCT and showing the breakthrough
curve in a longer period of time. For this purpose, kinetic parameters of the pharmaceuticals from
batch isotherm tests with ground GAC and the characteristics of the small column were entered as
input parameters. There were two RSSCTs with a mixture of pharmaceuticals and ground GAC. So
for showing the simulation, the averages of normalized concentrations were used. Table 5.14 shows
the input parameters and Figure 5.45, Figure 5.46, Figure 5.47 and Figure 5.48 show the final
breakthrough curves belonging to ACT, CBZ, ERY and SMX obtained from the model and the

experiments, respectively.
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Table 5.14. Input parameters in the AdDesign run for a mixture of pharmaceuticals and ground

Time (h)

GAC.
Parameter Value
Flow rate (mL/min) 7.85
EBCT (min) 0.20
Particle size (mm) 0.1
ACT 232
.. . CBZ 235
Initial concentration (pg/L) ERY 207
SMX 226
ACT 43.5
. CBzZ 21.3
n
Freundlich K ((ng/g)(L/ug)") ERY 35
SMX 90.1
ACT 0.89
. CBzZ 1.45
Freundlich n ERY 11
SMX 0.86
Bed mass (g GAC) 0.7110
Film diffusion coefficient (cm/s) 0.0212
ACT 4.23xe™
e - CBZ 4.30xe™°
2
Surface diffusion coefficient (cm</s) ERY 1 11xe?
SMX 2.38xe”
Pore diffusion coefficient (cm?/s) 9.71xe®
0.2
0.16
O
0.12
o o OACT-AdDesign
)
0.08 O@ACT-RSSCT
(Average of 2 tests)
0.04

Figure 5.45. The breakthrough of ACT obtained from the experiments and the AdDesign model

(Ground GAC).
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Figure 5.46. The breakthrough of CBZ obtained from the experiments and the AdDesign model

(Ground GAC).
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Figure 5.47. The breakthrough of ERY obtained from the experiments and the AdDesign model
(Ground GAC).
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Figure 5.48. The breakthrough of SMX obtained from the experiments and the AdDesign model
(Ground GAC).

The AdDesign model overestimated the normalized concentrations of ACT after 24" hour as
seen in the breakthrough curve in Figure 5.45. On the other hand, the model slightly underestimated
the normalized experimental concentrations of CBZ and ERY'. Besides, the model data of SMX fitted
the experimental data well. Since 30-hour was a very short duration and the experiments showed only
the beginning of the adsorption, it was thought that the model results might not fully coincide with
the experimental results. Additionally, isotherm parameters from the batch experiments were entered
as input data, this could also be a reason for this dissimilarity between the RSSCT and AdDesign

model results.

An additional 40-day RSSCT was run in the AdDesignS software by using the same data. A
breakthrough graph was obtained as presented in Figure 5.49. The simulation was extended to a total
run time of 40 days to simulate a full breakthrough (C/Co=1) for all pharmaceuticals. Figure 5.49 also
shows the calculated ideal breakthrough times (1.5 day for ACT, 15.6 day for CBZ, 5.7 for ERY and
2.7 for SMX). It was said that the ideal breakthrough time was the time where C/Co= 0.5 in the real
breakthrough curve (Worch, 2012). When calculated ideal breakthrough times were compared with
the results of the breakthrough curve acquired from the model, it was seen that the times for C/Co =
0.5 of all pharmaceuticals were very close to the ideal breakthrough times. Also, CBZ showed an S-

shaped breakthrough curve as seen from Figure 5.49.
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Figure 5.49. The output of the AdDesign software showing the breakthrough curves of

pharmaceuticals in a 40-day run with ground GAC.

The full breakthrough was reached at around 13 days (around 93600 BV) for ACT and SMX,
whereas CBZ and ERY reached the full breakthrough later, after around 30 days (around 216000
BV). Also, the specific throughput was calculated as 635.6 m*kg GAC and CUR was 0.002 g/L in
the case of full breakthrough of all pharmaceuticals. If the breakthrough is chosen as 10% of initial
concentrations (around 20 pg/L), the time of breakthrough was calculated as 1 day (7200 BV), 7.3
days (52560 BV), 4 days (28800 BV) and 1.8 days (12960 BV) for ACT, CBZ, ERY and SMX,

respectively.

Besides, as mentioned before, some dimensionless parameters are given as outputs by the
AdDesign model. These parameters for all pharmaceuticals obtained from this run are presented in
Table 5.15. It was seen that all dimensionless parameters of pharmaceuticals were equal to each other.
Higher surface diffusivities compared to pore diffusivities indicate that surface diffusion is faster and
the controlling mechanism inside the particle. On the other hand, when Biot numbers are taken into
consideration, Pore Biot numbers are higher than the Surface Biot numbers for all pharmaceuticals.
All Biot number values of pharmaceuticals are between 0.5 and 50. This indicates that intraparticle

diffusion and the film transfer were both significant for adsorption.
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Table 5.15. Dimensionless parameters of pharmaceuticals obtained from the AdDesign run for a
mixture of pharmaceuticals and ground GAC.

Stanton Surface Surface Biot Pore Pore Biot

Pharma. | number diffusivity number diffusivity number
(St) modulus (Eds) (Bis) modulus (Edp) (Bip)
ACT 24 5.5 4.36 1.10 21.8
CBz 24 5.5 4.36 1.10 21.8
ERY 24 5.5 4.36 1.10 21.8
SMX 24 5.5 4.36 1.10 21.8

5.8.2. Simulation of a Column Test with a Mixture of Pharmaceuticals and Original GAC

Additionally, another column test was run in the AdDesign by using the same data in the RSSCT
for pharmaceuticals. For this run, the flow rate, EBCT and the particle size of GAC were changed to
0.078 mL/min, 20 min and 1 mm, respectively according to the experiment carried out with original
GAC.

In order to show the similarity, the breakthrough curve of the AdDesign model for 20 days was
drawn together with the breakthrough curves of the RSSCT with original (non-ground) GAC carried
out in this study. Results are presented in Figure 5.50, Figure 5.51, Figure 5.52 and Figure 5.53 for
ACT, CBZ, ERY and SMX, respectively. Accordingly, it was seen that the AdDesign model
underestimated the normalized concentrations of ACT and CBZ after 12" day and 15" day,
respectively. On the other hand, for ERY and SMX the breakthrough curves fitted the experimental
data well. It was thought that the fit could not be obtained because the experiments showed the very

beginning of the adsorption onto original GAC.

01

0.08
_0.06
8 (o) OACT-AdDesign

0.04 0® © OACT

®
0.02 (o)
° ®
0 ©88oo88on8nooooooooon
0 5 10 15 20 25
Time (day)

Figure 5.50. The breakthrough curves of ACT obtained from the RSSCT and AdDesign model
(Original GAC).
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Figure 5.51. The breakthrough curves of CBZ obtained from the RSSCT and AdDesign model
(Original GAC).
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Figure 5.52. The breakthrough curves of ERY obtained from the RSSCT and AdDesign model
(Original GAC).
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Figure 5.53. The breakthrough curves of SMX obtained from the RSSCT and AdDesign model

(Original GAC).

The simulation was extended to a total run time of 4000 days to show full breakthrough (C/Co=1)

for all pharmaceuticals. A breakthrough graph was obtained as presented in Figure 5.54 with the
calculated ideal breakthrough times (144 day for ACT, 1613 day for CBZ, 515 for ERY and 258 for

SMX). It was seen that the times at C/Co = 0.5 of all pharmaceuticals were very close to the ideal

breakthrough times. Also, CBZ showed an S-shaped breakthrough curve as in the case of ground

GAC.

0

1000 2000 3000 4000 5000
Time (day) Ideal BTCs

OACT
oCBZ
OERY
@SMX

Figure 5.54. The output of the AdDesign software showing the breakthrough curves of

pharmaceuticals in a 4000-day run with original GAC.
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Full breakthrough was reached at around 2700 days (around 194400 BV) for ACT, ERY and
SMX, while for CBZ this time was around 3800 days (around 273600 BV). It was observed that the
CBZ breakthrough curve was the most dispersed. For the full breakthrough the specific throughput
was calculated as 681.5 m*/kg GAC and CUR was 0.002 g/L. If the breakthrough is chosen as 10%
of initial concentrations as in the case of ground GAC, the time of breakthrough was calculated as 91
days (6552 BV), 516 days (37152 BV), 306 days (22032 BV) and 129 days (9288 BV) for ACT,
CBZ, ERY and SMX, respectively. The breakthrough time of ACT was 91 times higher compared to
RSSCT results with ground GAC, whereas for other pharmaceuticals this ratio was around 75. This
result is in accordance with the relationship between scaling factor, EBCT and times to run the large
and small column as shown in Table 3.3 indicating the advantage of using small columns in

experiments to obtain results much faster.

5.8.3. Simulation of a Pilot-Scale Column with a Mixture of Pharmaceuticals and Original
GAC

Additionally, another column test was run in the AdDesign software by using the same data of
the RSSCT for pharmaceuticals. For the adsorber database, parameters representing the pilot-scale
column were used. Flow rate was kept the same as the RSSCT with ground GAC. According to the
correlations in Table 3.3, the EBCT was increased by a factor of 100, which is the square of the
scaling factor of 10. Input parameters are presented in Table 5.16. The simulation was extended to a
total run time of 4000 days to show full breakthrough (C/Co=1) for all pharmaceuticals. A
breakthrough graph was obtained as presented in Figure 5.55.

Table 5.16. Input parameters in the AdDesign run for a pilot-scale column test.

Parameter Value
Bed length (cm) 50
Bed diameter (cm) 2
Flow rate (mL/min) 7.85
EBCT (min) 20
Particle size (mm) 1
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Figure 5.55. The output of AdDesign software showing the breakthrough curves of
pharmaceuticals in a pilot-scale column with original GAC.

Full breakthrough was reached at around 2700 days (around 194400 BV) for ACT, ERY and
SMX, while for CBZ this time was around 3800 days (around 273600 BV). It was observed that the
CBZ breakthrough curve was the most dispersed. For the full breakthrough the specific throughput
was calculated as 636 m*/kg GAC and CUR was 0.002 g/L. These values are very close to the values
from the experimental RSSCT with original GAC as expected. If the breakthrough is chosen as 10%
of initial concentrations as in the case of ground GAC, the time of breakthrough was calculated as
110 days (7920 BV), 736 days (52992 BV), 319 days (22968 BV) and 183 days (13176 BV) for ACT,
CBZ, ERY and SMX, respectively. The breakthrough times are around 100 times higher compared
to RSSCT results with ground GAC. This result is in accordance with the relationship between scaling
factor, EBCT and times to run the large and small column as shown in Table 3.3 indicating the
advantage of using small columns to obtain results much faster. Also, the output of this run in the
AdDesgin showed that the dimensionless parameters of pharmaceuticals remained the same which is
important to assume that similar conditions and mass transfer processes are present at both small-
scale and pilot-scale columns. It was said that perfect similarity can be obtained by setting the
dimensionless groups which describe adsorbate transport in an RSSCT equal to those for pilot-scale
column. In ideal case, if the similarity is perfect, breakthrough profiles of small-scale and pilot-scale
column will be the same (Crittenden et al. 2012). Results of this run showed that RSSCTs can be used

for designing the pilot-scale columns.
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5.8.4. Simulation of an RSSCT with a Mixture of Pharmaceuticals at Real Concentrations and
Ground GAC

The AdDesign model was also used for simulating an RSSCT with a mixture of pharmaceuticals
at concentrations in real wastewater (Table 4.6) and ground GAC. For this purpose, the same data
from the previous section was used. Initial concentrations of ACT, CBZ, ERY and SMX were 0.009
ug/L, 0.524 ng/L, 0.118 ug/L and 0.056 pg/L, respectively. The breakthrough curve graph is
presented in Figure 5.56. Full breakthrough (C/Co = 1) was reached at around 6 days (around 43200
BV) for ACT, CBZ and ERY, whereas SMX reached the full breakthrough later, at around 17 days
around 122400 BV). The difference in the initial concentrations affected the adsorption behaviour.
For example, in the experiments, the initial concentrations of pharmaceuticals were around 200 pg/L
and the full breakthrough time of CBZ was later than the others. But in this real wastewater case, its
concentration was the highest and its full breakthrough time was earlier. For the full breakthrough,
the specific throughput was calculated as 317.8 m3/kg GAC and CUR was 0.003 g/L. If the
breakthrough was chosen as 10% of initial concentrations, the time of breakthrough was calculated
as 4.01 days (28872 BV), 0.16 days (approximately 4 hours) (1152 BV), 2.53 days (18216 BV) and
7.73 days (55656 BV) for ACT, CBZ, ERY and SMX, respectively.
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Figure 5.56. The output of AdDesign software showing the breakthrough curves of

pharmaceuticals at real wastewater concentrations with ground GAC.

5.8.5. Calibration of AdDesign Model to Simulate RSSCTs

An alternative approach was also applied for calibrating the model and simulating RSSCTs. For

this purpose, different scenarios were tested in the AdDesign model program. The purpose was to
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provide a fit in breakthrough curves between the model and experimental results. The isotherm
parameter n and the film diffusion coefficients were slightly modified. It was said that n values have
an effect on the breakthrough curve (Cegen and Aktas, 2011) and the film diffusion affects only the
beginning of the adsorption process. After a certain point, intraparticle diffusion becomes more
important (Worch, 2012). The conducted experiments showed only the beginning of adsorption as
presented in previous sections. So, different film diffusion coefficients ranging from 0.002 cm/s to
0.2 cm/s were tried in different runs. Also, n values were changed by 10%. The surface and pore
diffusion coefficient values remained the same as calculated automatically by the AdDesign

according to some correlations.

5.8.5.1 An RSSCT with a Mixture of Pharmaceuticals and Ground GAC. The input parameters

entered into the AdDesign software are presented in Table 5.17. The final breakthrough curves
belonging to ACT, CBZ, ERY and SMX obtained from the model and the experiments are shown in
Figure 5.57, Figure 5.58, Figure 5.59 and Figure 5.60, respectively.

Table 5.17. Input parameters in the AdDesign run for a mixture of pharmaceuticals and ground
GAC (with modified values).

Parameter Value
ACT 232
. . CBz 235
Initial concentration (ug/L) ERY 507
SMX 226
ACT 435
. N CBz 21.3
Freundlich K ((ng/g)(L/ug)") ERY 35
SMX 90.1
ACT 1.12
Freundlich n CBz 1.3
(modified) ERY 1.06
SMX 1
Bed mass (g GAC) 0.7110
. e .. ACT 0.0208
Film dlffu(sg%r)sc):oefflment CBZ 0.0044
(modified) ERY 0.0980
SMX 0.0500
ACT 1.21xe™
Surface diffusion coefficient CBz 9.23xe10
(cm?/s) ERY 1.37xe”®
SMX 1.11xe™
Pore dlffu5|or21 coefficient 9.71xe®
(cm?/s)
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Figure 5.57. The breakthrough of ACT obtained from the RSSCTs and the AdDesign model with
assumptions (Ground GAC).
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Figure 5.58. The breakthrough of CBZ obtained from the RSSCTs and the AdDesign model with
assumptions (Ground GAC).
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Figure 5.59. The breakthrough of ERY obtained from the RSSCTs and the AdDesign model with
assumptions (Ground GAC).
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Figure 5.60. The breakthrough of SMX obtained from the RSSCTs and the AdDesign model with
assumptions (Ground GAC).

The AdDesign model slightly underestimated the normalized concentrations of ACT, CBZ and

ERY at the first hours of the experiments as seen from the breakthrough curves. Besides, it slightly

overestimated the normalized concentrations of SMX in the same period. However, experimental

results were similar at the end of 30 hours and breakthrough curves of all pharmaceuticals fitted

experimental data well.
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An additional 40-day RSSCT was run in the AdDesign software by using the same data. The
simulation was extended to simulate a full breakthrough (C/Co=1) for all pharmaceuticals. A

breakthrough graph was obtained as presented in Figure 5.61.
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Figure 5.61. The output of the AdDesign software showing the breakthrough curves of

pharmaceuticals in a 40-day run with ground GAC.

Results showed that full breakthrough was reached at around 17 days (around 122400 BV) for
ACT, ERY and SMX, whereas CBZ reached the full breakthrough later, after around 25 days (around
180000 BV). Also, the specific throughput was calculated as 636.8 m*/kg GAC and CUR was 0.002
g/L in the case of full breakthrough of all pharmaceuticals. If the breakthrough is chosen as 10% of
initial concentrations (around 20 pg/L), the time of breakthrough was calculated as 3.58 days (25776
BV), 2.88 days (20736 BV), 4.22 days (30384 BV) and 4.99 days (35928 BV) for ACT, CBZ, ERY
and SMX, respectively. When these results were compared with the results of previous section, it was
seen that modifications on n values and film diffusion coefficients caused a slight change in the time
to reach the full breakthrough of pharmaceuticals in long-term operation.

Since n values belonging to pharmaceuticals were slightly modified to obtain the best fit in the
AdDesign model, the ideal breakthrough times of pharmaceuticals were recalculated for the

conditions of this run and presented in Table 5.18.
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Table 5.18. Ideal breakthrough time for pharmaceuticals in a RSSCT in AdDesign model.

Pharma. | K ((ng/g GAC)(L/ng)") | n | Co(ng/L) | GAC (9) | Q (mL/min) | to'd (d)
ACT 43.5 1.12 232 53
CBZ 21.3 1.3 235 6.9
ERY 53.5 1.06 207 0.7110 785 4.6
SMX 90.9 1 226 5.7

Then, these values were compared with the results of the breakthrough curve acquired from the
model. According to the breakthrough curve, it was seen that the times for C/Co= 0.5 of ACT, CBZ,
ERY and SMX were around 5 days, 8 days, 5 days and 6 days, respectively. These values are

comparable with the calculated ideal breakthrough times.

Besides, as mentioned before, some dimensionless parameters are given as outputs by the
AdDesign model. These parameters for all pharmaceuticals obtained from this run are presented in
Table 5.19. Since some modifications were made on some parameters such as Freundlich n values
and film diffusion coefficients, these dimensionless numbers also changed. For this run, it was seen
that Eds and Ed, of all pharmaceuticals were equal to each other. Higher surface diffusivities
compared to pore diffusivities indicate that surface diffusion is faster and the controlling mechanism
inside the particle. On the other hand, when Biot numbers are taken into consideration, Pore Biot
numbers are higher than the Surface Biot numbers for all pharmaceuticals. All Biot number values of
ACT and CBZ are lower than 50 that indicates intraparticle diffusion and the film transfer were
significant for adsorption as in the previous case. However, Pore Biot number of ERY and SMX are
higher than 50 that showed pore diffusion is the controlling mechanism for this run in the AdDesign

model.

Table 5.19. Dimensionless parameters of pharmaceuticals obtained from AdDesign run for a

mixture of pharmaceuticals and ground GAC.

Stanton Surface Surface Biot Pore Pore Biot
Pharma.| number diffusivity number (Bis) diffusivity number
(St) modulus (Eds) * | modulus (Edp) (Bip)

ACT 23.6 5.49 4.29 1.10 21.5
CBZ 4.97 5.49 0.906 1.10 4.53
ERY 111 5.49 20.2 1.10 101
SMX 56.5 5.49 10.3 1.10 51.5

5.8.5.2 An RSSCT with a Mixture of Pharmaceuticals and Original GAC. Additionally, another

column test was run in the AdDesign by using the same data for pharmaceuticals from the previous

section. For this run, the flow rate, EBCT and particle size of GAC were 0.078 mL/min, 20 min and
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1 mm, respectively according to the experiment carried out with original GAC. The simulation was

extended to a total run time of 3000 days to show full breakthrough (C/Co=1) for all pharmaceuticals.

A breakthrough graph was obtained as presented in Figure 5.62.
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Figure 5.62. The output of AdDesign software showing the breakthrough curves of

pharmaceuticals in a 3000-day run with original GAC.

Full breakthrough was reached at around 2000 days (around 144000 BV) for all pharmaceuticals.

It was observed that CBZ was the most dispersed pharmaceutical. For the full breakthrough the
specific throughput was calculated as 477 m*kg GAC and CUR was 0.002 g/L. If the breakthrough
is chosen as 10% of initial concentrations as in the case of ground GAC, the time of breakthrough
was calculated as 359 days (25848 BV), 288 days (20736 BV), 432 days (31104 BV) and 501 days
(36072 BV) for ACT, CBZ, ERY and SMX, respectively. The breakthrough times are 100 times
higher compared to RSSCT results with ground GAC. This result is in accordance with the

relationship between scaling factor, EBCT and times to run the large and small column as shown in

Table 3.3. The ideal breakthrough times of pharmaceuticals were also recalculated in the case of

original GAC as presented in Table 5.20.

Table 5.20. Ideal breakthrough time for pharmaceuticals in an RSSCT in AdDesign model.

Pharma. | K ((ng/g GAC)(L/pg)") | n | Co(ng/L) | GAC (9) | Q (mL/min) | to'd (d)
ACT 43.5 1.12 232 529
CBz 21.3 1.3 235 694
ERY 53.5 1.06 207 0.7110 0.078 466
SMX 90.9 1 226 575
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These values were compared with the results of the breakthrough curve acquired from the model.
According to the breakthrough curves, it was seen that the times for C/Co= 0.5 of ACT, CBZ, ERY
and SMX were 571 days, 818 days, 572 days and 631 days, respectively. These values are comparable

with the ideal breakthrough times.

5.9. RSSCTs with Ground GAC Covered by a Biofilm and a Mixture of Micropollutants

In this study, operation of biological activated carbon (BAC) columns was also investigated to
observe whether it was possible to remove selected pharmaceuticals by both adsorption and
biodegradation in RSSCTs. As mentioned before, a microbiological film may form on GAC filters
and convert them into BAC as time passes. This process combines the carbon adsorption and
biological activity. However, since empty-bed contact time (EBCT) is very small in RSSCTs (0.20
minutes) there was no time for conversion of GAC to BAC filter. So, a known amount of ground
GAC was contacted with an activated sludge sample (200 mg/L VSS) taken from the R1 reactor in
an Erlenmeyer flask for 15 days. Synthetic domestic wastewater was added as a feed. After that, the
column was filled with this GAC sample. Then a mixture of micropollutants (initial concentrations
were all 200 pg/L) and synthetic secondary effluent was fed to the column for 4 hours and 8 hours in

two experimental sets.

Results of the 1% experiment (4-hour) showed that the normalized concentrations (C/Co) of all
pharmaceuticals started to increase in the first hours, but then the concentrations of all
pharmaceuticals in the effluent of the column were decreasing as shown in Figure 5.63. It was thought
that both adsorption and biodegradation processes took place at the same time and these
pharmaceuticals could be removed by the biofilm formed on GAC in the batch reactor before the
experiment started. Moreover, it was also possible that microorganisms were already saturated by
background organic matter in the synthetic domestic wastewater or were still acclimating at the
beginning of the experiment. The removal of pharmaceuticals started after the first hour due to

possibly both biodegradation and adsorption.
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Figure 5.63. The normalized pharmaceutical concentrations in the effluent of the BAC column (4-

hour experiment).

The 8-hour experiment showed different results compared to the 1% experiment in terms of
pharmaceuticals. The C/Co of ACT and CBZ reached full breakthrough (C/Co = 1) after 4 hours and
remained constant, whereas C/Co of ERY reached to 0.2 at the end of the experiment as seen in Figure
5.64. On the other hand, it was observed that the normalized concentration of SMX continued to
increase. It was thought that ERY and SMX was adsorbed by GAC from the beginning of the
experiment. It may also be possible that all pharmaceuticals would be removed by both adsorption

and biodegradation if the experiment would last longer.
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Figure 5.64. The normalized pharmaceutical concentrations in the effluent of the BAC column (8-

hour experiment).
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In addition, DOC, UV2s4, UV2g0 and Colorsse parameters, reflecting the bulk organic matter,
were also measured during these two experiments. As seen in Figure 5.65 and Figure 5.66, the
breakthrough (C/Co = 1) was reached in the first hours in terms of all parameters. After 2-3 hours, the
concentrations in the effluent started to decrease possibly due to biodegradation and adsorption in the
column. The results of these two experiments showed similar trend in terms of DOC. It can be
concluded that at the beginning GAC adsorption was more dominant and when the available sites
were occupied, organic matters started to be biodegraded by microorganisms on the surface of GAC.
In addition, although the full breakthrough (C/Co = 1) was reached in the 4-hour experiment in terms
of UV and Color parameters, the normalized concentrations started to decrease after 3 hours in 8-
hour experiment as presented in Figure 5.66. There is a possibility that the adsorbed background

organic matter in the batch reactor might be desorbed at the beginning of the experiment.
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Figure 5.65. The normalized concentrations in terms of DOC of background organic matter in BAC

columns with respect to time.
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Figure 5.66. The normalized concentrations in terms of UV2s4, UV2g0 and Colorazs of background

organic matter in BAC columns with respect to time.

Since the results of two experiments were different from each other, it was not possible to make
a comparison. It was thought that this difference might be observed because the biomass was
contacted with GAC at different time periods for two tests. Because, it is possible that the level of the
adsorption of microorganisms onto GAC particles might be at different levels. Also, the saturation of
GAC by background organic matter could be at different level. Longer period of time may be needed

to observe the real situation.

5.10. Adsorption and Biodegradation Experiments with Individual Pharmaceuticals

The results of two BAC column experiments were not clear to make a comparison and
discussion. For this reason, two additional batch experiments were carried out to observe the effect
of the presence of both GAC and activated sludge on the removal of pharmaceuticals. As mentioned
in the Materials and Methods section, carbamazepine (CBZ) and sulfamethoxazole (SMX) were

chosen.

5.10.1. Behavior of Carbamazepine in Batch Experiments

The results of the experiment with CBZ showed that it was not biodegraded by R1 sludge after
four days as seen in Figure 5.67. It was the only compound in the solution, thus it was not removed
as a primary substrate. This result is in accordance with the previous experiments shown in Section

5.2.2. The biodegradation potential of CBZ was low. The removal efficiency by activated sludge was
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around 8% in the observed time and the Kpiol Value was calculated as 0.04 L.gvss™.d®. Moreover, it
was observed that CBZ was adsorbed by granular activated carbon with around 75% removal
efficiency. The isotherm experiments showed that the adsorption capacity of CBZ when present alone
was higher compared to CBZ in a mixture. When both activated sludge and GAC were simultaneously
present in the solution, the removal was enhanced. The removal efficiency was around 99% indicating
that it could be completely eliminated within the same time.
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Figure 5.67. Results of the biodegradation and adsorption experiment with CBZ.

5.10.2. Behavior of Sulfamethoxazole in Batch Experiments

Another experiment was carried out with SMX under the same conditions. SMX was also not
biodegraded by R1 sludge after four days as seen in Figure 5.68. It was the only compound in the
solution, thus it was not removed as a primary substrate. According to biodegradation experiments in
the previous sections, SMX was classified as a slowly biodegradable pharmaceutical (Section 5.2.2).
The removal efficiency by activated sludge in this experiment was around 12% and the kyio value
was calculated as 0.06 L.gvss™.d. SMX was adsorbed by granular activated carbon with around 99%
removal efficiency. The isotherm experiments showed that the adsorption capacity of SMX to GAC
was high. According to the results of combined adsorption and biodegradation, the presence of
activated sludge in GAC solution did not increase the removal of SMX. It was not possible to

distinguish between biodegradation and adsorption, since adsorption was already high. The removal
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efficiency was also around 99% when there were both activated sludge and granular activated carbon.

It can be said that the biodegradation had a negligible effect on the removal of SMX in this situation.
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Figure 5.68. Results of the biodegradation and adsorption experiment with SMX.
5.10.3. RSSCTs with CBZ and SMX with Ground GAC

Additionally, in parallel to these experiments, two RSSCTs were carried out with CBZ and SMX
in order to investigate the removal of these pharmaceuticals by GAC when they were alone in the
influent of the column. Two columns were filled with ground GAC. CBZ or SMX solutions (initial
concentrations of CBZ and SMX were 1050 ug/L and 1076 ug/L, respectively) in deionized water
were fed to the columns for 76 hours. In these tests the loading was around 8 pg/min. This loading is
actually higher than the loading in RSSCTs with a mixture of pharmaceuticals which was around 1.8
ng/min. Normalized concentrations (C/Co) and the results of 1 and 2" experiment are shown in

Figure 5.69 and Figure 5.70 respectively.
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Figure 5.69. Normalized concentration of single CBZ in GAC column with respect to time.
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Figure 5.70. Normalized concentration of single SMXin GAC column with respect to time.

There was no full breakthrough (C/Co = 1) of either of the pharmaceuticals. The C/Co of CBZ
and SMX did not change much during the experiments and reached only 0.012 and 0.003 after 76
hours, respectively. This means that 1.2% of CBZ and 0.3% of SMX was only seen in the effluent.
For example, C/Co for CBZ reached 0.001 at 3™ hour, while for SMX this ratio reached the same
value after 48 hours. According to isotherms, the affinities of CBZ and SMX to GAC were high and
close to each other when they were the single pharmaceuticals as seen in Table 5.8. As a result, full
breakthrough was not observed as expected. Moreover, there was not a significant effect of influent
concentration on the removal of these pharmaceuticals. Even if the initial concentration was increased

to around 1000 ug/L and the loading to around 8 ug/min, low effluent concentrations were observed
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at the end of the experiments indicating high adsorption potential of CBZ and SMX by ground GAC.
The breakthrough curves in longer time periods were also obtained from the AdDesign model and

presented in following section.
5.10.4. Simulation of RSSCTs with Single Pharmaceuticals and Ground GAC

The AdDesign model was also used for simulating the two column tests with single CBZ and
single SMX and also showing the breakthrough curves in a longer period of time. For this purpose,

kinetic parameters of these pharmaceuticals from isotherm tests were used.

5.10.4.1 Simulation of an RSSCT with single CBZ. Table 5.21 shows the parameters used as inputs

and Figure 5.71 shows the breakthrough curves obtained from the model and the result of the
experiment. The film diffusion, surface diffusion and pore diffusion coefficients remained the same
as calculated automatically by the AdDesign with correlations. Results showed a good fit between

the output of the model and the experiment.

Table 5.21. Input parameters of AdDesign run for single CBZ.

Parameter Value
Initial concentration (ng/L) 1050
Freundlich K ((ng/g)(L/png)") 202
Freundlich n 1.3
Bed mass, GAC (g) 0.6870
Film diffusion coefficient (cm/s) 0.017
Surface diffusion coefficient (cm?/s) 7.66xe
Pore diffusion coefficient (cm?/s) 9.71xe®
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Figure 5.71. The breakthrough curves of single CBZ obtained from the RSSCT and AdDesign

model.

Then, the simulation was extended to a total run time of 200 days to show full breakthrough

(C/Co=1) for single CBZ as presented in Figure 5.72.
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Figure 5.72. The output of AdDesign software showing the breakthrough curve of CBZ in a 200-

day run with ground GAC.

Results showed that full breakthrough was reached at around 180 days (around 1296000 BV)

when CBZ was the single pharmaceutical. Additionally, the specific throughput was calculated as
3291 m?*/kg GAC and CUR was 0.0003g/L. If the breakthrough was chosen as 10% of initial
concentration, the time of breakthrough was calculated as around 40 days (288000 BV) When CBZ
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was in the mixture this time was 7.3 days (52560 BV). This indicated that there was a competition
between the pharmaceuticals. CBZ reached the breakthrough later when it was the single

pharmaceutical indicating better adsorption.

5.10.4.2 Simulation of an RSSCT with single SMX. Table 5.22 shows the parameters used as inputs

and Figure 5.73 shows the breakthrough curves obtained from the model and the result of the
experiment. The film diffusion, surface diffusion and pore diffusion coefficients remained the same
as calculated automatically by the AdDesign with correlations. Results showed a very good fit

between the output of the model and the experiment.

Table 5.22. Input parameters of AdDesign run for single SMX.

Parameter Value
Initial concentration (ug/L) 1076
Freundlich K ((ng/g)(L/ng)" 236
Freundlich n 1.25
Bed mass, GAC (g) 0.6917
Film diffusion coefficient (cm/s) 0.0176
Surface diffusion coefficient (cm?/s) 7.49xe
Pore diffusion coefficient (cm?/s) 9.71xe®
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Figure 5.73. The breakthrough curves of single SMX obtained from the RSSCT and AdDesign

model.

Then, the simulation was extended to a total run time of 200 (around 1440000 BV) days to show
full breakthrough (C/Co=1) for single SMX as presented in Figure 5.74. Results showed that full
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breakthrough was reached at around 200 days when SMX was the single pharmaceutical.
Additionally, the specific throughput was calculated as 3268 m*/kg GAC and CUR was 0.0003 g/L.
If the breakthrough was chosen as 10% of initial concentration, the time of breakthrough was
calculated as around 43 days (309600 BV). When SMX was in the mixture this time was 1.8 days
(12960 BV). SMX reached the breakthrough later when it was the single pharmaceutical as in the
case of CBZ. This indicates that the adsorption of SMX onto GAC was better when it was the only

pharmaceutical.
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Figure 5.74. The output of AdDesign software showing the breakthrough curve of SMX in a 200-
day run with ground GAC.

The ideal breakthrough times of CBZ and SMX were also calculated as presented in Table 5.23.
These values were compared with the results of the breakthrough curve acquired from the model.
According to the breakthrough curves, it was seen that the times for C/Co = 0.5 of CBZ and SMX
were 80 days and 82 days, respectively as seen from Figure 5.72 and Figure 5.74. It was seen that

these times were very close to the calculated ideal breakthrough times.

Table 5.23. Ideal breakthrough time for single CBZ and single SMX in RSSCTs in AdDesign

model.

Pharma. | K ((ng/g GAC)(L/pg)") | n |Co(ng/L) | GAC (9) | Q (mL/min) | to'd (d)
Single CBZ 202.3 1.3 1050 0.6870 7.85 80
Single SMX 236.3 1.25 1076 0.6917 7.85 83
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Besides, dimensionless parameters obtained from the AdDesign model are presented in Table
5.24.

Table 5.24. Dimensionless parameters of CBZ and SMX obtained from two AdDesign runs.

Stanton Surface surface Biot Pore Pore Biot
Pharma.| number diffusivity number (Bis) diffusivity number
(St) modulus (Eds) modulus (Edp) (Bip)
CBZ 18.6 5.31 3.50 1.06 17.5
SMX 19.4 5.35 3.63 1.07 18.1

It was seen that all parameters of these two pharmaceuticals were very close to each other. Higher
surface diffusivities compared to pore diffusivities indicate that surface diffusion is faster and the
controlling mechanism inside the particle. On the other hand, when Biot numbers are taken into
consideration, Pore Biot numbers are around 5 times higher than the Surface Biot numbers. All Biot
number values are lower than 50 which indicates both intraparticle diffusion and the film transfer
were significant for adsorption. The results are also in accordance with the results of the run in

AdDesign model with a mixture of pharmaceuticals.
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6. CONCLUSIONS AND RECOMMENDATIONS

The major objective of this study was to investigate the removal of 4 hazardous pharmaceuticals:
acetaminophen (ACT), carbamazepine (CBZ), erythromycin (ERY) and sulfamethoxazole (SMX) by
biodegradation and adsorption using GAC. In the first part, biodegradation potential of selected
pharmaceuticals was studied. For this purpose, BIOWIN estimation models were used. These models
gave general information about biodegradability or the time required for biodegradation. Results
showed that ACT was the most readily biodegradable pharmaceutical. BIOWIN estimations for CBZ
and SMX were very close to each other and indicated slow biodegradation, whereas ERY was

classified as refractory according to BIOWIN 3 value.

In order to compare the results with BIOWIN estimations and investigate the removal
mechanisms (primary, secondary and cometabolic substrate, etc.), short-term and long-term
biodegradation experiments were carried out with selected pharmaceuticals. Short-term experiments
were carried out with R1 sludge which contained both heterotrophic and nitrification activity. Results
showed that the biodegradation rate constants (kniol Values) of all pharmaceuticals were higher than 1
L.gvss.d? in short-term experiments without background organic matter. This indicated high
biodegradation potential of these pharmaceuticals by R1 sludge in the absence of background organic
matter. Short-term experiment in the presence of background organic matter showed that ACT was
highly biodegradable, whereas partial removal could be expected for CBZ and ERY. On the other
hand, SMX was the least biodegraded pharmaceutical with around 16% removal efficiency when

there was background organic matter.

In long term experiments, in addition to the R1 sludge, also the R2 sludge was used which was
enriched in nitrifiers. According to the results:

e ACT was biodegraded by both heterotrophic and nitrification activity with high
degradation efficiencies (around 99% removal efficiency).

e CBZ was the least biodegraded pharmaceutical by both activated sludge types. Its
biodegradation rate constant varied in the range of 0.01 and 0.04 L.gvss.d! and
indicated slow biodegradation.

e Although ERY was classified as refractory by BIOWIN models, experimental studies
showed that it could be biodegraded by activated sludge to some extent, possibly as a
secondary substrate in the presence of background organic matter. It was also

biodegraded in the presence of nitrification activity as a cometabolite when no organic
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matter was present. On the other hand, when it was the single pharmaceutical, its
biodegradation rate constant decreased from around 0.5 L.gvss™.d to around 0.2 L.gvss™
! d"twhich led to the conclusion that the presence of other pharmaceuticals also enhanced
its biodegradation.

e BIOWIN models showed that SMX was a slowly degradable pharmaceutical. However,
experimental results indicated that it was biodegraded by both sludges. Additionally, it
was observed that SMX was biodegraded at a higher rate (Kpiot = 0.24 L.gvss™.d?) by an
activated sludge enriched in terms of nitrifiers when it was the single pharmaceutical.

Adsorption experiments were carried out in batch reactors to obtain the isotherm constants
belonging to the adsorption of organic matter stemming from the synthetic secondary effluent and
pharmaceuticals. Results showed low adsorption of the bulk organics present in the synthetic
secondary effluent on GAC when the DOC parameter was taken a criterion. The affinity of
pharmaceuticals to adsorb onto GAC was in the following order when they were in a mixture: CBZ,
ACT, ERY and SMX. On the other hand, when the pharmaceuticals were alone, the affinities to GAC
increased indicating that there was a competition between these pharmaceuticals. Besides, in the
presence of background organic matter, the adsorption capacity of pharmaceuticals slightly decreased
and adsorption of background organic matter was much lower when there was a mixture of
pharmaceuticals. Also, the affinity of pharmaceuticals to GAC in this experiment was in the following
order: CBZ, ERY, ACT and SMX.

In addition, the removal of pharmaceuticals was examined in rapid small-scale continuous-flow
GAC columns, by tests called RSSCTs. 30-hour experiments showed that there was no full
breakthrough (C/Co = 1) of either of the pharmaceuticals. In fact, the column was far away from
saturation. Only 1% to 4% of initial concentrations could be observed in the effluent of the column

at the end of experiments.

In the presence of background organic matter, higher concentrations of pharmaceuticals were
observed in the effluent which indicates a competition between the pharmaceuticals and the

background organic matter in the synthetic secondary effluent.

The experimental results from RSSCTs were also compared to a simulation model called
AdDesign. Different scenarios were tried to obtain the best fit of the breakthrough curves between
the simulation model and the experiments. After the best fit was obtained, the operation time was

increased to observe the full breakthrough. It was seen that the time to reach the breakthrough for all
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pharmaceuticals was much longer in the case of using original GAC. This indicates that the use of
ground GAC in a small-scale column is advantageous to investigate the removal of pharmaceuticals

under different conditions in a short period of time.

Additionally, two biological activated carbon (BAC) columns were prepared to observe both the
adsorption and biodegradation of selected pharmaceuticals. However, according to the results it was
concluded that further research is needed for this part of the study. Batch experiments in the presence
of both GAC and activated sludge gave promising results for pharmaceuticals removal. So, for future
studies, it is recommended that BAC columns should be studied in detail. Especially preparation of
the column should be taken into consideration. BAC experiments may be carried out in a longer
period of time in order to understand the effect of simultaneous biodegradation and adsorption
processes for removal of pharmaceuticals. These studies may provide insights for understanding the

effect of these mechanisms.

In future work, RSSCTs can be used to investigate the removal of pharmaceuticals under
different conditions with low cost and high water savings. Also, it may be recommended to use
different types of activated carbon to evaluate the adsorption behavior of pharmaceuticals and to
investigate the effective removal. After the kinetic parameters are obtained from batch experiments,
RSSCTs can be used for observing the adsorption of pharmaceuticals in continuous-flow systems.
Also, competition between pharmaceuticals and background organic matter in the secondary effluent
should be taken into consideration during the operation of RSSCTs. In addition, the use of simulation
models such as the AdDesign may also help for obtaining the best results. This approach may provide

time and cost savings.
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APPENDIX A: MONITORING OF ACTIVATED SLUDGE REACTORS

Table A.1. Operational results of R1 — December 2022.

Run 1 2 3
N N N N N N
N (o] AN N AN (o]
o o o o o o
N N N N N N
N N N N N N
i = i i i —l
N re) > N < S
Date — — — (q\] N o
pH 7 7.02 | 6.75 | 6.68 7 7.23
Temperature (°C) 229 | 279 | 221 | 254 20.1 | 19.7
COD (mg/L) 1734| 30 1284 24 1839 23
COD removal (%) 98 98 99
Daily COD (mg/L) 536 435 460
NH4-N (mg/L) 123 | 0.25 92 0.25 | 1150 | 0.2
NH4-N removal (mg/L) 99.8 99.7 99.8
Daily NHs-N (mg/L) 38 31 29
SS (mg/L) 3695 4640 5215
VSS (mg/L) 2820 3465 3775
Run period (day) 3.23 2.95 4.00
F:M Ratio (mg COD/mg MLVSS*day) 0.19 0.13 0.12
Initial Substrate/Initial Biomass (So/Xo)
(mg COD/mg MLVSS) 0.61 0.37 0.49
Table A.2. Operational results of R1 — January 2023.
Run 1 2 3 4
™ ™ ™ ™ ™ ™ ™ ™
N N N N AN AN N N
& | & & & | & | &| & | &
S | = = = J | gl a|a
| L ~ 9 L | 212 | L
Date s | 38| & S | S |1&[1 3| &
pH 7.37 |6.47| 6.85 | 6.32 | 7.27 |6.63| 7 [6.96
Temperature ( °C) 18.11229| 179 | 233|171 (214|213 (222
COD (mg/L) 1286| 40 | 1230 | 26 |1758 | 9 |[1307| 45
COD removal (%) 97 98 99.5 97
Daily COD (mg/L) 396 480.9 439.5 438.3
NH4-N (mg/L) 82 [0.55| 82 0.05| 108 [ 0.1 ] 91 |01
NH4-N removal (mg/L) 99.3 99.9 99.9 99.9
Daily NHs-N (mg/L) 25 32 27 30
SS (mg/L) 4435 3435 3850 4050
VSS (mg/L) 3425 2725 3125 3310
Run period (day) 3.25 2.56 4.00 2.98
F:M Ratio (mg COD/mg MLVSS*day) 0.12 0.18 0.14 0.13
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.8 0.45 0.56 0.39




Table A.3. Operational results of R1 — February 2023.
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Run 1 2 3 4
™ ™ ™ ™ ™ ™ ™ ™
(o] N (o] (o] N N AN (o]
o o o o o o o o
q N 9 g9 q N N N
i AN [a] (o] (o] (] (V] (V]
~ Q L L2 L o~ ~ —~
Date ® | 8|5l 3] 8] & | ¢&
pH 6.98 | 698 | 6.28 [6.25| 7.7 | 7.04 | 6.87 | 6.79
Temperature (°C) 173 | 191 | 154 | 24 | 17 | 244 | 185 | 24.2
COD (mg/L) 1246 | 18 | 1494 | 14 | 1326 | 10 |1732| 34
COD removal (%) 99 99 99 98
Daily COD (mg/L) 420 501 443 423
NH4-N (mg/L) 74 | 005 97 | 03| 80 |0.05| 115 | 0.15
NH4-N removal (mg/L) 99.9 99.7 99.9 99.9
Daily NHs-N (mg/L) 25 32 26 28
SS (mg/L) 3445 3370 4045 3660
VSS (mg/L) 2825 2790 3255 3030
Run period (day) 2.97 2.98 3.00 4.09
F:M Ratio (mg COD/mg
MLVSS*day) 0.15 0.18 0.14 0.14
Initial Substrate/Initial Biomass
(So/X0) (Mg COD/mg MLVSS) 0.44 0.54 0.41 0.57
Table A.4. Operational results of R1 — March 2023.
Run 1 2 3 4 5)
™ ™ ™ ™ ™ ™ ™ ™ ™ ™
(&) AN (&) (aN] AN AN AN AN AN AN
o o o o o o o o o o
g g g gigeg|eglg9g g
AN ™ ™ ™ ™ ™ ™ ™ ™ ™
LI 2| 1|2 |22 |92 <
Date 8« 18] 818|135 &|1& | & |8
pH 6.237.19|7.18 |16.38| 6.6 |7.77|6.50 |7.25| 7.77 |8.55
Temperature (°C) 24.2 123.8|18.4|125.6(20.4| 28 |16.4 |24.2|19.1 |18.8
COD (mg/L) 1658 | 10 [1795| 25 |1732| 15 |1694| 41 |1342| 40
COD removal (%) 99 99 99 98 97
Daily COD (mg/L) 416 447 430 571 446
SS (mg/L) 3850 3710 3000 3395 3385
VSS (mg/L) 3150 3075 2415 2750 2600
Run period (day) 3.99 4.02 4.03 2.97 3.01
F:M Ratio (mg COD/mg
MLVSS*day) 0.13 0.15 0.18 0.21 0.17
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.53 0.58 0.72 0.62 0.52




Table A.5. Operational results of R1 — April 2023.
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Run 1 2 3 4
™ o ™ (92 o o o o
AN AN (o] (o] AN AN AN (o]
o o o o o o o o
q q q q g 19 g q
< < < < < < < <
~ ~ ~ ~ L | 2| £ ~
Date S| 8|12 189|512 3 &
pH 698 | 7.71 | 7.03 | 8 6.51 [7.69| 7.06 | 7.51
Temperature (°C) 206 | 209 | 19.1 | 21.3 | 21.3 |21.5| 194 | 21.2
COD (mg/L) 1191 | 47 |1360| 9 789 | 12 | 1616 | 127
COD removal (%) 96 99 98 92
Daily COD (mg/L) 392 458 393 403
SS (mg/L) 4445 4175 3540 4055
VSS (mg/L) 3620 3460 3045 3325
Run period (day) 3.04 2.97 2.01 4.01
F:M Ratio (mg COD/mg
MLVSS*day) 0.11 0.13 0.13 0.12
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.33 0.39 0.26 0.49
Table A.6. Operational results of R1 — May 2023.
Run 1 2 3 4 5
™ ™ ™ ™ ™ ™ ™ ™ ™ ™
(e (aN] (9] (aN] AN (9] AN AN AN AN
o o o o o o o o o o
g 9@ g g9 g9 49 d A
Lo Lo Lo Lo Lo Lo Lo Lo Lo (o]
L2212/ 2/2| 2 /2 |< L
Date s |88 |3 |& |3 |8 |& || 8
pH 6.49 (7.96|6.14 |7.72|7.32|7.87| 6.85 |7.91|6.35| 7.13
Temperature (°C) 19.9 (21.8|19.4 |22.4|21.2|21.8| 20.5 |21.8| 20.2 | 22.9
COD (mg/L) 1357| 28 |1513| 23 [ 781 | 14 |1229| 16 |1629| 26
COD removal (%) 98 98 98 99 98
Daily COD (mg/L) 446 373 380 410 416
SS (mg/L) 4125 3655 4970 4400 4915
VSS (mg/L) 3420 3195 4140 3680 4190
Run period (day) 3.04 4.06 2.06 2.99 3.92
F:M Ratio (mg COD/mg
MLVSS*day) 0.13 0.12 0.09 0.11 0.10
Initial Substrate/Initial
Biomass (So/Xo) (Mg 0.40 0.47 0.19 0.33 0.39
COD/mg MLVSS)




Table A.7. Operational results of R1 — June 2023.

Run 1 2 3
o o ™ (92 o o
AN AN AN (o] AN (o]
o o o o o o
A A q q A q
© (e} (o] (o] O O
o~ ~ Q ~ ~ ~
Date 8 | 8 | & 3 SR
pH 729 | 715 | 654 | 7.81 |6.02| 7.05
Temperature ( °C) 213 | 22 | 219 | 232 |225| 25.7
COD (mg/L) 1167 | 23 [ 1090 | 41 |[1312]| 24
COD removal (%) 98 96 98
Daily COD (mg/L) 379 372 335
SS (mg/L) 4755 3715 3660
VSS (mg/L) 4140 3345 3310
Run period (day) 3.08 2.93 3.92
F:M Ratio (mg COD/mg
MLVSS*day) 0.09 0.11 0.10
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.28 s 0.40
Table A.8. Operational results of R1 — July 2023.
Run 1 2 3
™ ™ ™ ™ ™ ™
(9] AN AN AN AN AN
o o o o o o
N o N o o o
N~ N~ N~ N~ N~ N~
~ ~ 9 ~ —~ ~
Date = 21 5] | & &
pH 552 | 6.99 | 5.61 6 6.61 | 5.17
Temperature ( °C) 244 | 281 | 268 | 28.1 | 26.8 | 27.5
COD (mg/L) 1295 | 12 | 1287 | 35 |1560 | 20
COD removal (%) 99 97 99
Daily COD (mg/L) 429 443 389
SS (mg/L) 1740 2485 3520
VSS (mg/L) 1705 2245 2860
Run period (day) 3.02 2.90 4.01
F:M Ratio (mg COD/mg
MLVSS*day) 0.25 0.20 0.14
Initial Substrate/Initial Biomass 0.76 0.57 0.55

(So/Xo) (mg COD/mg MLVSS)
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Table A.9. Operational results of R1 — August 2023.

Run 1 2 3 4
o o o (92 (92 o o o
AN AN AN (o] (o] AN AN (o]
o o o o o o o o
o A N O I I\ R\
N~ [ee} [ee} 0] 0] [ee} [ee} (00}
~ Ll |12 |22 |<
Date s | 8|58 3|53 &
pH 58 | 6.01 |5.86|6.63| 6.61 |7.24|6.69 |7.95
Temperature ( °C) 25 | 2741276 |27.1| 255 |27.1|25.5|28.2
COD (mg/L) 1126 | 32 |1181| 16 |1190| 25 |1631| 16
COD removal (%) 97 99 98 99
Daily COD (mg/L) 376 389 395 406
SS (mg/L) 4210 4115 5210 5710
VSS (mg/L) 3625 3690 4485 4805
Run period (day) 3.00 3.03 3.01 4.02
F:M Ratio (mg COD/mg
MLVSS*day) 0.10 0.11 0.09 0.08
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.31 0.32 0.27 0.34
Table A.10. Operational results of R1 — September 2023.
Run 1 2 B 4
™ ™ ™ ™ ™ ™ ™ ™
AN (9] (aN] AN AN AN AN AN
o o o o o o o o
N N N N N N N N
S > s | o > > S | &
~ Q e | L ~ ~ L | L
Date S| 5| 3|3 S S &R
pH 6.52 | 6.39 | 751 |6.61| 6.59 | 6.16 |6.12|6.05
Temperature (°C) 253 | 264 | 245|252 22.8 |23.9 (226|247
COD (mg/L) 1540| 14 | 763 | 21 | 1146 | 24 |1576| 13
COD removal (%) 99 97 98 99
Daily COD (mg/L) 507 388 384 388
SS (mg/L) 5455 4555 4610 4250
VSS (mg/L) 4725 4310 4545 4015
Run period (day) 3.04 1.97 2.98 4.06
F:M Ratio (mg COD/mg
MLVSS*day) 0.11 0.09 0.08 0.10
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.33 0.18 0.25 0.39
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Table A.11. Operational results of R1 — October 2023.
Run 1 2 3 4 5
o o ™ ™ o (92 (92 o o o
AN AN AN AN AN (o] (o] AN AN (o]
o o o o o o o o o o
A I O T\ I S B\ RN B q
o o o o o o o o o i
S e = = I = I = e B o
Date s ||| 8] 3|2 |& | & 8|8
pH 6.16 [6.02|7.33|7.37|7.11|7.92|6.838.25|7.39 | 7.96
Temperature ( °C) 21.7 [22.8120.9 | 21 | 20.7{20.7|21.8 |23.3|225| 22.6
COD (mg/L) 1276 | 13 |1090| 10 |1278| 16 |1087 1295| 17
COD removal (%) 99 99 99 99 99
Daily COD (mg/L) 317 373 438 363 433
SS (mg/L) 4100 4265 4105 4535 5160
VSS (mg/L) 3980 4070 3760 4075 4550
Run period (day) 4.03 2.92 2.92 2.99 2.99
F:M Ratio (mg COD/mg
MLVSS*day) 0.08 0.09 0.12 0.09 0.10
Initial Substrate/Initial
Biomass (So/Xo) (mg 0.32 0.27 0.34 0.27 0.28
COD/mg MLVSS)
Table A.12. Operational results of R1 — November 2023.
Run 1 2 3 4
™ o ™ o ™ o o (2]
AN (9 AN AN AN [ AN AN
o o o o o o o o
q q q q q q q q
— i — i — — — —i
=, = = d o = d d
Date S S | 9 5 | & | & | 8
pH 6.63 78 | 6.4 | 764 | 644 | 753 | 65 | 74
Temperature ( °C) 209 | 202|193 | 222 | 185|216 | 19.2 | 22
COD (mg/L) 1738 15 | 1597 | 10 |1170| 16 | 1330 | 22
COD removal (%) 99 99 99 98
Daily COD (mg/L) 434 400 390 442
SS (mg/L) 5460 5540 4955 4875
VSS (mg/L) 4665 4680 4410 4045
Run period (day) 4.00 3.99 3.00 3.01
F:M Ratio (mg COD/mg
MLVSS*day) 0.09 0.09 0.09 0.11
Initial Substrate/Initial
Biomass (So/Xo) (Mg 0.37 0.34 0.27 0.33
COD/mg MLVSS)




Table A.13. Operational results of R1 — December 2023.
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Run 1 2 3 4
™ ™ ™ ™ ™ ™ ™ ™
(o] (o] N N (o] (o] N (o]
o o o o o o o o
N N N N 949 9 N
N N N N N N N N
o o d o g g d o
Date S| 5|3 | 3|38 |8 & &
pH 6.24 | 7.37 | 6.33 | 7.56 | 6.83 | 7.5 | 6.11 | 7.77
Temperature ( °C) 214 | 221 | 19.6 | 21.8 | 19.3 |21.1| 20 | 221
COD (mg/L) 1168 | 11 | 1158 | 12 | 1211 | 22 |1636 | 14
COD removal (%) 99 99 98 99
Daily COD (mg/L) 390 385 405 413
SS (mg/L) 4775 4180 3790 4975
VSS (mg/L) 3965 3540 3200 4240
Run period (day) 2.99 3.01 2.99 3.96
F:M Ratio (mg COD/mg
MLVSS*day) 0.10 0.11 0.13 0.10
Initial Substrate/Initial
Biomass (So/Xo) (mg COD/mg 0.29 0.33 0.38 0.39
MLYVSS)
Table A.14. Operational results of R1 — January 2024.
Run 1 2 3 4 5
< < < < < < < < < <
N N AN N N N AN N AN AN
o o o o o o o o o o
g q 99 9 9999 N
— i — ) ) o — — i AN
< Q LI 2 (212122 =
Date S| 8 8|3 83|y 1&] 1 S
pH 6.67| 795 657 | 8 | 6.84 |8.34|6.37 |8.03| 6.67 8
Temperature ( °C) 20.7| 222 |20.7| 20 | 17.9 |21.8|17.9 |21.6| 183 | 21.3
COD (mg/L) 1136| 18 (1380| 19 | 1604 | 21 |1440| 43 | 1358 | 40
COD removal (%) 98 99 99 97 97
Daily COD (mg/L) 390 467 397 361 454
SS (mg/L) 5495 4830 5245 5640 5700
VSS (mg/L) 4565 3960 4395 4480 4630
Run period (day) 2.99 2.95 4.04 3.99 2.99
F:M Ratio (mg COD/mg
MLVSS*day) 0.08 0.12 0.09 0.08 0.10
Initial Substrate/Initial
Biomass (So/Xo) (mg 0.25 0.35 0.36 0.32 0.29
COD/mg MLVSS)




Table A.15. Operational results of R1 — February 2024.
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Run 1 2 3 4
< < < < < < < <
N AN N (o] (o] (o] (o] (o]
o o o o o o o o
N N a9 9 g9 g N
(] (o] (] (o] (o] (o] (o] ™
Q ~ L1121 2 2| <L =
Date S| 8|S |9 3 |8 & | 8
pH 6.79| 7.71 | 6.32 |7.55| 5.63 [6.92| 5.93 | 6.78
Temperature (°C) 18.4| 21.8 | 20.8 |20.7| 20.9 [23.3| 21.4 | 24.6
COD (mg/L) 1611| 65 |1207| 11 | 1339 | 51 | 1734 | 54
COD removal (%) 96 99 96 97
Daily COD (mg/L) 405 400 448 434
NH4-N (mg/L) 75 | 25 | 75 | 25| 58 |25 | 118 5
NH4-N removal (mg/L) 97 97 96 96
Daily NHs-N (mg/L) 19 25 19 29
SS (mg/L) 5385 5410 5305 4805
VSS (mg/L) 4365 4375 4380 3695
Run period (day) 3.98 3.02 2.99 4.00
F:M Ratio (mg COD/mg
MLVSS*day) 0.09 0.09 0.10 0.12
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.37 0.28 0.31 0.47
Table A.16. Operational results of R1 — March 2024.
Run 1 2 3 4
< < < < < < < <
(aN] AN (aN] AN AN AN AN AN
o o o o o o o o
N N N N N N N N
I52) I52) ® | o @ | o @D I52)
i~ i~ e S S I ~
Date S| 83| 3|3 3 |8 &
pH 6.19| 7.24 | 6.28 [7.99| 6.38 |794| 69 | 7.71
Temperature ( °C) 188 25.2 | 21 |22.7| 198 |23.6| 20 | 24.6
COD (mg/L) 1911| 77 | 1467 | 97 | 1866 | 77 | 1986 | 91
COD removal (%) 96 93 96 95
Daily COD (mg/L) 473 491 460.6 504.0
SS (mg/L) 3650 4920 3705 4155
VSS (mg/L) 3045 3755 3025 3360
Run period (day) 4.04 2.99 4.05 3.94
F:M Ratio (mg COD/mg MLVSS*day) 0.16 0.13 0.15 0.15
Initial Substrate/Initial Biomass (So/Xo)
(mg COD/mg MLVSS) 0.63 0.39 0.62 0.59




Table A.17. Operational results of R1 — April 2024.
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Run 1 2 3 4
< < < < < < < <
AN AN AN (o] AN AN AN AN
o o o o o o o o
N N N N N N N N
S || & 5 S | S| I o)
L | L L ~ L |12 L ~
Date s |84 | 3| 8|8 & 8
pH 6.28 [6.93| 6.14 | 6.59 | 6.55 [5.88| 5.95 | 7.32
Temperature ( °C) 21.7 12271 203 | 235 | 191 | 22 | 186 | 21
COD (mg/L) 1866 | 65 | 1401 | 138 | 1606 | 54 | 1892 | 104
COD removal (%) 967 90 97 94
Daily COD (mg/L) 467 467 524 480
SS (mg/L) 4465 5690 4305 4825
VSS (mg/L) 3505 3550 3610 4025
Run period (day) 4.00 3.00 3.06 3.94
F:M Ratio (mg COD/mg
MLVSS*day) 0.13 0.13 0.15 0.12
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.53 0.39 0.44 0.47
Table A.18. Operational results of R1 — May 2024.
Run 1 2 3 4
< < < < < < < <
AN N AN AN AN AN AN AN
o o o o o o o o
A q q q q q q q
Lo Lo Lo Lo Lo Lo Lo Lo
o~ ~ ~ o~ ~ —~ 9 ~
Date S S 18] & | & N &
pH 57 | 7.02 6 6.8 | 6.01 | 561 | 5.72 | 5.85
Temperature (°C) 191 | 218 | 20.1 | 219 | 193 | 209 | 20 23
COD (mg/L) 1918 | 88 | 1302 | 89 |1960 | 121 | 1690 | 149
COD removal (%) 95 93 94 91
Daily COD (mg/L) 479 435 492 554
SS (mg/L) 3960 4275 5015 4260
VSS (mg/L) 3265 3575 4295 3690
Run period (day) 4.00 2.99 3.98 3.05
F:M Ratio (mg COD/mg
MLVSS*day) 0.15 0.12 0.11 0.15
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.59 0.36 0.46 0.46
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Table A.19. Operational results of R1 — June 2024.

Run 1 2
< < < <
AN N N (o]
o o o o
q q q N
O [{e] [{e] (o]
~ Q ~ ~
Date o 3 N N
pH 6.17 6.29 5.63 6.77
Temperature (°C) 24.6 26.7 22.2 25.4
COD (mg/L) 967 140 2040 158
COD removal (%) 85 92
Daily COD (mg/L) 471.4 506.9
SS (mg/L) 4785 3815
VSS (mg/L) 3825 3320
Run period (day) 2.05 4.02
F:M Ratio (mg COD/mg
MLVSS*day) 0.8 0.15

Initial Substrate/Initial Biomass

(So/X0) (mg COD/mg MLVSS) 0.25 0.61

Table A.20. Operational results of R1 — July 2024.

Run 1 2 3
< < < < < <
AN AN (9] AN AN AN
o o o o o o
o o N o o o
N~ N~ N~ N~ N~ N~
~ i~ ~ L o~ ~
Date S | 8| 8| 8] 8] 3
pH 6.2 | 69 | 638|752 |6.02| 7.18
Temperature ( °C) 243 | 26,5 | 26.1 | 285 | 26.9 | 29.2
COD (mg/L) 1905 | 202 | 1768 | 114 | 1783 | 142
COD removal (%) 89 94 92.0
Daily COD (mg/L) 472 443 594
SS (mg/L) 4145 4505 5180
VSS (mg/L) 3545 3815 4315
Run period (day) 4.04 3.99 3.00
F:M Ratio (mg COD/mg
MLVSS*day) 0.13 0.12 0.14
Initial Substrate/Initial Biomass
(So/Xo) (Mg COD/mg MLVSS) 0.54 0.46 0.41




Table A.21. Operational results of R1 — August & September 2024.

Run 1 2 3
< < < < < <
N (o] N N (o] (o]
o o o o o o
g q N N N N
o] (o] D D D o
Q =~ ~ Q ~ o
Date 3 S 3 S 3 =}
pH 584|725 | 6.72 | 7.86 | 6.16 | 7.70
Temperature (°C) 247 | 27.2 | 24.2 | 259 | 22.7 | 21.6
COD (mg/L) 1745| 144 | 1771 | 175 | 1679 | 129
COD removal (%) 92 90 92
Daily COD (mg/L) 575 594 552
SS (mg/L) 5575 6120 6415
VSS (mg/L) 4800 5000 5360
Run period (day) 3.03 2.98 3.05
F:M Ratio (mg COD/mg
MLVSS*day) 0.12 0.12 0.10
Initial Substrate/Initial Biomass 0.36 0.35 0.31

(So/Xo) (mg COD/mg MLVSS)

Table A.22. Operational results of R1 — October, November, December 2024.

Run 1 2 3
< < < < < <
AN (&) AN AN AN AN
o o o o o o
q q q q a N
o o - - N AN
o o o = o =
Date S | s | S |65 | 4| &
pH 6.45| 7.68 | 6.14 | 8.14 | 6.78 | 7.98
Temperature ( °C) 209 20.1 | 174 | 17.3 | 18.2 | 23.7
COD (mg/L) 1426 | 127 | 1705 | 124 | 1685 | 126
COD removal (%) 91 93 925
Daily COD (mg/L) 465 570 555
SS (mg/L) 7150 5815 6000
VSS (mg/L) 5990 4790 4665
Run period (day) 3.07 2.99 3.04
F:M Ratio (mg COD/mg
MLVSS*day) 0.08 0.12 0.12
Initial Substrate/Initial Biomass 0.24 0.36 0.36

(So/Xo) (mg COD/mg MLVSS)

160



Table A.23. Operational results of R2 — April 2023.
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Run 1 2 3 4
™ ™ o ™ ™ o (2] (2]
(aN] (aN] AN (aN] (aN] AN (aN] (aN]
o o o o o o o o
N N N N N N N N
5 5 5 5 < 5 5 5
~ ~ ~ ~ ~ ~ ~ ~
Date S| 8| 3 N S 3 g | &
pH 9.57| 9.92 | 8.76 | 9.82 72 | 755 | 954 | 7.76
Temperature (°C) 19.5| 19.3 | 28.1 | 20.2 19 21.3 | 19.7 | 204
NH4-N (mg/L) 965 | 625 | 960 | 935 560 | 370 | 350 [305.0
NH4-N removal (%) 35 2.6 34 13
Daily NHs-N (mg/L) 316 323 279 87
SS (mg/L) 4560 4810 4825 3795
VSS (mg/L) 1365 1330 1545 1125
Run period (day) 3.05 2.97 2.01 4.01
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.23 0.24 _ 0.08
Initial Substrate/Initial Biomass
(So/Xo) (Mg NHa-N/mg MLVSs) | 7% 0.72 - 0.1
Table A.24. Operational results of R2 — May 2023.
Run 1 2 3 4 5
™ ™ o o o ™ o o (2] (2]
(o] AN AN (o AN AN AN AN AN AN
o o o o o o o o o o
q q 94 19 g q q q A N
Lo Lo Lo Lo Lo Lo Lo Lo Lo ©
L o~ L | L <L =~ L i~ L | L
Date s | 8] 8|3 83| 8| 8| & ] & |8
pH 797 | 9.29 | 7.87 |9.67| 7.05 | 813 | 7.45 | 6.92 | 7.64 |6.68
Temperature (°C) 194 (208 | 19 (194|214 | 221 | 20.8 | 21.8 | 20.7 |22.7
NH4-N (mg/L) 220 | 190 | 260 |170| 310 | 270 | 160 | 115 | 270 | 90
NH4-N removal (%) 14 35 13 28 67
Daily NHs-N (mg/L) 72 64 151 54 69
SS (mg/L) 3235 3205 3075 2815 3450
VSS (mg/L) 1050 1050 1010 990 1215
Run period (day) 3.04 4.06 2.06 2.99 3.92
F:M Ratio (mg NHs-N/mg
MLVSS*day) 0.07 0.06 0.15 0.05 0.06
Initial Substrate/Initial Biomass
(So/Xo) (Mg NH.-N/mg MLVSS) 0.21 0.25 0.31 0.16 0.22




Table A.25. Operational results of R2 — June 2023.
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Run 1 2 3
™ ™ ™ ™ ™ ™
AN AN (o] (o] (o] (o]
o o o o o o
N N N N q q
(o] (o] (o] (o] (o] (<]
~ ~ ~ ~ ~ ~
Date 3 3 S 3 = ¥
pH 7.75 6.98 7.64 7.12 7.65 7.21
Temperature (°C) 21.7 22.2 22.7 23.3 23.5 25.4
NHas-N (mg/L) 230 60 250 65 382 70
NH4-N removal (%) 74 74 82
Daily NH4-N (mg/L) 75 85 98
SS (mg/L) 4005 3775 6150
VSS (mg/L) 1270 1220 2240
Run period (day) 3.08 2.93 3.92
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.06 0.07 0.04
Initial Substrate/Initial Biomass (So/Xo)
(Mg NH4-N/mg MLVSS) 0.13 0.20 0.17
Table A.26. Operational results of R2 — July 2023.
Run 1 2 3
™ ™ ™ ™ ™ ™
AN N AN AN N N
o o o o o o
N N N N N N
~ ~ ~ ~ ~ ~
~ ~ Q ~ ~ Q
Date = 3 o 8 N Q
pH 8.29 9.56 7.22 9.15 7.39 8.45
Temperature (°C) 25.1 27.9 27.7 27.1 28.3 27
NHa-N (mg/L) 542 318 338 185 358 82
NH4-N removal (%) 42 45 77
Daily NH4-N (mg/L) 180 116 89
SS (mg/L) 4910 6360 4175
VSS (mg/L) 1410 1715 1130
Run period (day) 3.02 2.90 4.01
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.13 0.07 0.08
Initial Substrate/Initial Biomass (So/Xo) 0.38 0.20 0.32

(mg NH4-N/mg MLVSS)




Table A.27. Operational results of R2 — August 2023.

Run 1 2 3 4
™ ™ ™ ™ ™ ™ ™ ™
(o] N (o] (o] N N (o] (o]
o o o o o o o o
9 g N q N N q N
P~ o] o] (o] [e0] [e0] [0 (e0]
2| L Q ~ I~ ~ = Q
Date s | 8|5 |8 | 3| 53| & &
pH 8.98| 9.77 | 7.26 | 9.36 | 7.49 | 9.65 | 8.72 | 10.08
Temperature (°C) 258|279 | 286 | 26.7 | 26.1 | 27.1 | 27.1 | 28
NH4-N (mg/L) 520 | 368 | 42 | 208 | 375 | 298 | 362 | 180
NH4-N removal (%) 29 51 21 50
Daily NHs-N (mg/L) 174 139 125 90
SS (mg/L) 5790 6550 7385 6555
VSS (mg/L) 1410 1880 1665 1650
Run period (day) 3.00 3.03 3.01 4.02
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.12 0.07 0.07 0.05
Initial Substrate/Initial Biomass
(So/Xo) (Mg NHa-N/mg MLVSS) | 07 p.22 0.23 0.22
Table A.28. Operational results of R2 — September 2023.
Run 1 2 3 4
™ ™ ™ ™ ™ ™ ™ ™
(aN] AN AN AN AN AN AN AN
o o o o o o o o
N N N N N 949 9
(2] D D D D D D D
~ Q ~ ~ i~ L 12| L
Date S| s 313831383 & |« &
pH 891 | 8 | 889|829 | 842 |10.07|8.08| 7.22
Temperature (°C) 26.3 | 26.2 | 247 | 248 | 23.1 | 24.3 |245| 24.3
NH4-N (mg/L) 158 | 12 | 112 0 468 | 325 [170| 98
NH4-N removal (%) 92 100 30 43
Daily NHs-N (mg/L) 52 57 157 42
SS (mg/L) 4915 3925 3840 3815
VSS (mg/L) 1335 1305 1495 1420
Run period (day) 3.04 1.97 2.98 4.06
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.04 0.04 0.10 0.03
Initial Substrate/Initial Biomass 0.12 0.09 0.31 0.12

(So/Xo) (mg NH4-N/mg MLVSS)
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Table A.29. Operational results of R2 — October 2023.
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Run 1 2 3 4 5
™ ™ ™ ™ ™ ™ ™ ™ ™ ™
(o] (o] (o] (o] N N (o] (o] (o] (o]
o o o o o o o o o o
g 14 « q g 1 &4 |9 914«
o o o o o o o o o i
o | g d o S O = T = =
Date S 18|83 3|32 & |&| 8|5
pH 794 1738|831 | 775|888 (835 88 (82| 82 |7.78
Temperature (°C) 22.8 1228|215 | 21 | 211 (206|225 | 23 | 23 |225
NH4-N (mg/L) 188 | 52 | 158 | 22 | 190 | 15| 185 | 5 | 262 | 12
NH4-N removal (%) 72 86 92 97 95
Daily NHs-N (mg/L) 47 54 65 62 88
SS (mg/L) 4040 4380 3570 4170 4335
VSS (mg/L) 1770 1215 1035 1180 1250
Run period (day) 4.03 2.92 2.92 2.99 2.99
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.03 0.04 0.06 0.05 0.07
Initial Substrate/Initial Biomass
(So/Xo) (Mg NHa-N/mg MLVSS) 0.11 0.13 0.18 0.16 0.21
Table A.30. Operational results of R2 — November 2023.
Run 1 2 3 4
™ ™ ™ ™ ™ ™ ™ ™
(&) AN AN AN AN AN AN AN
o o o o o o o o
a 9 | 9 g a o q o
i i i i —i —i —i i
o 9 | £ d o o = =
Date S | 3 13| 5 | & | & | & &
pH 858 | 9.2 [8.96| 9.66 | 9.16 | 9.41 | 9.12 | 9.44
Temperature (°C) 2171193 {198 | 21 | 18.1 | 216|193 | 22
NH4-N (mg/L) 402 | 38 |470| 262 | 145 | 70 | 245 | 210
NH4-N removal (%) 91 44 52 14
Daily NHs-N (mg/L) 101 118 48 82
SS (mg/L) 6060 4675 3670 4510
VSS (mg/L) 2155 1160 1020 820
Run period (day) 4.00 3.99 3.00 3.01
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.05 0.10 0.05 0.10
Initial Substrate/Initial Biomass
(So/Xo) (Mg NH4-N/mg MLV/SS) 0.19 0.41 0.14 0.30




Table A.31. Operational results of R2 — December 2023.
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Run 1 2 3 4
™ ™ o (92 (92 o o ™
AN AN AN (o] (o] AN AN AN
o o o o o o o o
a a N a a N N o
N N [qV] N N N N N
o o o o = = o =
Date S| s | 3|33 | 8| & &
pH 716 | 697 | 73 | 6.81 | 719 | 6.83 | 7.51 | 7.94
Temperature (°C) 22.7 | 224 | 19.2 | 216 | 18 21 | 20.6 | 22.2
NH4-N (mg/L) 212 | 118 | 210 | 78 | 215 | 70 | 235 | 100
NH4-N removal (%) 45 6 67 57
Daily NH4-N (mg/L) 71 70 72 59
SS (mg/L) 2760 4155 3520 2990
VSS (mg/L) 620 975 790 900
Run period (day) 2.99 3.01 3.01 3.96
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.11 0.07 0.09 0.07
Initial Substrate/Initial Biomass
(So/Xo) (Mg NHa-N/mg MLVSs) | 234 0.22 0.27 0.26
Table A.32. Operational results of R2 — January 2024.
Run 1 2 3 4 5
< < < < < < < < < <
(9] AN AN (&) (9] AN (9] AN AN AN
o o o o o o o o o o
A I T R\ A O R a 9 |«
i — — —i —i —i —i —i i AN
L1 2 12| 2 128 ~ L | L
Date S| 8] 8|28 |3 | ]| & | 3|8
pH 7.68(6.83| 7.3 |7.42|8.16(7.39|7.42| 6.97 | 8.3 |8.45
Temperature (°C) 213222 21 |18.1|16.6 |21.9/17.1| 201 | 17 |181
NH4-N (mg/L) 205 | 85 | 225 | 82 | 242 | 92 | 250 | 60 | 258 | 130
NH4-N removal (%) 58 63 62 76 50
Daily NH4-N (mg/L) 69 76 60 63 86
SS (mg/L) 3720 6585 6740 4560 4640
VSS (mg/L) 880 1375 1630 1195 1045
Run period (day) 2.99 2.95 4.04 3.99 2.99
F:M Ratio (mg NHs-N/mg
MLVSS*day) 0.08 0.06 0.04 0.05 0.08
Initial Substrate/Initial Biomass
(So/Xo) (Mg NHa-N/mg MLVSS) 0.23 0.16 0.15 0.21 0.25




Table A.33. Operational results of R2 — February 2024.
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Run 1 2 3 4
< < < < < < < <
AN AN AN AN (o] AN AN AN
o o o o o o o o
94 9« a A A N A
AN AN AN (o] (o] AN AN ™
L | 2| L ~ L | L] L ~
Date S |8 3| & ]2 |8 & 3
pH 82 |719| 751|718 | 75 [(751| 7.61 | 7.35
Temperature (°C) 177 | 22 | 209 | 20 | 17.6 |19.9| 20.6 | 194
NH4-N (mg/L) 290 | 68 | 215 | 50 | 138 | 50 | 225 | 48
NH4-N removal (%) 77 77 64 79
Daily NH4-N (mg/L) 73 71 46 56
SS (mg/L) 4500 4460 4760 3590
VSS (mg/L) 1190 1325 1140 875
Run period (day) 3.98 3.02 2.99 4.00
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.06 0.05 0.04 0.06
Initial Substrate/Initial Biomass
(So/Xo) (Mg NHa-N/mg MLVSS) P 0.18 0.12 0.26
Table A.34. Operational results of R2 — March 2024,
Run 1 2 3 4
< < < < < < < <
AN (&) (&) (9] AN (9] AN AN
o o o o o o o o
N N N N N N N N
I D B | @ I52) M| D I5%)
~ L1 L | L ~ | L ~
Date S 18|53 3 |8 |&] &
pH 7.62 |7.36|7.77| 7.3 | 7.48 |7.31|7.69| 7.14
Temperature (°C) 179 [19.3|18.6|21.5| 186 | 20 |19.6| 24
NH4-N (mg/L) 243 | 50 [ 195| 53 | 175 | 60 [ 198 | 45
NH4-N removal (%) 79 73 66 77
Daily NH4-N (mg/L) 60 65 43 50
SS (mg/L) 5425 4010 5210 5210
VSS (mg/L) 1245 1065 1340 1220
Run period (day) 4.04 2.99 4.05 3.94
F:M Ratio (mg NHs-N/mg
MLVSS*day) 0.05 0.06 0.03 0.04
Initial Substrate/Initial Biomass
(So/Xo) (mg NHs-N/mg MLVsSS) | %19 0.18 013 0.16




Table A.35. Operational results of R2 — April 2024.
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Run 1 2 3 4
< < <t < <t < < <
AN AN AN AN AN AN AN AN
o o o o o o o o
N N N N N N N N
33|13 3 || 8
Date 3 | 8|8 ]3| 8|88 8
pH 754 | 713 | 75 | 732 | 752 |744| 7.4 | 7.17
Temperature (°C) 229 | 225 | 20.8 | 234 20 |22.2]19.6 21
NH4-N (mg/L) 190 | 77 | 275 | 80 222 | 62 | 168 48
NH4-N removal (%) 59 71 72 72
Daily NH4-N (mg/L) 48 92 73 42
SS (mg/L) 5030 5010 5950 4880
VSS (mg/L) 1220 1220 1630 1210
Run period (day) 4.00 3.00 3.06 3.94
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.04 0.08 0.04 0.04
Initial Substrate/Initial Biomass 0.16
(So/Xo) (Mg NHa-N/mg MLVSS) 0.23 0.14 0.14
Table A.36. Operational results of R2 — May 2024.
Run 1 2 3 4
< < <t < < < < <
(9] (9] AN (9] AN AN AN AN
o o o o o o o o
N N Q N N o Q N
Lo Lo Lo Lo Lo Lo Lo Lo
o~ —~ i~ I~ ~ o~ Q ~
Date S| S8 83| & | & | & | 8
pH 752 | 711 | 744 | 71 | 739 | 7.05 | 7.62 | 7.32
Temperature (°C) 202 | 219 | 212 | 218 | 214 | 22 | 213 | 229
NH4-N (mg/L) 178 | 40 | 170 | 38 | 170 | 32 | 158 | 52
NH4-N removal (%) 78 78 81 67
Daily NH4-N (mg/L) 44 57 43 52
SS (mg/L) 6540 5725 4500 7160
VSS (mg/L) 1595 1300 1145 1590
Run period (day) 4.00 2.99 3.98 3.05
F:M Ratio (mg NHs-N/mg
MLVSS*day) 0.03 0.04 0.04 0.03
Initial Substrate/Initial Biomass 011 0.13 0.15 0.10

(So/Xo) (Mg NH4-N/mg MLVSS)




Table A.37. Operational results of R2 — June 2024.

Run 1 2
< < < <
(o] (o] N (o]
o o o o
N N q q
(o] (o] [{e] (o]
~ ~ ~ Q
Date S S J N
pH 7.25 7.04 7.12 7.1
Temperature (°C) 25.4 27.3 25 25.6
NH4-N (mg/L) 190 40 202 48
NH4-N removal (%) 79 76
Daily NH4-N (mg/L) 93 50
SS (mg/L) 5170 6680
VSS (mg/L) 1220 2690
Run period (day) 2.05 4.02
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.08 0.02
Initial Substrate/Initial Biomass (So/Xo) 0.16 0.08
(mg NHs-N/mg MLVSS) ' :
Table A.38. Operational results of R2 — July 2024.
Run 1 A 3
< < < < < <
(aN] AN AN AN AN AN
o o o o o o
N N N N e N
N~ N~ N~ N~ N~ N~
~ Q ~ ~ i~ ~
Date S | 8| &8 83| 3 =2
pH 744 |1 712 | 718 | 712 | 7.2 6.9
Temperature (°C) 26.1 | 27 | 273|282 | 278 | 28.6
NH4-N (mg/L) 233 | 70 | 183 | 48 | 210 | 7.5
NH4-N removal (%) 70 74 96
Daily NH4-N (mg/L) 58 46 70
SS (mg/L) 5090 4230 6445
VSS (mg/L) 1370 1830 1395
Run period (day) 4.04 3.99 3.00
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.04 0.02 0.05
Initial Substrate/Initial Biomass (So/Xo)
(mg NH4-N/mg MLVSS) 0.17 0.10 0.15
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Table A.39. Operational results of R2 — August & September 2024.

Run 1 2 3
< < < < < <
AN (o] (o] (o] (o] (o]
o o o o o o
q N N N a4 |«
o] (o] D D D o
Q ~ ~ ~ | g
Date 3 S 3 S 2] S
pH 7.22 | 7.13 | 8.96 | 9.17 | 9.08 |9.31
Temperature (°C) 27 | 26.8 | 252 | 26.3 | 23.3 |214
NH4-N (mg/L) 270 | 60 | 298 | 75.0 | 188 | 75
NH4-N removal (%) 78 75 60
Daily NH4-N (mg/L) 89 100 62
SS (mg/L) 5230 7310 5410
VSS (mg/L) 1550 1625 1210
Run period (day) 3.03 2.98 3.05
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.06 0.06 0.05
Initial Substrate/Initial Biomass (So/Xo) 017 0.18 0.15

(mg NH4-N/mg MLVSS)

Table A.40. Operational results of R2 — October, November, December 2024.

Run 1 2 3
< < < < < <
[ N N N N N
o o o o o o
N N ~ ~ 9«
o o —i —i N N
o o o .y o4 | g
Date S |15 | 3] 813 |3
pH 9.24 | 932 | 9.23 | 9.34 | 7.44 |9.38
Temperature (°C) 213 | 196 | 176 | 17.3 | 158 | 16
NHas-N (mg/L) 225 | 85 | 210 | 160 | 158 | 55
NH4-N removal (%) 62 24 65
Daily NH4-N (mg/L) 73 70 52
SS (mg/L) 4735 4330 5760
VSS (mg/L) 1150 845 710
Run period (day) 3.07 2.99 3.04
F:M Ratio (mg NH4-N/mg
MLVSS*day) 0.06 0.08 0.07
Initial Substrate/Initial Biomass (So/Xo) 0.20 0.95 0.22

(mg NH4-N/mg MLVSS)
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APPENDIX B: RESULTS OF KINETIC EXPERIMENTS WITH GAC AND
A MIXTURE OF PHARMACEUTICALS
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S
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200  ©99°
o @)
o 08868 8
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Time (hour)
Figure B.1. Change in ACT concentrations with respect to time.
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Figure B.2. Change in CBZ concentrations with respect to time.
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Figure B.3. Change in ERY concentrations with respect to time.
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Figure B.4. Change in SMX concentrations with respect to time.
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APPENDIX C: RESULTS OF ISOTHERM EXPERIMENTS WITH
GROUND/ORIGINAL GAC AND SYNTHETIC SECONDARY EFFLUENT

10
) y =90.412x12841
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R2=10.9842
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0.001 0.01 0.1 1

UV,g, (1/cm)

Figure C.1. Adsorption isotherm in terms of UV2s4 (Ground GAC).
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Figure C.2. Adsorption isotherm in terms of UV2g0 (Ground GAC).
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Figure C.3. Adsorption isotherm in terms of Colorass (Ground GAC).
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Figure C.4. Adsorption isotherm in terms of DOC (Ground GAC).
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Figure C.5. Adsorption isotherm in terms of UV2s4 (Original GAC).

10

y = 43.995x1-3266

g y ; §B%195;(Z; o7 @ R2=0.9498

o . 0Set1
= 1 0 Set 2
s @Set 3
o y = 5.5938x08724

R2=10.9633

0.1
0.001 0.01 0.1 1

UV, (1/cm)

Figure C.6. Adsorption isotherm in terms of UV2go (Original GAC).
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Figure C.7. Adsorption isotherm in terms of Colorass (Original GAC).
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Figure C.8. Adsorption isotherm in terms of DOC (Original GAC).
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APPENDIX D: RESULTS OF ISOTHERM EXPERIMENTS WITH
GROUND GAC AND PHARMACEUTICALS
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Figure D.1. Adsorption isotherm of ACT only (Ground GAC).
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Figure D.2. Adsorption isotherm of CBZ only (Ground GAC).
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Figure D.3. Adsorption isotherm of ERY only (Ground GAC).
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Figure D.4. Adsorption isotherm of SMX only (Ground GAC).
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Figure D.5. Adsorption isotherm of pharmaceuticals in a mixture (Ground GAC).
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Figure D.6. Adsorption isotherm of pharmaceuticals in a mixture in the presence of background
organic matter (Ground GAC) — Set 1.
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Figure D.7. Adsorption isotherm of pharmaceuticals in a mixture in the presence of background
organic matter (Ground GAC) — Set 2.



