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Introduction

BAC technology has been used for drinking waterdpotion and wastewater
treatment for over 40 years (Matovic 2013). Howevke present guidelines and
manuals on the operation of AC systems hardly ewesider, or, actually, do not
consider at all, the active biomass in such systemst likely because the net effect
of the physicochemical adsorption and the bioldgabegradation is difficult to
predict (O. Akta and Cecgen 2007b). Therefore, the biodegradatidnagsorption-
desorption processes have to be evaluated propspecially for BAC systems
used to remove slowly biodegradable organics, ghgrmaceuticals and pesticides
(Rattier et al. 2012).

A crucial step in the engineering of BAC systemsthis selection of the
adsorbent. Physical characteristics of the absorbide granular size, porosity,
surface active groups etc., will not only affeat #dsorption of pollutants itself, but
may indirectly also affect the bioregeneration &.A'he evaluation of adsorption-
desorption hysteresis for different ACs can provadeitional information about the
bioregeneration possibilities; ACs showing a highiel of adsorption-desorption
hysteresis are more favourable for bioregeneratioriortunately, few BAC studies
considering both the adsorption and desorptiomérats (Berhane et al. 2016).

Next to the adsorption and desorption processeshitdegradation of slowly
biodegradable organic compounds provides informatabout the ability of
microbial biomass to regenerate AC. Another comatilen is that, i.e. though co-
metabolism, easy biodegradable compounds preseatsiystem might be able to
enhance the biodegradation process (Hess, Silirerated Schmidt 1993). In order
the accurately quantify the different processeg@egrments need to be done in a
well-defined matrix with a limited amount of compearts, model compounds can be
chosen to represent different types of constituémtseal water treated in BAC
systems.

The advantage of biofilm formation on the AC suefdor BAC performance is
often overestimated (O. Aktaand Cecgen 2007b). The importance of suspended
biomass in the bulk liquid is not properly addrelssence it plays a significant role
in the biodegradation process of slowly biodegréeglabrganic compounds
(Xiaojian, Zhansheng, and Xiasheng 1991). Moreotrer,effect of carbon surface
roughness and shear stress for biofilm formatiom averall BAC reactor
performance and AC bioregeneration have not beessiigated in previous studies.

In this doctoral thesis the statements listed abwwze investigated and
discussed. The pharmaceutical metoprolol was szleat the representative of
slowly biodegradable organic compounds, whereasatcavas used as model
compound for easy biodegradable organics. Firsira¢p adsorption-desorption and
biodegradation experiments were performed; theltestere subsequently used to
design and run lab-scale BAC reactors, where shass and carbon surface
roughness was varied. In addition to this, the pighetic composition of microbial
biomass on the surface of AC and in suspension agsessed, and used to
evaluation the adaptation of the biomass towardstimditions being applied.

12



Aim of the Doctoral Thesis

To investigate adsorption, desorption and biodegirad of slowly

biodegradable organics in biological activated oarbystems, including how these
processes are affected by each other, the preséeeasily-degradable organics, the
physical characteristics of the activated carbaow, the design and operation of the
biological activated carbon system.

Objectives

1. To investigate if it is possible for microbial biass to overcome the
adsorption—desorption hysteresis in biologicalvatéd carbon systems and
bioregenerate activated carbon, loaded with a sid®ddegradable organic,
and if this is promoted by easy biodegradable aogan

To investigate how the design and operation ofdgiclal activated carbon
systems affect biofilm formation and activated carbbioregeneration,
when biological activated carbon is loaded withtatmeand metoprolol.

To investigate how the physical characteristics different types of
activated carbons affect adsorption—desorption engsis and the
performance of biological activated carbon systems.

Scientific novelty

1. The effect of acetate (0—1000 mg/L) on adsorptiod hiodegradation of
metoprolol (0—-256 mg/L), and vice versa, was ingaséd, and the ability
of microbial biomass to overcome the adsorptiored®fon hysteresis was
explained and proven.

The effect of activated carbon surface roughnegs1(BR and B=13 um)
and different shear stress (G=8:8 and G=25 3) on biofilm formation,
metoprolol removal, and carbon bioregeneration vdgtermined for
biological activated carbon reactors loaded witttapeolol (10 mg/L) and
acetate (100 mg/L) synthetic water mixture.

The relationships between activated carbon chaistits (granular size,
porosity), metoprolol adsorption-desorption capesijt kinetics and
adsorption-desorption  hysteresis indexes were fmgatsd, and
explanations were given how these characteristfestahe bioregeneration
of metoprolol loaded adsorbents and the selecti@ttivated carbon for the
biological activated carbon reactor.

Structure

This doctoral thesis consists of the following dieagr acknowledgements, an

introduction, literature review, materials and noeth, results and discussion,

conclusions, general discussion and recommendatiacknowledgements, a

reference list, a publication list and appendidds thesis comprises 114 pages, 41
figure, 13 tables and 18 appendices.
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Publications

Two articles, based on the doctoral research preden this thesis, have been
published in international journals registered tie Web of Science database. In
addition, experimental results were presentedcainBerences.

Practical Significance

This work was performed in cooperation whletsus, European Centre of
Excellence for Sustainable Water Technolagyd partners from the company
Puurwaterfabriek(Nieuw-Amsterdam, The Netherlands) which uses B#€rs to
produce ultrapure water from WWTP effluent. Thiscidoal research covers the
investigation and explanation of adsorption, detsonp and biodegradation
processes in a BAC system and how these proceBeetseach other. In addition,
the research investigates how the presence ofydaiediegradable organic matter,
typically present in the influent, affects the resabof a more slowly degradable
micro-pollutant. Moreover, the effect of AC chaextdtics on adsorption—
desorption hysteresis and overall AC bioregenaratias investigated. Furthermore,
lab—scale BAC reactor experiments were performednwestigate the effect of
specific technological factors such as AC surfameghness and shear stress on
biofilm formation, bioregeneration and overall BAgerformance. The obtained
results and observations will help to better urtdeis the underlying processes in
full-scale BAC systems and to predict and contrdl-§cale BAC systems more
effectively.

Author’s Contribution
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collected and analysed by the author. The publigitédies were prepared by the
author under professional guidance of supervisomnfWetsusand Kaunas
University of Technology. The author accepts faBponsibility for the reliability of
the experimental data.
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1. Literature Review
1.1.Biological Activated Carbon (BAC)

The use of charcoal for water filtration was alreagplied as early as in 450
BC by Hindu (Inglezakis and Poulopoulos 2006). Tike of coal for water filtration
was also reported in a Sanskrit text from aroun@ 20 (O. Aktas and Cecen
2007b). However, the use of charcoal as an absbiéndustry only began in the
18" century, when it was mainly used for sugar refinifihe refining process was
still relatively inefficient given the limited posty of charcoal. A breakthrough was
the first industrial use of activated charcoal pewdt the beginning of the 20
century. In 1901, Swedish chemist Ostreijko patdnte’o carbon activation
methods, one of them chemical, by using metal ddsy and the other one,
thermal, by using steam (Sontheimer, Crittended,Zummers 1988).

As it can be seen from the facts outlined above WS already used for water
purification more than 100 years ago. However, atieantages of using microbial
biomass for increasing the lifetime of AC in thectr was first described only in
1967 (Matovic 2013). The process itself was namedBAC. Nowadays, BAC
technology is being applied for drinking water figégtion and wastewater treatment
(Bonné, Hofman, and van der Hoek 2002; Van Der Ma&goor, and Schippers
2009). However, the application is still undesetyedoor because of lack of
information on how to control the technology itself

The attractiveness of BAC technology for AC filtost and activated sludge
installations was mentioned in many researches. Téaf-maintained
bioregeneration (Rattier et al. 2012) and abilitydpe with shock loads (Cha, Choi,
and Ha 1998) are the advantages of BAC over morwertional technologies.
Moreover, AC serves as a carrier material for tlmmlss (Lai, Zhou, and Yang
2013) and can reduce the toxicity of a substratete microorganisms (Ehrhardt
and Rehm 1985). The working principle of BAC, itgphcation for water and
wastewater treatment, and the factors affectingelyeneration and performance are
summarised in the following paragraphs.

1.2.Underlying Principles

The most frequently used theories characterise B#®€hnology as a
combination of adsorption, desorption and biodegtiad. Because of the synergy
established between these three parallelly runpingesses, the lifetime of an AC
load in a reactor can be prolonged from severaisyeadecades (Rattier et al. 2012).
The process of spontaneous carbon regeneratiarendéd by microbial biofilm or
the active suspended biomass which is present ensistem is the so-called
bioregenerationFirst of all, from the bulk phase, the molecuwéslissolved organic
compounds pass through the boundary layer andsdiffa the biofilm. Part of the
organics is biodegraded directly in the biofilm,ilgithe remainder diffuses to the
pores of AC (Figure 1.1). When the equilibrium ocemication of the organic
compounds in the bulk liquid or the concentratiarntbee interphase between the
carbon surface and the biofilm decreases, this presithe desorption process from
the AC pores. Therefore, the adsorbate diffuse& tmt¢he bulk liquid and is then
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being biodegraded either in the biofilm or in thenbass suspension (Matovic 2013;
Rattier et al. 2012; Shen, Lu, and Liu 2012). Teggrmance of the BAC system is
strongly related to the diffusion processes infuthe pores and the biofilm (John
C. Crittenden et al. 2012). Another, less investigabioregeneration hypothesis
comprises the enzymatic theory supporting the siat¢ that enzymes secreted
during the microbial activity might diffuse intodhpores of AC and enhance the
degradation of the adsorbed molecules (Rattiek 2042).
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Figure 1.1.BAC working principle including the change in theébstrate concentration from
the bulk liquid to the AC surface (Rattier et 8012)

The performance and bioregeneration of BAC is thrilependent on various
technological and physical factors. The most ingnairiones are the characteristics
of AC resulting in adsorption-desorption hysteresisich has to be evaluated
properly when designing a BAC reactor (Wu, Tsengd auang 2005). This
typically includes the investigation of carbon agi¢ion/desorption equilibrium
capacities and adsorption/desorption kinetics (Yi2015). Moreover, the
biodegradation kinetics and the pathway have aldmtmonitored so that to predict
the biological removal of the target compounds dadensure BAC reactor
bioregeneration (Oh et al. 2012). The factors wihétd to influence the adsorption
and biodegradation are described in detail in ¢tfiewing chapters.

1.3. Adsorption

The importance of the adsorption processes is, henyvaot only limited to the
physico-chemistry. Adsorption is very importantvarious physical, chemical and
vital biological processes occurring in natureirldustry, adsorption is often being
employed for purification purposes or used to remthe residuals whenever other
technologies fail (John C. Crittenden et al. 204@rch 2012).

The excellent ability of granular and powdered ALreétain pollutants is
widely used in drinking water purification and weasater treatment processes.
Here, adsorption is involved between two phasese-ijuid phase and the solid
phase (the AC surface). Before being adsorbedtesoholecules have to pass a
hypothetical interfacial layer between the bulluldjand the carbon surface. Later,
internal diffusion controls the adsorption procdassgeneral, ‘adsorption’ means a
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process when molecules accumulate in the intetfdajger, while ‘desorption’
means the reverse action (Worch 2012).

1.3.1.Adsorbent Types Used for Water Treatment
Powdered AC

The preparation of PAC is slightly different frothet GAC manufacturing
process. PAC is usually made from wood by heatimg d@xygen free environment,
and, finally, by crushing or grounding the obtairedbon particles till they pass
through the 0.297 mm sieve (Sontheimer, Crittenderd Summers 1988). The
average patrticle size of the produced PAC varies1fiL5 to 25um. PAC can be
used in wastewater treatment or in pre-treatmergodéble water. Unfortunately,
GAC is more favourable for technological processage the regeneration or
separation of PAC is rather complicated. Howev&CRan be added to activated
sludge or contacted with wastewater in a sepaaate t

Granular AC

Granular AC (GAC) is most commonly made from coadl &oconut shells
followed by thermal activation. GAC can also bepared as pellets from pulverised
powder by using binders. The granular size of GA@nuafactured for industrial
applications varies from 0.2 to 5 mm. In comparisdgth PAC, the intraparticle
diffusion inside a GAC particle might become unfarable because of the bigger
AC particles. Generally, GAC is used in AC filteeds to purify drinking water,
groundwater or wastewater, and to remove toxic @amgs. AC granules are also
more favourable in BAC bioreactors because theyalao serve as a carrier for
microorganisms to attach. Therefore, the combinatibadsorption, desorption and
biodegradation processes might be more benefieml AC filter beds or activated
sludge reactors (Inglezakis and Poulopoulos 20@8@itHgimer, Crittenden, and
Summers 1988; Suzuki 1990; Thomas and Crittend88)19

1.3.2.Physisorption and Chemisorption

According to the scholarly literature and practitteere are several forces
inducing adsorption of molecules on the AC surfadee first driving force can be
related with the hydrophobicity of a solute. Theref less soluble and more
hydrophobic compounds adsorb better than hydraphiid more soluble in water
organic molecules. Another adsorption driving folisethe electrical attraction
between the AC surface and the solute, the soebadlie der Walls interactianT his
is a result of the high affinity of the solute teetadsorbent (Crittenden et al. 2012;
Suzuki 1990).

The adsorption where intermolecular attractionsvbet energy favourable
sites occur is calleghysisorption However, the exchange of the electrons does not
take place during this type of interaction, andadbeorbate is attached to the surface
of the adsorbent only by weak van der Waals fortesaddition, the adsorbate
multilayers can be formed during adsorption, areatsorbed molecules can travel
freely through the interface. Therefore, this pesces reversible, and the adsorbed
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molecules can be released back to the bulk lighiase (Thomas and Crittenden
1998; Worch 2012).

A completely different origin and its mechanism cae attributed to
chemisorption This typically involves an exchange of electriwetween the solute
molecules and the specific sites on the adsorbantface. As a consequence, a
strong chemical bond is formed. Chemisorption i®@y strong type of interaction,
thus the adsorbate molecules are not free to moee the interface, and hence
desorption is not possible. Chemical adsorptioddminant at high temperatures
because, at high temperatures, chemical reactimgdaater. In general, a single
molecular layer can be adsorbed on the surface sinemical bonds can be formed
only with specific active centers (Worch 2012). T¢mmparison of physical and
chemical adsorptions can be found in Table 1.1vibelo

Table 1.1. Main differences between chemisorption and phyptgmn (Worch
2012)

Physisorption Chemisorption
Surface coverage Mono, multilayer Monolayer
Kinetics of adsorption | Very fast Often slow

Easy, induced by reduce Difficult; high temperature is
pressure or increased temperatt required to break chemical bonds

Adsorbate structure might be

Desorption

Structure of desorbe Unchanged

compounds different

Specm(_:lty _ for Nonspecific Requires specific sites on the
adsorption sites surface

Temperature Adsorption decreases with tk Adsorption increases with the
dependency increased temperature increased temperature
Adsorption  enthalpy 5_40 40-800

kJ/mol

Usually it is very difficult to distinguish betweephysisorption and
chemisorption because these two types of adsorptiontogether (Worch 2012).
Physisorption is more favourable for bioregeneratito occur. A possible
explanation for this is the adsorption reversipiliwhich occurs because of the
concentration gradient. This remains possible inCB#stallations because the
active microbial biomass in the suspension canaeduguilibrium concentrations of
target organic compounds in the liquid phase and #nhance desorption (Korotta-
Gamage and Sathasivan 2017; Ying 2015).

1.3.3.Transport Mechanisms

During the adsorption process, in all the cases, efuilibrium will be
established between the adsorbed molecules andnthecules left in the bulk
liquid. The rate needed to reach the equilibriumditions is often described as
adsorption kineticsThe time needed to reach the adsorption equihbris related
with mass transport limitations and depends onatisorbate and the adsorbent
(John C. Crittenden et al. 2012; Thomas and Cd#en1998). The transport of
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molecules in a liquid-solid system is caused byl and internal transport, as
shown in Figure 1.2 below.

When the liquid-solid system (liquid-carbon) is geated, the transport of
solute molecules typically starts from the bulkulidjto the boundary layer of the
water surrounding AC particles. This type of tramrsps calledadvectionor bulk
solute transportThe second stage, when solute molecules diffuseigh the liquid
film (the hydrodynamic boundary layer) surroundoagbon particles to the surface
is calledexternal diffusion(Worch 2008). In general, the driving force of smilar
diffusion through this layer is the concentratiaadjent. Intraparticle diffusion or
internal diffusion is the last stage when solutdetwles from the carbon surface
migrate to the pores of the particle. Intrapartidifusion is strictly dependent on
the carbon pore size and structure (Liu et al. 205, Tseng, and Juang 2005).
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Figure 1.2.External and internal mass transport in a liquitids(AC) system (Yan et al.
2013)

Internal diffusion can cover two different mechamésinvolving the solute
molecules inside the carbon particle. Diffusion @amcur in the pores which are
filled with fluid, or the solute molecules can W&’ through the internal surface of
the adsorbent. Surface diffusion will occur onlythe surface attractive forces are
not sufficiently strong to interact and reduce thebility of molecules (John C.
Crittenden et al. 2012). In addition, the diffusionthe macropores is often related
to the pore diffusion mechanism whereas surfadegiiin is more relevant in the
micropores since they are narrower, and molecuée®lt there mainly through the
surface (Worch 2008). In order to design a fullydtoning AC reactor, it is
relevant to investigate adsorption kinetics. Usydhe diffusion of solute molecules
to the pores of AC is identified as the rate limitistep (Ahmad, Ahmad Puad, and
Bello 2014; Rahim and Garba 2016). On the othedhphysisorption is described
as a relatively rapid process when an adsorptiord dorms faster in comparison
with diffusion. However, in the case of chemisawptimore time is required to form
a chemical bond; therefore, this type of adsorptian increase the time which is
necessary to remove the dissolved organic compotmas the liquid and to
become the rate limiting step (Bhatnagar, Goyad).€2013).
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1.3.4.Single and Multi-Solute Adsorption

In general, almost all the adsorption models arsetbaon a single solute
adsorption theory which covers the idea that atwlls diluted and no interactions
take place between the molecules of the dissoleatbound and the solvent. The
most frequently used adsorption models &reundlich and Langmuir models
(Markovi¢ et al. 2014). These two models are describedtailde Subchapter 2.1.2
in the materials and methodsection since they were used to fit the experialent
data in this doctoral thesis. However, if a multiege system has to be investigated,
the description becomes more complicated. Thems istandard model that is able
to describe and predict the adsorption of multipbenpounds in the liquid-solid
system. The results of the adsorption experimempene on a high number of
factors, e.g., the physico-chemical characterigifche solutes and the solvent, the
concentration, and the type of AC. Typically, aohite system can be characterised
by using a simplified version of theeal Adsorbed Solution Thegrthe same as
described elsewhere, where 4-methylphenol andbdtreene adsorption on AC has
been predicted (H. Zhang and Wang 2017). Howeliex falls into difficulties when
more compounds are dissolved in the liquid, andiier-substrate matrix becomes
more complex (Al-Ghouti et al. 2016).

The application of AC for the purification of indual water and wastewater
treatment processes is one of the most widely psetesses (Bhathagar, Hogland,
et al. 2013). Thus it is very important to inveatigymulti-solute systems, especially
in BAC installations, because adsorption there @mluned together with
biodegradation. This becomes crucial if the bionegation of the BAC reactor has
to be evaluated. It is known that the affinity e§anic compounds for AC plays a
significant role, and more affine compounds will lreeversibly adsorbed.
Therefore, less absorbable compounds will be biteda for suspended or
microbial biomass attached to the surface of AChd@Jat al. 2013; Sotelo et al.
2014).

1.4.Biodegradation of Organic Matter

As it can be seen from the scholarly literaturéenewegarding the application
of the BAC technology for potable water or wasterdateatment, adsorption and
desorption processes play a significant role thidosvever, the biodegradation of a
complex organic matter needs special attention,, tbecause effective
bioregeneration of AC is strictly related with thetive microbial biomass in the
reactor. As a rule, the concentration gradient ftbenloaded AC patrticle to the bulk
liquid can be created if the concentration of targeanic compounds can be
significantly reduced in a liquid or at the carlainfilm interphase (Marchal et al.
2013; Shen, Lu, and Liu 2012). This can be achievhdn the active biomass is
retained in a system that is capable of biodegcgttiis type of organics.

Organic Matter and Micropollutants

Almost in all the cases, wastewater contains a ¢texnprganic matter
(carbohydrates, proteins and lipids) which is ugualeasured as TOC, COD or
BOD. Usually, organic matter consists of biodegkdelaand non-biodegradable
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fractions (Mutamim et al. 2012). It is very impartdo characterise an influent that
is fed to the BAC reactor since biological systezasnot cope with soluble non-

biodegradable organics; therefore, they leave yhm with no substantial changes
in the concentration. Otherwise, the AC load in 8&C reactor can become

saturated if no bioregeneration occurs becausheosignificant amount of soluble

non-biodegradable organics present in the reaettifig liquid (Craveiro de Sa and
Malina 1992).

Another fraction of organic matter in wastewatevally contains easily and
slowly biodegradable organics. Easily biodegradabganics typically are volatile
fatty acids, alcohols, amino acids, short chairbchydrates and other last stage
biodegradation products of more complex organie ttan be directly used by
microorganisms. However, there are some organigpoamds that first of all have
to be hydrolysed outside the cell before they cancbnsumed by the microbial
biomass (Matovic 2013; Rittmann and McCarty 2001).

The estimation of organic matter in wastewater siypg TOC, COD or BOD
analysis might fall into difficulties because thiemtification and quantification of
the micropollutants present in the system is ratbenplicated. The concentration of
micropollutants in wastewater typically varies frongyL to ug/L; therefore, special
methods have to be applied for analysis (MargaaleR015). Special interest in
micropollutants, especially pharmaceuticals, imking water and wastewater is
being paid to nowadays, since the presence of thesgounds might cause a
negative impact on human health. Moreover, the tiflestion and removal is
complicated since pharmaceuticals are poorly biable because of their
specific physicochemical properties (Boehler eR@ll2; Rattier et al. 2012).

The removal of pharmaceuticals in biological sysecan be hindered
because special communities of ‘biodegrades’ neetbvelop. Usually, this type of
microorganisms is overgrown by other communitiest thre responsible for the
removal of easily biodegradable organic compoutitetefore, the acclimatisation
of specific biodegrades can be significantly lon@ertrand et al. 2015 .ypically,
easily biodegradable organic compounds are remdiwet in activated sludge
reactors, followed by the biodegradation of morewsy biodegradable organic
matter. Because of the significantly longer retamttimes needed to biodegrade
slowly biodegradable organics and due to the lodréwlic retention times applied
in WWTP, approximately 50% of pharmaceuticals déhtze found in the effluent.
Moreover, the mineralisation of pharmaceutical§MWTP is often incomplete, and
the formed metabolites can easily get into theasarfwater (Deblonde and Cossu-
Leguille 2011; Vieno, Tuhkanen, and Kronberg 2007).

Removal of Organics as a Primary Carbon Source

Typically, the organic substrates which are easybiodegrade can be
converted to the energy and microbial biomass. @mygs required if the
biodegradation process goes under aerobic congljtibre same as shown below
(Bertrand et al. 2015; Rittmann and McCarty 2001):

CHONS + Q + nutrients— CO, + H,0 + CsH/NG,
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Heterotrophs are involved in this process, andctne/ersion of the organic
matter results in net production of bacterial césH,NO,), carbon dioxide and
water. This is valid when the amount of the orgamiatter is sufficient for the
microbial biomass to fully function. When the contation of organics is
significantly low in the system, the starvation ipdr starts. During this stage,
endogenous respiration is dominant — microorganismetabolise their own
protoplasm (Bertrand et al. 2015; Rittmann and MtC2001):

CHONS + 5Q — 5CQ, + 2H,0 + NH; + energy

Endogenous respiration often occurs in biologigatems treating influents
polluted with micropollutants. Since the concerdrag of micropollutants can be as
low as the ng/L scale, it is important to have dditgonal source of organic carbon
in order to stimulate bacterial growth and actiiBertrand et al. 2015).

Biodegradation can occur under anoxic conditiongmwkhe denitrification
process is important for the conversion of orgamétter which serves as an electron
donor for the reduction of nitrates to nitrogen.ddader anaerobic conditions, no
oxygen is required; the organic matter can theodmverted to carbon dioxide and
methane (Bertrand et al. 2015; Rittmann and McCz061).

Removal of Organics as a Secondary Carbon Source

The organic matter in water and wastewater treatrhgmcally consists of
easily biodegradable compounds and micropolluténatisare less biodegradable and
are present at the ng/L t@/L level. Even if the concentration of micropodats is
significantly low in wastewater, they can still moved when a significantly high
amount of areasily biodegradable organic matt¢EBOM) is present which can
stimulate the microbial growth (Fischer and Majews¥014). In this case, the
EBOM serves as a primary substrate, whereas theopdltutants become a
secondary source of organic matter (Bertrand &l5).

The minimum concentratio&,;, which is required for the microorganisms to
replicate and maintain themselves can be calculayeémploying the following
formula (Rittmann and McCarty 2001):

b
Sinin = Kg——
min S Y-lemax—b

(1.2)
where:

Ksis the half velocity constant;

b represents the decay rate;

Y denotes the yield,;

kmax Stands for the maximum specific substrate remeatel

No net growth can occur when the substrate coretgonrin a biological
system is kept at minimum. Under these condititims,growth rate is equal to the
decay rate. When the substrate concentration iewb&,;,, no biomass can be
maintained in the system (Bertrand et al. 2015).
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Cometabolic Removal of Organic Compounds

Cometabolic biodegradation covers a slightly déferremoval mechanism.
The removal of particularly slowly biodegradablempmunds is possible via the
enzymatic pathway. However, in the system, the amynsubstrate must be present
which can provide energy for cell growth and induke production of enzymes
(Rittmann and McCarty 2001).

The perfect example of cometabolism was shown énrésearch of Aktaet
al., where the biodegradation of chlorinated phenals attained by using phenol as
a primary substrate. Phenol can be used to indpeeif& enzymes of phenol
oxidisers for further mineralisation of 2-chloroploé which is non-biodegradable
aerobically (Ozgur Aktaand Cecen 2009). Moreover, the cometabolism is als
possible between organic compounds which are nmolasiin structure. The positive
effect of butyric acid on the biodegradation of etiar polycyclic aromatic
hydrocarbons fluorene, phenanthrene and pyrenerg@sted in the research of
Wei et al (Wei et al. 2009). In addition, more efficientoegradation of
organophosphate pesticide malathion, when sodiumirsate and sodium acetate
were present in the samples, was also reportedviedse (Xie et al. 2009).
Cometabolic interactions are typically found todgkace under aerobic conditions,
when wastewater is being treated in biologicaleyst

1.5.AC Bioregeneration

During the last decades, the bioregeneration of &S been extensively
investigated and reported in numerous studies @mave Sa and Malina 1992; S.
R. Ha, Vinitnantharat, and Ozaki 2000; Skouteris aét 2015; Ying 2015).
Bioregeneration relies on several different mecérasi and factors which directly
influence the performance of the BAC system. Theinmabservations are
summarised in the following sections.

1.5.1.Mechanisms

Typically, two mechanisms are employed to expldie bioregeneration
mechanism. This includes the bioregeneration oeocy because of the
concentration gradient and enzymatic interactions.

Concentration Gradient

According to this theory, bioregeneration occursawmse of the concentration
gradient between the different substrate conceotiabn the surface of the AC and
in the bulk liquid. When the substrate concertationthe bulk phase or in the
biofilm decreases significantly, this enhancesabsorption process from the pores
since the concentration of substrate on the sutf@cemes higher than in the bulk.
Therefore, the adsorption capacity of AC can beored. Unfortunately, AC cannot
be completely regenerated because of chemisorginth pore blockage with
substrate molecules (("). Aktand Cecen 2007b; Oh et al. 2012; Shen, Lu, and Liu
2012).
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Figure 1.3.Concentration profiles over BAC particle (Shen, &nd Liu 2012)

The microbial biomass in suspension or the biobimthe surface of the AC
can affect the concentration gradient. Therefdre,ltiodegradation of the substrate
in the bulk can result in the efficient desorptiand bioregeneration of the
adsorbent, the same as shown in Figure 1.3. Thealtgt the point of zero gradient
(PZG) existdn a biofilm, at which, substrate concertation imimal (Craveiro de
Sa and Malina 1992). The PZG changes across thignbiwhen the equilibrium
conditions are being disturbed. When the substrateentration in the bulk liquid
increases, the PZG moves towards the AC surfacmeftire, bioregeneration
becomes impossible. However, if the active microbiamass is present in the
liquid phase, it can reduce the substrate condaémirain the bulk. Thus
bioregeneration is possible because the PZG cae kloser to the liquid film.

The bioregeneration process itself depends on rausefactors, e.g., on
microbial populations, adsorption-desorption hyedes, substrate biodegradability,
etc. The perfect example of bioregeneration wasodetnated in the research of
Vinitnantharat et al, where phenol and 2,4-dichlorophenol loaded GA&sw
bioregenerated during the period of 7-10 days. rEheoval efficiencies of 31.4%
and 14.3% were achieved for both phenol and 2 Hlalicphenol loaded carbons,
respectively, close to the calculated adsorptiameensbilities (Vinitnantharat et al.
2001). Another study also demonstrated the supgraformance of BAC for
phenol removal from wastewater. Up to 63% bioregatien of phenol loaded
carbon was achieved in 12 hours since the acclageudomonas putiddTCC
1194) enriched biomass was used to seed the BAore&@henol removal in the
parallelly running AC filter was approximately 21l#wer than in the BAC reactor
(Ullhyan and Ghosh 2012).

Exoenzymatic Reactions

The exoenzymatic theory covers the hypothesisARatan be bioregenerated
with extracellular enzymes produced by microorgasis Typically, the size of
bacteria varies within a range of several microegtmuch higher than the average
diameter of micropores and mesopores, which isvbet60 nm. However, the
enzymes produced by bacteria are much smaller anddidfuse directly to the
pores. Enzymes can react with the adsorbate andedtie bonding with the surface
of the AC; therefore, the desorption of the adswmrlta the bulk liquid can be
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promoted (De Jonge, Breure, and Van Andel 1996;Duorak, and Li 2012;
Orlandini 1999).

Some researchers contradict this hypothesis byngtahat the enzyme
molecules are quite big and thus cannot diffuse itite micropores. For an
enzymatic reaction to occur, the diameter of a puoust be at least three times
bigger than the size of the enzyme. Taking intooant that the molecule of a
monomeric enzyme is within the range of 31-44 apngw, the reaction can occur
only in the mesopores that are bigger than >10Trrarefore, low molecular weight
compounds that are mainly adsorbed in the micrgpasieh a diameter lower than
<0.7 nm are inaccessible for the enzymes (Ying 20lBe regeneration efficiencies
of phenol loaded ACs exceeded the desorption vatuése research of Akjaand
Cecen; considering that phenol was mainly adsoibbeétie micro and mesopores,
the conclusion was drawn that enzymatic reactiaek tplace mainly in the
mesopores (O. Akfaand Cecen 2006).

1.5.2.Factors Affecting Bioregeneration

The bioregeneration and performance of a BAC reatépends on various
factors. It is evident that BAC is a multicomponegstem where physicochemical
processes are combined together with biologicatgsses. Therefore, the factors
influencing adsorption, desorption and biodegrauafrocesses individually also
affect the overall performance of a BAC reactor @ktas and Cecen 2007b;
Knezev 2015; Ying 2015). In this chapter, the mosicial factors for BAC
performance are discussed in detail.

AC Porosity

The porosity of AC is one of the major factors umdihcing the performance
and bioregeneration of BAC reactors. Typically, opsous ACs are better
alternatives for bioregeneration if compared withcnoporous analogues. The
diffusion of molecules from carbon to the bulk lidius better in mesopores, the
same as described elsewhere (Liu et al. 2015).efdre, micropores typically get
loaded with pollutants while mesopores remain paldirly clean (Dong et al. 2014).
The same hypothesis was also supported by thatliter review — faster and more
efficient bioregeneration occurred on the outefamer of AC (N. Klimenko et al.
2003; N. A. Klimenko et al. 2002).

AC Granular Size

As described above, there are two forms of AC #ratbeing used in water
and wastewater treatment. The particle size of RAfles between 15 to 2&m,
whereas GAC particles are bigger (0.2-5 mm). Thiopeance of the BAC reactor
also depends on whether PAC or GAC is used in ys&s. In this case, GAC
outcompetes PAC because relatively long sludgesaihdtrate retention times can
be achieved on the surface of granular AC (Ying 2201Unfortunately, no
significant impact on bioregeneration was obsemben phenol loaded thermally
and chemically activated PACs and GACs were contpéfe Akta and Cecen
2006, 2007a). The degree of hysteresis was compabaiween PAC and GAC
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showing that the granular size had no effect orfitted adsorption reversibility and
bioregeneration. However, desorption was fastemftbe PACs because of the
relatively small granular size and the short diffagpathway to the bulk liquid. This
becomes especially important when AC has to becteeldfor a BAC reactor. The
total retention time of organic pollutants in tleactor can be shortened if a smaller
granular size fraction is chosen. Unfortunatelyis timight lead to technical
difficulties when small AC granules are washed dalutring the periodical
backwashing of the filters.

Substrate Desorption Kinetics

The bioavailability of adsorbed organic compoundsBAC reactors can be
estimated by measuring the desorption kinetics. alllsu organic compounds
showing high affinity to AC desorb less; therefds®mregeneration can be hampered
because of the decreased availability. As it waswshin the previous studies,
relatively low desorption rates were directly rethtto slower bioregeneration (de
Jonge, Breure, and van Andel 1996; Oh et al. 28aRjador et al. 2015).
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Figure 1.4.2-Chlorophenol desorption from 4 different 2-chionenol loaded ACs SA4,
CA1, PKDA and CAgran (O. Akteand Cegen 2007a)

Typically, desorption consists of two phases: thst nitial phase, when the
major share of desorption occurs, and the equilibr{iFigure 1.4). The distribution
of the pore size of AC has a major impact on treodgaion kinetics. AC with higher
total pore and mesopore volumes exhibits fastefusidn in comparison with
microporous carbons (Worch 2012). The specieslamadtivity of microorganisms,
the fluid dynamics and the type of AC were alsontdfied as possible factors
influencing the desorption of organic pollutantsngy2015).

Substrate Biodegradability

The influent to wastewater treatment plants costaarious organic pollutants
that are either easy or hard to biodegrade. Edsibglegradable organics are
typically removed in activated sludge reactors, levlai substantial part of slowly
biodegradable organic compounds leaves WWTP and apdin surface waters
(Boehler et al. 2012). The ability of BAC reactdosretain slowly biodegradable
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organic compounds by adsorption leads to an ineceasntact time between the
biomass and the adsorbed compounds (O. sd&tal Cecen 2007b; Knezev 2015;
Korotta-Gamage and Sathasivan 2017).

The bioregeneration of loaded carbons is highlyedépnt on the compounds
being adsorbed. The bioregeneration process céameered if AC is loaded with
non-biodegradable compounds. It can be enhancgnhiliar organics are present in
a system that can increase biodegradation becdusen@etabolism, the same as
described elsewhere (Kwon et al. 2015; Oh et @l6P0However, biodegradation
becomes a rate limiting step in the bioregenergtimtess. Typically, desorption is
fast enough for bioregeneration to occur; unfortelya the driving force of
desorption is the concentration gradient betweerbthik liquid and AC (Rahim and
Garba 2016; Shen, Lu, and Liu 2012). In a BAC systie retention time of the
biomass is prominently longer in comparison withiveted sludge installations.
Thus, the biomass on AC particles can get acclishatethe adsorbed organic
compounds and thus operate more efficiently. Tlss Edsorbable and tended to
biodegradation compounds can lead to the moreieftibioregeneration of AC. It
was shown that phenol loaded AC was regeneratewrbitan 4-chlorophenol
saturated carbon. However, when carbon was satimatle a mixture of phenol and
4-chlorophenol, the overall achieved 4-chlorophdmnotegeneration was better than
in a single solute system (Oh et al. 2016). Theesabservations were made by
other authors researching the bioregeneration hfet@ and trichloroethylene
loaded carbon (Kwon et al. 2015). Better biodegiadaof phenol versus indole
also resulted in more efficient bioregenerationpbé&nol loaded ACs (Zhao et al.
2015). The positive effect of the acclimated biosnias bioregeneration of azo-dyes
loaded adsorbents was reported elsewhere (Al-Anetal. 2014). However, some
studies support the hypothesis that the bioreggorraf AC is only a simple
combination of adsorption and biodegradation (X&wj Zhansheng, and Xiasheng
1991).

Substrate Chemical Properties

The structure and origin of the substrate might &ks a factor influencing AC
bioregeneration. As it was shown in a previous\sttite bioregeneration of carbons
loaded with organic compounds having different klksubstitutes, was also
somewhat different. ACs saturated with phenol vieoeegenerated more efficiently
in comparison with p-methylphenol, p-ethylphenol darp-isopropylphenol.
Bioregeneration decreased significantly with theréase of the alkyl chain length
(Lee and Lim 2005). Another research was conduetgd o-, m- and p-cresol
loaded granular AC. It was shown that the bioregmiun efficiency of o-cresol-
loaded GAC was the lowest due to more irreversyhdf the adsorbed o-cresol than
m- and p-cresol (Kew et al. 2016).

Substrate and Carbon Contact Time

The increased substrate retention time in BAC mrads often named as an
advantage over activated sludge reactors and A€dilThe adsorbed compounds in
BAC are retained for longer before being desorbet Hodegraded (O. Akgaand
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Cecen 2007b; Dong et al. 2014). The longer biomeisntion times in the reactor
can lead to the acclimatisation of microbial comities to the substrate which
might even be poorly biodegradable. The increasagtyebed contact time (EBCT)
and sludge age were also reported elsewhere astanpdactors resulting in more
efficient bioregeneration (Ying 2015).

Biomass Concentration

The biofilm on the surface of AC and the biomasssuspension play a
significant role in carbon bioregeneration and okerall performance of the BAC
system. The advantage of having a higher biomasseotration on AC granules
was shown in a research by Naidual, where DOC removal was monitored in
BAC filters used for desalination of seawater. #swfound that more than 60% of
DOC was removed when the BAC filter age increasedesmore biomass was
developed on the AC surface (Naidu et al. 2013ptAar study examined the effect
of the increased mixed liquor volatile suspendditisdMLVSS) in suspension for
bioregeneration. It was shown that the bioregeiweraif AC increased up to 60%
when the growth of MLVSS from 126 to 963 mg/L wasxorded (Goeddertz,
Matsumoto, and Scott Weber 1988).

Microorganism Cultures

The performance of the BAC reactor can be impravidn specific microbial
communities are present in the system. From theolmiclogical point of view, it is
known that slowly biodegradable organic compourals loe eliminated by special
biodegraders. It was shown that the acclimatisatiothe activated sludge from a
wastewater treatment plant to biodegrade xenoBigfielded positive results. The
bioregeneration of ACs loaded with 2-chlorphenodl @&initrophenol, was more
efficient in comparison with the BAC reactors inielhnon-acclimated biomass was
used (S.-R. Ha, Vinitnantharat, and Ozaki 2000kr®hloaded carbons were also
effectively regenerated (57.5% regeneration) irtlarostudy, where mixed bacterial
cultures isolated from hydrocarbon polluted sedisienwere used for
bioregeneration experiments (Sodha, Panchani, sttt K 2013).Pseudomona
strains were also used to bioregenerate ACs loadtbdbiologically stablesurface-
active substanceSAS). It was shown that special acclimated bi@naas able to
regenerate microporous AC up from 25% to 95%, winiesoporous AC was
regenerated up to 85% (N. Klimenko et al. 2003)amther studyPseudomonas
were also used to enhance phenol biodegradatioricadgd AC bioregeneration.
When usingPseudomona putida (MTCC 11943% bioregeneration efficiency of
the saturated filter bed was achieved in less ttarhours (Ullhyan and Ghosh
2012).

Presence of Other Compounds and Biodegradation tritsd

The presence of multiple substrates for BAC bionegation was addressed in
several studies. This becomes crucial when BACtoescare applied to purify
industrial wastewater. Typically, these streamstaioneasily biodegradable and
non-biodegradable organic compounds. Thereforepibegeneration of AC in a
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multi-solute system might be fairly different inmparison with a single solute
system (Ying 2015). The same was observed in aamesedealing with
bioregeneration for GAC columns loaded with bio@delgible toluene, benzene and
non-biodegradable organic compound perchloroeteyleh was shown that
bioregeneration was more efficient when carbon VYeegled with toluene and
benzene, while the sorption capacity decreasedfis@gntly when dealing with
tetrachloride. In the course of investigating thdtirsolute system, it was found that
the regenerated pores of AC (toluene, benzene) veamgly occupied by
perchloroethylene (Putz, Losh, and Speitel 2005)other study conducted the
experiments in the bi-solute system with one biodeégble and another non-
biodegradable organic compound. The lifetime of A@s controlled by the
biodegradable organic compound and was extendedZsy times. However, this
was valid only when the adsorbability was similar hoth compounds (Erlanson et
al. 1997).

Figure 1.5.The change in the biofilm thickness from 15 to 3@®in the reactor from day
16 (A) to day 77 (B) (Massol-Dey et al. 1995)

The fouling of AC is another factor deserving pnogtention. Typically, the
outer surface of GAC in the BAC reactor gets wastedr time. This happens
because of the adsorption of metabolites, cells amcroorganisms produced
extracellular polymeric substance¢EPS). This reduces the lifetime and
bioregeneration of the AC. However, bioregeneratian still prolong the lifetime
of the adsorbent regardless the fact that it vall recover fully to 100% (O. Akga
and Cecen 2007b; Ying 2015) Generally, in BAC reast GAC particles are
covered with a yellowish slime matrix whose thickeemay vary from several
micrometres to hundreds of micrometres, the sansh@sn in Figure 1.5 (Marquez
and Costa 1996; Massol-Dey et al. 1995). The Inifdyer typically increases with
the increased concentration of the suspended b@n¥ss might hamper the
adsorption and desorption processes because of lookage with microbial
produced polymers; therefore, the bioregeneratioA® also decreases (O. Akta
and Cecen 2007b; Marquez and Costa 1996).

1.6.Operation Phases of BAC Reactor
The start-up and operation of the BAC reactor aadlibided into three stages
that are described in the sections below. The tiperaf BAC might become
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specific — it depends on the organic compoundseptes the influent and on the
process peculiarities.

Reactor Start-Up

During the reactor start-up, organic pollutant¢hia reactor are removed by
adsorption. The period when the adsorption proggsdominant can last from
several weeks to months, depending on the wasteveat@position, substrate
affinity to carbon, AC type, etc. The effluent frothe BAC reactor typically
contains organics that are not adsorbable. The dibom of the biofilm on the
surface of GAC is negligible during the reactorrtstgp (Reungoat et al. 2012;
Simpson 2008).

Middle and Final Stages of Operation

After the start-up of the BAC reactor, the adsamptcapacity of the AC load
gradually decreases since there is almost no miofihich is capable to regenerate
GAC. Therefore, at some point, the concentratioadsforbable organic compounds
in the effluent becomes higher. Because of thedridioavailability, the microbial
biomass also starts to develop faster, and theafoom of the biofilm increases.
Biodegradation and adsorption become the two damipeocesses. However, this
stage does not last forever — the AC gets parttyraged, and the acclimated
biomass in the suspension as well as the formddnbion the surface of the AC are
now able to maintain themselves and to biodegrageanic pollutants (Reungoat et
al. 2012; Simpson 2008). It seems that the AC lisadlready saturated and not
useful anymore. This is not true in case of shaad$ which can be successfully
adsorbed as described elsewhere (Cha, Choi, andl998). Because of the
concentration gradient formed from the bulk phasAQC particles, pollutants can be
adsorbed until the new equilibrium conditions héeen created. If the microbial
biomass is sufficiently capable to biodegrade tlmegased concentration in the bulk,
then the adsorbed fraction can be desorbed battletbulk liquid and mineralised.
This process is calledhioregeneration it occurs in BAC systems because of
adsorption-desorption hysteresis. Moreover, AC amraier material can become
very favourable for the microorganisms and prontméelegradation (Knezev 2015;
Ying 2015). This once again shows that the AC lpadectly serves as a buffer
material which can minimise the negative impact tbé increased substrate
concentrations on the microbial biomass.

1.7. Application of BAC

The application of BAC for drinking water productioand wastewater
treatment has been reported in numerous reseaityasally, BAC reactors serve
as polishing filters which are employed to removsrients from water streams
before the final effluent reuse.

Drinking Water Production

The preparation of drinking water consists of numaerstages using various
methods to prepare water for the final use. InWhesstern Europe, surface water is
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frequently used to prepare drinking water. Theuierfit undergoes coagulation and
sedimentation steps as well as rapid sand filtna#dterwards, ozonation is usually
applied to convert poorly biodegradable organictemainto easily biodegradable
organic compounds which are later removed in BAErE. The effluent from BAC
filters undergoes slow sand filtration, and, aéidditional disinfection, it is supplied
to the customers.

In Amsterdam (the Netherlands), BAC filtration walso applied for surface
water purification in Leiduin plant. The treatmeist comprised of rapid sand
filtration, ozonation, hardness removal, BAC fitiodm and slow sand filtration. For
each 18 months, the reactivation of carbon bedstig the maintenance instruction;
however, this was not needed because of the aatieeobial biomass which
colonised GAC filters (Bonné, Hofman, and van deeki2002). In parallel to full
scale reactors, several pilot reactors were runoimger the same conditions. The
monitoring was based on the measurementsisbrbable organic halogerfsOX),
dissolved organic carbo(DOC), pesticides and micropollutants. During tbe of
4 years, no reactivation was applied. Moreoveretiogr with the water from the
Rhine River, different types of pesticides werekegdiand monitored. The effluent
quality from the BAC filters corresponded well withe regulations of Dutch
Ministry of Drinking Water regulations: DOC was lewthan 2 mg/L, and the total
amount of pesticides did not exceed the limit ofgdL (Bonné, Hofman, and van
der Hoek 2002).

The plant in Sant Joan Despi (Barcelona, Spain)lay®mp20 GAC filters
which are used to prepare drinking water from thebtegat River. GAC filters
receive water after ozonation which is used foinééstion purposes and also for
breaking down larger organic molecules. When theratipn of the filters started,
adsorption was the dominant process achieving G5#ioval of TOC. After partial
carbon saturation, biodegradation became dominang the TOC removal
decreased to 40%. At the start and at the end eofettperiment, all the natural
organic matter fractions (the low and high molecwaight organics) were removed
effectively in BAC filters. It was also shown thhe total volume of the micropores
decreased by 24% thus supporting the hypothesis hilbeegeneration occurred
(Gibert et al. 2013).

The application of BAC for ammonia removal undeffadent temperatures
was also studied by Anderssenal. It was shown that BAC was able to remove
more than 90% of ammonia at temperatures aboVv€.1Bowever, when the
temperature dropped down beloWC4 this inhibited the biomass, and the ammonia
removal efficiency decreased to 30% (Anderssorl.&001). Another nitrification
study was carried out in Laval (Quebec, Canadagr&vRose Plant uses water from
the Mille lles River to produce drinking water. Was shown that, at mild
temperatures (£2), the removal of ammonia was greater than 93%, ibu
decreased to 7% when the filters were exposed@ot@mperature (Laurent et al.
2003). This once again shows that BAC filters wak a single unit where
adsorption and biodegradation are the dominantgssess.
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Wastewater Treatment

Wastewater treatment by using BAC is slightly déiet from drinking water
production because of the significantly higher loafdnutrients. Therefore, the
development of the biofilm is relatively fast. Mokeer, for the faster biofilm
formation and development, filters are sometimescily seeded with specific
sludge capable of removing the target organic camgs. During the last decade,
numerous scientific papers showed the BAC potential remove slowly
biodegradable micropollutants from the secondary TPéffluent which can later
be used for reclamation purposes. In the resedré&teongoatet al, the efficiency
of the BAC technology to remove 54 micropollutawtss investigated in a full scale
reclamation plant (South Caboolture, Queenslandstralia), treating secondary
effluent from domestic WWTP (Reungoat et al. 20T®)e technological line in this
plant consists of 6 stages: denitrification, prefation,
coagulation/flocculation/dissolved air flotation danfiltration (DAFF), main
ozonation, AC filtration and final ozonation forsdifection. The first 3 stages
showed poor removal of the total of 54 quantifie@dropollutants. However, after
ozonation and biological filtration, the overalldretion of all the micropollutants
was higher than 90%, often bringing down the cotra¢ion below 0.01ug/L.
Unfortunately, only 20—-30% of DOC was removed in@Alters thus showing a
lower affinity of AC for the total organic matter comparison with micropollutants
(Reungoat et al. 2010). The same scientists examieother 2 full scale
reclamation plants together with a plant in Sousth@lture (Queensland, Australia)
in 2012. It was shown that ozonation alone was ablemove as little as 10% of
DOC thus supporting the hypothesis that organictenavas not mineralised but
rather converted into intermediates. The BAC raactdone were able to remove
20-50% of DOC, and most of trace organic pollutamisto 99%. However, the
combination of ozone and BAC filters was more dffecsince DOC removal was
greater than 50%, and more than 90% of trace argam@micals were completely
removed (Reungoat et al. 2012).
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Figure 1.6.Normalised pressure drop (dPn) over the RO moditte (wpper line) and
without (bottom line) BAC (Van Der Maas, Majoor,caSchippers 2009)
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The Puurwaterfabriekplant (Nieuw Amsterdam, the Netherlands) deserves
special attention since it uses the effluent framlbcal WWTP to produce ultrapure
water for oil extraction. The use of BAC filters this plant helps to remove
nutrients from the WWTP effluent ant to reduce bhefouling of reverse osmosis
(RO) membranes (Van Der Maas, Majoor, and Schipp@ds).

It was shown that, without BAC, the pressured droflRO membranes was
observed as early as after 3 days (Figure 1.6).sithation was stabilised after one
month only with the use of a biocide. However, whbe biocide dosing was
stopped, the pressure drop increased. When BAQusad before RO membranes,
no significant pressure drop was observed for 139sdthus showing a high
potential of BAC to remove nutrients from the WWe&Rluent. Together with the
inhibited biofouling in the RO membranes, 67% of @@@nd 89% of Kjeldal
nitrogen was also removed in the BAC filter.

The application of powdered AC (PAC) was studied danfull scale
petrochemical refinery plant which generates waatewfrom the production of
organic acids, solvents and aromatics (Meidl 19%fist of all, the preliminary
study was carried out where the selection betwkerattivated sludge reactor and
PAC was of interest. The pilot-scale results shotted the removal of COD was
greater in PAC reactors; therefore, they were appdit full scale. Because of PAC,
the reactor volumes decreased by 25% comparingthatiactivated sludge reactors.
Moreover, the operating costs decreased by 10%gsdinee as dewatered sludge
volumes (0.5 vs. 1.4 tons per day). The COD and B@Dhe effluent were 135
mg/L and 30 mg/L, respectively, which was less tthendischarge limits, while the
registered COD values from the activated sludgetoeavere above the level of 285
mg/L (the discharge limit is set at 250 mg/L) (Mei@97).

1.8.Summary of the Literature Review

During the last 50 years, the use of BAC for dmigkiwater preparation and
wastewater treatment has become more favoured rdedsive. Typically, BAC
reactors are applied as filtering media where A@iglas are covered with biofilm.
Therefore, the adsorption, desorption and biodediaa processes occur
simultaneously, leading to the prolonged lifetinfidhee AC load because of the so-
called self bioregeneration.

The performance of the BAC reactor and bioregeimeratepends on the AC
characteristics, on the biomass and the subsiratrefore, highly porous ACs are
favourable for bioregeneration. It is of major imfamce to have the right AC grade
in the BAC reactor since very fast uptake and edea organic matter is needed for
qualitative bioregeneration to take place. The gi@nsize of GAC has to be
optimal — the adsorption and desorption equilibriwiren using bigger granules is
slower to reach than with the use of smaller gresubr powdered AC. The
reversibility of adsorption is another phenomenasalibing whether AC can be
bioregenerated or not.

The bioregeneration of loaded carbons occurs if@cicclimated biomass is
present in the BAC reactor. The biofilm on the aoef of AC granules and the
biomass in suspension are needed for bioregeneradimwvever, the thick biofilm
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might become unfavourable since it can clog thepd@s and disturb the transport
of the substrate. Moreover, the GAC cannot be pmmerated fully since the
adsorption of the polymers, dead cells and metesoliproduced by the
microorganism will deteriorate the surface and dase the ability of AC to adsorb.

BAC seems to be favourable for the removal of sjolmibdegradable organic
micropollutants from wastewater streams. Signifigarigh retention times of
organic matter can be achieved in BAC reactorss the biomass can adopt to the
new substrates and successfully biodegrade thenvettwr, slowly biodegradable
micropollutants are hardly biodegradable at lowcemrtrations and cannot be used
as a carbon source for microorganisms; thereftwe,cometabolic biodegradation
might become favourable. In some cases, easily epiadlable organics can
stimulate the biodegradation of slowly biodegradahlbstrates.

The potential of the BAC technology to remove skpWiodegradable organic
pollutants was widely discussed. Unfortunately rehis lack of information about
the BAC application to remove slowly biodegradalpgharmaceuticals from
wastewater. Scarce work has been done so far testigate the adsorption-
desorption hysteresis specifically for BAC systeamsvhich slowly biodegradable
pharmaceuticals are removed since these typespefiexents are more common in
the water-soil research when investigating the tiglnf pollutants. The effect of
the AC surface roughness and the shear stressegctor on the BAC performance,
biofilm formation and carbon bioregeneration whel@Bis used to remove slowly
biodegradable pharmaceuticals has not been commiekéy evaluated. Therefore,
the above described problems inspired to deviseifgpeexperiments and to
investigate the BAC to be applied for the treatmadraynthetic wastewater polluted
with slowly biodegradable pharmaceuticals. The nageand methods used in this
doctoral thesis and the obtained results are destrin detail in the following
chapters.
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2. Materials and Methods

This chapter describes all the materials and metlisdd in this research. The
chapter is divided into four sections: Section @escribes the general materials and
methods used throughout the doctoral thesis; Se2t@ describes the materials and
methods pertaining to the results presented ini@ec8.1 dealing with the
interdependence between metoprolol biodegradatiod adsorption-desorption
hysteresis in the presence of acet8txtion 2.3 describes the materials and methods
thus complementing to the results presented ini®@edt2 “Effect of Shear Stress
and Carbon Surface Roughness on BioregeneratioParidrmance of Suspended
versus Attached Biomass in Metoprolol-Loaded Bimlaly Activated Carbon
Systems”, and Section 2.4 describes the matenmlsrethods employed to obtain
the results presented in Section 3.3 “Correlaticgtwben Activated Carbon
Characteristics and Adsorption—Desorption Hysterasid the Implications for the
Performance of BAC Systems”. The general structfréhe thesis is shown in
Figure 2.1 below.
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Figure 2.1.General and specific materials and methods ustidsmoctoral thesis
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2.1.General Materials and Methods
2.1.1.Chemicals and Biomass Suspension
Metoprolol and Acetate

Two model compounds were used for the experimengtowly biodegradable
pharmaceutical compound and an easily biodegradasganic compound.
Metoprolol was selected as a slowly biodegradable organigpoand, andacetate
was chosen as an easily-degradable compound. Mébpis one of the most
dominant micro-pollutants in the effluent of donestWWTPs (Waterzuivering
2012). Metoprolol was also the most abundant mpaitutant measured in the
WWTP effluent at Nieuw Amsterdam, the Netherlafidss effluent is used later on
to feed industrial BAC reactors in th#tra-pure water factory (Nieuw Amsterdam,
the Netherlands). The low biodegradability of metdg was another criterion for
its selection since around 50% of metoprolol iaskd into the surface waters
(Vieno, Tuhkanen, and Kronberg 2007; Deblonde aossG-Leguille 2011).

Apart from the slowly biodegradable organic compisjreasily biodegradable
organics are usually present in WWTP effluent &0D (Waterzuivering 2012);
therefore, acetate was selected as the model cardptu addition to this, organic
acids are usually formed as metabolites in a moneptex biodegradation pathway
of slowly biodegradable organics.

Table 2.1.Properties of model organic compounds used foexperiments

Metoprolol tartrate Sodium acetate
Structure /\/@/o\)oi/n\gc»lg Hof%:iw ) Cj’\ONa
HyCO S Fs 3
IUPAC name bis(1-[4-(2-methoxyethyl)phenoxy]- Sodium Ethanoate
3-[(propan-2-yl)amino]propan-2-ol
CAS number 56392-17-7 127-09-3
Molecular formula (GH2:sNO3), - GHgOs C,HsNaG,
Molar mass, g/mol 685.81 82.03
Solubility in water, g/L | 50 100
LDso (mouse), g/kg 15 6.9

Metoprolol tartrate (Sigma-Aldrich, USA) and sodiwanetate salts (Sigma-
Aldrich, USA) were used to prepare metoprolol andtate working solutions. The
properties of metoprolol tartrate and sodium aeetah be found in Table 2.1.

OH

ovk/mr%/w3
H3C\O/\/©/ CHs

Figure 2.2.Chemical structure of metoprolol tartrate (leftdaodium acetate (right)
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When dissolved in water, metoprolol tartrate disses into metoprolol cation
and tartrate anion, the same as shown in Figure ab@e. Sodium acetate
dissociates into sodium cation and acetate anigui€ 2.2).

Buffer Solution Used for Biomass Washing and AdsaorDesorption Experiments

The adsorption-desorption experiments and biomashiwwg were carried out
in PBS containing 800 mgMacCl, 20 mg/LKCI, 144 mg/L NaHPQ, and 24 mg/L
KH,PQ,. The pH was checked at the beginning, during exgeriment, and at the
end of each experiment; in all the experiments &S was used, pH remained
between 6.7 and 7.4.

Buffer Solution Used for Biodegradation and Rea&w»periments

The experiments were performed with PBS (the coitiposas described
above) supplemented with nutrients: 170 mgHL,,Cl, 8 mg/LCaCl-2H,0, 9 mg/L
MgSQ,7H,O and 1 ml/L of trace element solution. The tratement solution
contained 2000 mg/L FegAH,0, 2000 mg/L CoGl6H,0, 500 mg/LMnCl,-4H,0,
30 mg/L CuChL2H,O, 50 mg/L ZnCl,, 50 mg/L HsBO;, 90 mg/L
(NH4)sM07,0,44H,0, 100 mg/INaSeQ-5H,0 and 50 mg/L NiGt6H,.

Biomass Used for Biodegradation and Reactor Expemis

The biomass-carbon suspension for our experimeats abtained from the
industrial BAC filter atPuurwaterfabriek(Nieuw Amsterdam, the Netherlands).
Puurwaterfabriekproduces ultrapure water for oil extraction frofMWVP effluent.
Puurwaterfabriekruns the following treatment steps: sieving, filtration, primary
BAC filter, polishing BAC filter, reverse osmosiadelectro deionisation. The main
function of the BAC filters is to remove biofoulingecursors for reserve osmosis
membrane filtration. In 2010, whedPuurwaterfabriekoperation started, both BAC
filters were filled with Norit GAC 830 Plus GAC. Sar, necessity to replace the
AC has not arisen (Van Der Maas, Majoor, and Sehpg009).

The full-scale BAC filter was sampled during theripdic back-washing.
Subsequently, the bulk of the biomass was detathadthe AC particles by severe
agitation and filtration with a 215 yum sieve. Fipathe suspension was centrifuged
at 7000 rpm for 15 min, and the supernatant washdigied. The biomass was
washed twice and suspended into PBS supplementbadhutrients.

2.1.2.Analytical Tools and Methods

Metoprolol Analysis in Liquid Phase by Using Liqudhromatography-Mass
Spectrometry (LC-MS)

An Agilent 1200 HPLC chromatograph equipped witRlenomenex Kinetex
Phenyl-Hexyl column (100 mm * 2.1 mm * 2.6 um) aaa Agilent 6410 triple
guadrupole MS/MS system was used for metoprololyaiza Milli-Q water with
0.1% formic and 0.2 mM oxalic acid and acetonitilgh 0.1% formic acid were
used as eluents (flow rate 0.3 mL/min). For metlmpruantification, m/z transition
268191 was used (Jensen et al. 2008). The total rerftmthe method was set to
30 min. The calibration curves were made on thaumgle of metoprolol tartrate
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analytical standards obtained from Sigma Aldriche Tinal concentrations of the
calibration curve were set to 200, 400, 600, 8000L.g/L.

Acetate Analysis in Liquid Phase by Using Ultra igerformance Liquid
Chromatography (U-HPLC)

An Ultimate 3000 HPLC chromatograph equipped witRheenomenex Rezex
Organic Acid H+ column (300 x 7.8 mm) and a Diondkmate 3000RS UV
detector (wavelength 210 nm) were used for theyaizabf acetate in water samples.
2.5 mM sulphuric acid was used as an eluent anatant flow rate of 0.5 mL/min.
The column was kept at &D; the injection volume was 50.. The total runtime for
the method was set to 30 min (Khiewwijit et al. 2D1The calibration curve was
devised by using the acetic acid analytical stash@Bluka) and obtaining the final
acetate concentrations of 5, 25, 50, 75 and 10Q.mg/

Analysis of Microorganism-Produced Gaseous Products

The headspace composition ,((N, and CQ) of the batch bottles was
measured by using a micro gas chromatograph (uMa@an CP 4900, USA). The
instrument was equipped with a thermal conductidstector and two parallel
columns: a Mol Sieve 5A PLOT 10 m x 0.53 mm opetae80°C with argon as the
carrier gas and a PoraPlot U-10m column operate@5&€ with helium as the
carrier gas (Khiewwijit et al. 2015).

Biofilm Analysis Using Scanning Electron MicroscdS{M)

A SEM was used to assess the morphology and treskoiethe biofilm on the
AC granules. The acceleration voltage of 6 volt arabnification factors between
100 and 10000 were applied when analysing the san@BAC granules were
prepared by fixing the biofilm with glutaraldehyder 24 hours at %C. After
fixation, the samples were dried with ethanol-watextures, in which, the ethanol
concentration was gradually increased from 30% (Q0%4. Prior to analysis, the
samples had been stored in a desiccator.

Suspended Biomass Measurements as Total Susperticeg:iN

The total nitrogen in a particular fraction was dises a measure for the
biomass concentration in suspension. The totabgein was quantified by using
Hach Lange cuvette tests LCK238 (Hach Lange, Ddesel Germany). The
biomass samples were centrifuged, washed with getrdree PBS, and then
centrifuged again in order to remove the dissoliggen compounds.

AC Surface and Pore Volume Measurements

A surface area and porosity analyser (Tristar 3800romeritics) was used to
obtain the specific surface area (BET), the miavoepas well as the total pore
volume of granular ACs; the analysis was basederatsorption and desorption of
N, gas. Before conducting the analyses, all the ACpsssnwere dried and flushed
with N, gas at 15{C for 24 h (VacPrep 061 LB, Micromeritics) (Racgteal. 2014).
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COD Analysis in Liquid Phase

The dissolved COD was measured by using Hach Langette tests LCK
114 and LCK 414. Before conducting the analysis, shispended samples were
filtered by employing 0.4m membrane filters (Milipore, Millex GV).

Adsorption-Desorption Equilibrium Experiments

Metoprolol adsorption equilibrium experiments wererformed in batch by
using glass serum bottles and PBS. The main purpiodese experiments was to
investigate the time needed to reach the adsorptiguilibrium between the
adsorbed metoprolol and metoprolol in the liquicigd In general, 3—4 weeks were
enough to reach equilibrium.

Desorption equilibrium experiments were conducted using the same
saturated carbon from adsorption equilibrium teBke liquid was filtered, and AC
was placed into a fresh PBS medium without metabrdlhe desorbed amounts of
metoprolol were monitored over time until the eidpibm had been reached.
Equilibrium was actually reached in less than 3ksedll the tests were performed
in triplicates (O. Akta and Cecen 2006).

Adsorption-Desorption Isotherms

The adsorption capacity of ACs for metoprolol wasasured in glass serum
bottles where equal amounts of ACs were equilildratgth different initial
metoprolol concentrations. The same compositioRB% was used as in adsorption-
desorption experiments. After 4 weeks, the samplese taken for metoprolol
analysis in the liquid phase.

Desorption isotherms were obtained by using sadr&C from adsorption
isotherms experiments. AC was filtered and placetb ifresh PBS without
metoprolol. After 4 weeks, the remaining metoprol@s measured in the liquid
phase. All the tests were performed in triplicgteésAktas and Cegen 2006).

Adsorption Models

The adsorption and desorption experimental data WVithsd with the
FreundlichandLangmuiradsorption models whose non-linear and linear s
are described in Table 2.2 below. In addition, tams required for accurate
comparison of ACs were obtained from the plots lgkipg certain slope and
intercept values. The investigations were perforiiedsame way as described in
other academic sources (Sontheimer, CrittendenSantmers 1988).

Table 2.2.LangmuirandFreundlichadsorption models

Name Non-linear form Linear form Plot Slope Intgrte
. Qm K, -ce Ce 1 Ce Ce 1 1
Langmuir = — = +— — VS. € —
“TT9K On 9 K Qm Qm Ge ¢ Om K. Om
. 1 1 1
Freundlich| o _ k. cr log qe = log Kr +— log c, log g, vs.log c, - log Kr
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Where:

Je Is the amount of the adsorbate adsorbed per gfatneocadsorbent after
reaching equilibrium (mg/qg);

c. denotes the substrate concentration in the ligftiek reaching equilibrium
(mglL);

K is Freundlich constant the adsorption capacity of the adsorbent (mg/g
(L/mg)"";

n is Freundlich constanindicating the adsorption favourability;

Qm represents the maximum adsorption capacity reduie form the
monolayer on the surface of the adsorbent (mg/g);

K\ is Langmuir constantelated to the affinity of the binding sites (L/mg

The amount of the adsorbed substrate at the equiibstate (g was
calculated by using the following equation:
_ (Co=C)V
e M

(2.1)

where:

C, represents the initial solute concentration inlifneid phase (mg/L);

C. denotes the solute concentration in the liquid sphafter reaching
equilibrium (mg/L);

V is the volume of the solution (L);

M stands for the dry mass of the adsorbent (g).

The Langmuir adsorption model explains the monolayer adsorptimtess
where no interactions takes place, when the adsbeweface is fully loaded with
the adsorbate molecules. The relevant parametesribdieg whetherLangmuir
adsorption process is favourable or natimensionless separation factgy:

! (2.2)

T 14KLCo

R,

where:

K. stands fot.angmuirconstant (L/mg);

Cy is the highest initial concentration (mg/L);

R. values betweefl and1 indicate that the adsorption process is favourable

The Freundlich adsorption model takes into account heterogeneous
adsorption; therefore, the adsorbate can interdttt @ther solute molecules and

form a multilayer surface. The favourability of thdsorption process is described
by usingFreundlichconstann; values greater than >1 denote favourable adsorpti
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2.2.Materials and Methods to Investigate the Interdepedence between
Metoprolol Biodegradation and Adsorption-Desorption Hysteresis in Presence
of Acetate

Composition of Buffer and Medium Solution

The adsorption-desorption experiments and biomashiwwg were carried out
in the PBS medium. The same medium, only supplemdentth nutrients, was used
for the biodegradation experiments. The exact caitippo is described in
Subchapter 2.1.1.

Norit Granular AC Used for Adsorption and DesorjptiBxperiments

In order to be able to extrapolate the resultdisf doctoral thesis to the full-
scale BAC filter, we obtained the same virgin GA@ttwas used in 2010 to fill the
PuurwaterfabriekBAC filter (Norit GAC 830 Plus). This adsorbentnsade from
coal and activated thermally, following the neusation with acid; the
specifications are listed in Appendix 2.

Metoprolol and Acetate Adsorption Isotherm Experitae

The single solute (metoprolol or acetate only) amsblute (metoprolol plus
acetate) adsorption experiments were performed2d rhL glass serum bottles
closed with butyl rubber stoppers. The bottles vidiezl with 50 mL PBS and 0.020
g (0.40 g/L) AC. The exact AC content was measul@an to +0.001 g accuracy.
Subsequently, the bottles were spiked with metaprahd/or acetate. All the
metoprolol-acetate combinations of the followingncentrations were applied in
triplicate: 0.0, 3.79, 16.1, 61.6 and 255 mg/L rpettol, and 0.0, 4.32, 15.8, 65.2,
262 and 1042 mg/L acetate. Subsequently, the sannsee taken and filtered for
metoprolol and acetate analyses, respectively, WittMS and UHPLC, the same as
described in Subchapter 2.1.2. The bottles wereegldor 504 h in a shaker (140
rpm) at 20C to reach equilibrium between the sorbate, thatsand the sorbent
(Figure 2.3). Equilibrium was achieved within 380 h
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Figure 2.3.Metoprolol adsorption over time with 0.4 g/L NoBAC; the initial metoprolol
concentration was 90 mg/L
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Metoprolol Desorption Isotherm Experiments

Desorption experiments were performed with the éobdC from the single
solute adsorption experiments with metoprolol armblote adsorption experiments
with metoprolol and 65.2 or 1042 mg/L acetate. H was separated from the
liquid by centrifuging the carbon/liquid suspensitimereafter, AC was submersed
into 50 mL fresh PBS without metoprolol. The AC centrations were the same as
for the adsorption experiments (0.40 g/L). The lbstiwere placed for 420 h in a
shaker at 2. Subsequently, the samples were taken and filtkwe metoprolol
analysis. 150 h was enough to reach the desoregjoiibrium (Figure 2.4).
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Figure 2.4.Metoprolol desorption over time from 0.4g/L loadedrit GAC
Metoprolol and Acetate Biodegradation Experiments

Bisolute biodegradation tests were performed ireotd assess the effect of
easily degradable organic matter, e.g., acetatth@rbiodegradation of metoprolol
and vice versa. The biodegradation experiments wangéed out in 240 mL glass
serum bottles with 70 mL of non-acclimated biomsisspension sampled from an
industrial BAC bioreactor (see Subchapter 2.1 Afjerwards, the suspension was
spiked with metoprolol and acetate and closed \itltyl rubber stoppers. The
headspace contained excess amounts of oxygen. dttlesbwere incubated in a
shaker (140 rpm) in the dark at’20 Samples were taken three or four times a week
and used for metoprolol and acetate analysis. Mperaments were terminated
when the organic matter had been depleted. Albtbéegradation experiments were
performed in triplicates.

Metoprolol Acid Analysis in Liquid Phase

Metoprolol acid, the main intermediate in the metbg biodegradation
pathway, which shows the successful conversion etoprolol, was quantified in
the liquid samples by using LC-MS, the same asrisstin Subchapter 2.1.Rure
metoprolol acid (Sigma Aldrich, USA) was dissolhi@dmethanol and stored at —
20PC prior to the analysis. The total runtime for thethod was set to 30 min. The
calibration curves were made with pure metoprotadl @analytical standard obtained
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from Sigma Aldrich. The final concentrations of tba&ibration curves were set to
100, 200, 300, 400 and 5Q4/L.

2.3.Materials and Methods to Investigate the Effect ofShear Stress and
Carbon Surface Roughness on Bioregeneration and Hermance of Suspended
versus Attached Biomass in Metoprolol-Loaded Bioldgal Activated Carbon
Systems

Buffer and Medium Solution Used for Biomass Washamgl BAC Reactor
Experiments

The PBS medium was used for biomass washing araf@is experiments
with virgin and wasted carbons from reactors. Thenposition of the explored
material can be found in Subchapter 2.1.1. PBSIsomnted with nutrients was
used for biodegradation experiments with biomaspession from reactors. The pH
was checked at the start, during and at the ereholi experiment; during all the
experiments, pH remained between 6.7 and 7.4.

For the reactor experiments, the PBS with nutrigrats supplemented with 10
mg/L metoprolol and 137 mg/L sodium acetate (edaiMato 100 mg/L acetate).
Acetate was added as a model compound for theyedasgradable organics that
micro-pollutants such as metoprolol typically acpamy. It was shown that the
easily degradable organics influence the biodedi@ua@f micro-pollutants (Hess,
Silverstein, and Schmidt 1993). The applied rafid:40 (metoprolol-acetate) was
based on the ratio encountered in the seconddunerftfof the wastewater treatment
plants of the Netherlands. This effluent typicalontains <4mg BOD/L (the BOD is
an indicator of the amount of the explored easilydbgradable organic matter)
(Waterzuivering 2012) whereas the sum of the slowigdegradable organic
compounds, including pharmaceuticals, varies irnrdmge of tens to hundredg/L
(Margot et al. 2015). The circa 100-fold higher cemtrations used in this doctoral
thesis were chosen to enable the monitoring ofateeof metoprolol as this research
aims to understand the interaction between bioraadsAC rather than to optimise
full-scale BAC systems.

In order to prevent aerobic growth, PBS with nuttse metoprolol, and acetate
were fed to the reactors from a vessel which wasntaiaed anaerobic by
continuous sparging with \gas. The acetate and metoprolol concentratiornken
dosing vessel were monitored throughout the exparirand remained constant.

Biomass Suspension Used to Seed BAC Reactors

The biomass suspension used to inoculate lab-sead¢ors was obtained from
an industrial BAC bioreactor (see Subchapter 2.1The preparation of biomass for
the reactor experiments is described in Subch&pliet. After the preparation, the
biomass was washed twice with PBS and suspend8dLimf PBS supplemented
with nutrients but without organic substrates. Tiimmass suspension was used to
fill the three BAC reactors (1 L per reactor). Tipi®ocedure resulted in the initial
biomass concentration of 12 mgw/L in all the three BAC reactors.
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ACs Used to Fill BAC Reactors

Experiments were performed with two types of ACH{€a2.3): spherical AC
granules from Mast Carbon International (BasingstdkK) and AC granules from
Norit (GAC 830 Plus). The Norit AC granules wersalsed in the full-scale BAC
filter from which the biomass was obtained.

Table 2.3.Physical characteristics of the virgin Mast andiNa€Cs

Specific Pore surface area,’fg Pore volume, critg
AC surface areg . .
(m?lg) Micropores  Mesopores | Micropores  Mesopores  Rate s/
Mast 1295 1177 73 0.47 0.60 1.3
Norit 986 863 45 0.36 0.14 0.4

The Mast AC granules were produced by using polignesin as a precursor
followed by thermal activation. The Norit granulegre produced from coal
followed by thermal activation and neutralisatioithsacid. The size of the granules
used in the blank reactor and BAC reactors vaniethf0.5 to 0.6 mm. The Mast
granules had a higher pore volume, a larger sudiaea, and a smoother spherical
surface compared to the Norit granules that hadyntaacks and cavities (Figure
2.5).

H1EE 186 MM

Figure 2.5.Scanning electron microscopy images of virgin Mift) and Norit (right) AC
granules

The selected carbon granules were washed with Millitrapure water to
remove fine dust and impurities from the surfacel afterwards stored in a
desiccator. The surface roughness of the ACs waasuned with a Sensofar
PLu2300 optical profilometer featuring the measuringusacy of 0.1 nm.

BAC and Blank AC Reactor Runs

The experiments were performed in sequential batdctors with an
operational volume of 1 L so that to investigate #ifect of shear stress and AC
surface roughness on biofilm formation, BAC perfanoe and AC bioregeneration
(Figure 2.6). Every 12 h, the mixing in the reastovas stopped for periodical
discharge and feeding. First, the particles welevald to settle for 15 min, then
50% of the volume was drained for 6 min, after Wwhithe drained volume was
replaced by the fresh influent from the dosing tamich also took 6 min. Precisely
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calibrated Masterflex L/S peristaltic pumps weredito dose the influent and drain
the effluent from the reactors. Electronic timergrev used to time the four
sequential steps. The overall hydraulic retentiom twas 24 h.

Inffluent tank
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Figure 2.6.Set-up andcheme of metoprolol loaded BAC reactors

Five reactors were operated in parallel. Next te three BAC reactors
containing biomass suspension (R1, R2, and R3J)ethere two abiotic blank
reactors which were filled with 1 L PBS (B1 and BP) each reactor, 1.2 g AC was
added. Smooth (surface roughnegsl um) Mast AC granules were added to B1
and R1, and rough (surface roughnegslRum) Norit AC granules were added to
B2, R2, and R3 (Figure 2.6). R3 was operated &jlzeh shear stress (mixing at 200
rpm; gradient velocity G=25"s impeller tip speed v=1.03 m/s); the two remaining
BAC reactors and the two blanks were operatedlatvar shear stress (mixing at
100 rpm; gradient velocity G=8.8"simpeller tip speed v=0.52 m/s). The detailed
information on how the impeller tip speeds and ejyogradients were calculated is
presented in Appendix 1.

Figure 2.7.Optical profilometry images for the assessmenhefdurface roughness of
virgin Mast AC (Left) and virgin Norit GAC 830 PIUC (Right) granules

A blank reactor operated at a high sheer stressnwa#cluded. The shear
stress is expected to affect the biomass but retattsorption. As the applied
metoprolol loading rate (0.35 mg'di") was low compared to the adsorption rate
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obtained with virgin Norit AC granules (4.5 mg i), it can be safely assumed that
the equilibrium between the liquid and AC is reathegen when mixing at 100 rpm.
In order to facilitate the assessment of the imfageof the biomass, the BAC reactor
at a high shear stress and with rough AC grani83 ¢an thus be compared to the
blank reactor at a low shear stress and with ré&u@lgranules (B2).

All the reactors were controlled at°®Dand pH ranging between 6.8 and 7.2.
R1, R2, and R3 were controlled at a dissolved omyggncentration of 4 mg/L by
air sparging; the dosing was controlled by usirgsaived oxygen sensors and air
mass flow controllers. The blank reactors contgm@ granules but not containing
biomass were sparged with, o that to prevent aerobic growth. No microbial
growth was observed in the blank reactors througtihmuexperiment. Reactor liquor
samples were taken and used for biomass analydesfter filtering through a 0.45
pum membrane filter (Millipore), were also used focetate and metoprolol
guantification. At the end of the 2664 h sequertd&th reactor runs, samples of AC
or BAC granules and the biomass suspension wee tis further analyses. After
conducting the presently described reactor experisneéhe reactors were used for
the peak load experiment.

Metoprolol Peak Loading Experiment with Blank AGI&8AC Reactors

In order to assess the remaining adsorption capatithe end of the reactor
experiments, all the reactors were spiked with ggLmmetoprolol while being
operated in the batch mode at 20°C, pH ranging dmiw6.8 and 7.2, and the
dissolved oxygen concentration of 4 mg/L. The saméng regimes were applied
as during the sequential batch reactor runs. A baghpling frequency was used to
monitor the depletion of metoprolol from the ligyithase over the course of 100
hours.

Adsorption Isotherm Experiments with AC and BACrates Sampled from the
Blank and BAC Reactors

As the second indicator for the remaining adsorptiapacity of AC at the end
of the sequential batch reactor experiments, atlsarjsotherms were obtained with
the AC granules sampled from the five reactors re end of the reactor
experiments. The samples were rinsed twice with RB%emove any unbound
biomass and dried at 1@ for 24 h to inactivate the biofilm. Then the sdespvere
used for the triplication of single-solute metopt@dsorption experiments in 50 mL
glass serum bottles with 40 mL PBS and 0.015+0¢)01 dried AC (equivalent to
0.375 g/L). Subsequently, the bottles were spik&tt @0, 50, 100, 200, and 300
mg/L metoprolol. Afterwards, the bottles were pkhae a shaker (150 rpm) at Z0
After 720 h, the experiment was halted. Sample®wadten, filtered through a 0.45
um membrane filter (Millipore) and used for metoptchnalysis. The relationship
between the remaining metoprolol concertation &edhet uptake per amount of AC
was fitted to thed.angmuiradsorption model as described in Subchapter 2.1.2.
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Metoprolol Biodegradation Experiments with SepataBomass Suspension from
BAC Reactors

In order to assess the metoprolol biodegradatitnafthe suspended biomass
at the end of the reactor runs, biomass was sephfedtm the AC granules by
intensive agitation and subsequent sieving with1® g@gm metal sieve. After
removing the granular fraction, the biomass wapeaoded in PBS with nutrients in
the reactor vessels. The reactors were spiked wwttoprolol (yielding a
concentration of 92-95 mg/L) and operated in atbaic 20°C with pH ranging
between 6.8 and 7.2 and in the dissolved oxygeoasuration of 4 mg/L. Samples
were taken periodically until metoprolol had beempletely removed.

Surface Area and Porosity Measurements of WastetdoBia Sampled from Blank
and BAC Reactors

The surface area and porosity of Mast and Norib@argranules were
measured as described in Subchapter 2.1.2. MoreB®& granules were dried at
120°C before analysis in order to prevent thermal deumsition of the biofilm
attached to the surface.

Scanning Electron Microscopy Analysis of CarbontiRees Sampled from BAC
Reactors

Scanning electron microscogd$EM) was used to assess the morphology of
the biofilm on the AC granules. Detailed informati@bout the preparation of
carbon particles can be found in Subchapter 28LRAC granules from each BAC
reactor were randomly chosen for analysis; theilbiofoverage was investigated
for at least 10 random locations on each granule.

Measurements of Suspended Biomass ConcentratioBianthss on the Surface of
AC Granules Sampled from BAC Reactors

The measurements of the total nitrogen in the @adi fraction (biomass
suspension) are extensively described in Subch@pte?. The biofilm amount on
the AC granules was measured as the total protimtcby using a PierceTM
bicinchoninic acid protein assay kit (Thermo Sdfemt USA) as described
elsewhere (Stoquart et al. 2014). 400 mg (wet wigighBAC granules from each
reactor (R2 and R3) was used for the analysis. BAE particles from R1 BAC
reactor were not analysed because the proteinctigtnawas not successful due to
excessively low biofilm amount.

Microbial Analysis of Suspended Biomass and BioGBmAC Granules Sampled
from BAC Reactors

In order to investigate whether metoprolol was bgrdded in the suspension
or in the biofilm and to identify the potentialllegrading microbial populations,
Next generation sequencii®GS) was performed with suspended biomass from
R1, R2, and R3 and with the biomass attached tcAAtbegranules in R2 and R3
BAC reactors. The samples were collected at the @nthe runs. Prior to the
analysis, the BAC particles (300 mg wet weightneeictor) were washed twice with
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PBS and ultra-sonicated four times for 15 s so thatetach the biofilm from the
AC surface. The BAC patrticles from R1 BAC reactargynot analysed since the
biofilm amount was insufficient for successful dgodlonucleic acid (DNA)
extraction. DNA extraction was performed by usingPawerBiofim® DNA
Isolation kit (MO BIO Laboratories, USA). The pucition and concentration of
isolated DNA was performed with a DNA Clean & Contator™-5 kit (Zymo
Research, USA).

Afterwards, 16S rRNA genes were amplified by udh@R primers 341f and
805r, together with indexes as described elsewfidugerth et al. 2014; Lindh,
Figueroa, and Sjostedt 2015). Illlumina MiSeq paid-esequencing technologies
were performed in th&cience for Life Laboratorgwww.sclilifelab.se, Stockholm).
The obtained 16S rRNA reads were analysed withURARSE pipeline before
annotation by using the SINA/SILVA database witle tfnal data processing in
Explicet 2.10.5 (Edgar 2013; Quast et al. 2013; dRiglon et al. 2013). The
computations were performed by employing the resssiprovided by th&wedish
National Infrastructure for Computin@SNIC) viaUppsala Multidisciplinary Center
for Advanced Computational Scien€gPPMAX) in the framework of Project
b2013127

2.4.Materials and Methods to Investigate the Correlatio between Activated
Carbon Characteristics and Adsorption-Desorption Hysteresis and the
Implications for the Performance of BAC Systems

Composition of Buffer and Medium Solution

The adsorption and desorption experiments wereopeed in the PBS
medium; the exact composition can be found in Saptdr 2.1.1. pH was checked
at the start, during experiments, and at the endash experiment; it remained
stable throughout the investigation (between 647 as).

Carbons Used for Metoprolol Adsorption and DesaptExperiments

The selection of granular ACs for the adsorptiod dasorption experiments
was based on the porous structure, the activayiom and the precursors that were
used to prepare the adsorbents. In total, 20 ACs wselected for the experiments.
There were 2 types of Mast carbons in total: geswith the specially formed
spherical shape shell, and the standard granutb®wtia shell. The selected Norit
AC granules were commercially available adsorbents.
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Table 2.4.List of Mast carbon granules used for experiments

Carbon code Oil treatment t.o obtain Qranular Activation Material
smooth spherical surface| size, mm

S0.25+ Yes 0.25-0.5 Reduced Polymer 1
S0.25++ Yes 0.25-0.5 Mediocre Polymer 1
S0.25+++ Yes 0.25-0.5 Elevated Polymer 1
S0.5+ Yes 0.5-0.6 Reduced Polymer 1
S0.5++ Yes 0.5-0.6 Mediocre Polymer 1
S0.5+++ Yes 0.5-0.6 Elevated Polymer 1
S1+ Yes 1.0-14 Reduced Polymer 1
S1++ Yes 1.0-1.4 Mediocre Polymer 1
S1+++ Yes 1.0-1.4 Elevated Polymer 1
0.25C-1 No 0.25-0.5 No activation Polymer 2
0.25C No 0.25-0.5 No activation Polymer 1
0.25A-1 No 0.25-0.5 Mediocre Polymer 2
0.25A No 0.25-0.5 Mediocre Polymer 1

The nine types of AC listed at the top of Table ®dre prepared alAST
Carbon International(Basingstoke, UK) from polymeric precursors by threain
oxygen free environment (see Table 2.4). Afterwattus samples were boiled in oll
so that to form a spherical smooth surface overctémbon particle which gives
superior high mechanical strength and resistancatttgion. In addition, carbons
differed in terms of the degree of activation dmel granular size. The number of '+’
of the carbon code reflects the degree of actimatibich increases in a row from
to +++ . This typically results in the increased BET asgal the pore volume of
ACs (see Appendix 4). The number of AC coding rediy related to the granular
size and increases in a row from 0.25 mm to 1.4witim the respective carbon. The
four final carbons 0.25C-1, 0.25C, 0.25A-1 and A.2&re made without a shell
and differed from the nine initial carbons. The3C21 carbon was made from a
different cross-linked polymer from the nine inlitt@rbons and was only carbonized
(i.e. no activation was applied). In order to prep@.25C carbon, Polymer 1 was
used; however, no activation was applied. 0.25Ard @25A were identical to the
two previously described ACs; they were only adédathermally.

Table 2.5.List of Norit AC granules used for metoprolol adstérn and desorption
experiments

No Carbon code Granular size, mm  Activation Material
14 N1 0.32-05 Thermal Coconuts
15 N1+ ' ' Thermal, acid washed  Coconuts
16 N2 Thermal Coal

17 N2+ 0.32-05 Thermal, acid washed Coal

18 N3 Chemical Wood

19 N4 0.32-0.5 Thermal Peat

20 N5 Thermal Lignite coal
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Another set consists of 7 widely used commerciakAtoduced byCabot
Norit (the Netherlands) (Table 2.5). ACs were selectmmbraling to the different
precursors that were used to produce carbons agatdiag the activation type
which resulted in a different porous structure amnthe active groups located on the
AC surface. In addition to the ‘hard’ precursorsdlc coconut shells), ACs made
from soft materials were also selected for comparsnce they have a significantly
higher amount of mesopores (see Appendix 5).

Metoprolol Adsorption Isotherm Experiments

Metoprolol adsorption isotherm experiments werdguered in 120 ml glass
serum bottles closed with butyl rubber stoppers battles were filled with 50 ml
PBS and 0.020 g (0.40 g/L) AC. The exact AC conteas measured down to
+0.001 g accuracy. Subsequently, the bottles waked with 0.87, 8.74, 43.3, 85.6,
172 and 252 mg/L metoprolol and placed for 21 days shaker (150 rpm) at ZD.
Afterwards, the samples were filtered by using4b@m membrane filter (Milipore,
Millex GV) and analysed with LC/MS

Metoprolol Desorption Isotherm Experiments

Metoprolol desorption isotherm experiments werdgrared with metoprolol-
loaded ACs from the adsorption isotherm tests. Als were separated from the
liquid by centrifuging the carbon/liquid suspensithereafter, ACs were submersed
into 50 ml fresh metoprolol-free PBS. The AC corications were the same as for
the adsorption isotherm experiments (0.40 g/l).nTtee bottles were placed for 21
days in a shaker at 2D. Subsequently, the samples were taken and filtéoe
metoprolol analysis by using LC/MS.

Metoprolol Adsorption Equilibrium Experiments

All the conditions for metoprolol adsorption egbiium (AC concentration
0.40 g/L in PBS) tests were the same as in therpiiiso isotherm experiments;
however, the initial metoprolol concentration wasstant in all the batch bottles,
measuring 93 mg/L. 21 days were sufficient to rethehequilibrium. The samples
were taken periodically during the period for metdpl analysis with LC-MS.

Metoprolol Desorption Equilibrium Experiments

The metoprolol loaded ACs from the adsorption elguidm experiments were
used for desorption equilibrium tests. The ACs wastrifuged and submersed into
a metoprolol-free PBS solution. The samples wecelbated in a shaker at °Z0)
and the metoprolol concentration was measured MMS periodically during 21
days.

Metoprolol Adsorption Kinetic Models

The pseudo®land pseudo™@order kinetic models were used to describe the
metoprolol adsorption on different ACs (Doke andakh2012; Wu, Tseng, and
Juang 2005). The linear and non-linear forms of eh@djuations can be found in
Table 2.6.
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Table 2.6.Pseudo first and pseudo second order kinetic models

Name | Non-linear form Linear form Plot Constants
1 . kit
q: = qe(1—exp™*)  log(q, — q.) = log (q.) — log (qc —q) vs.t  k;=2303-S
order 2.303
2 k, g2t t 1 1 t 1 s?
gotzet L 11, L st P P
order 14+ky-qe-t 9 k2'q¢ q. qs S L

S —slope; L — intercept

where:

Oe is the amount of adsorbate adsorbed per gram efatsorbent after
reaching equilibrium (mg/g);

a: represents the amount of adsorbate adsorbed per gf the adsorbent
(mg/g) during time t (h);

k, denotes the pseudd arder rate constant (1/h);

k, represents the pseud® @rder rate constant (g/mg- h).

The data fitting to one of these models can defithch adsorption process is
leading. The pseudo®1lorder model indicates that the reaction is linked
physisorption, while pseudd®rder kinetics covers up chemisorption process.

Metoprolol Adsorption Mechanism

In order to find out the adsorption mechanism aniliéntify the possible rate
controlling steps, the results of the kinetic eikpents were fitted to Weber’s
intraparticle diffusion model (Doke and Khan 20¥2, Tseng, and Juang 2005):

qr =kig-tY?+L  (2.3)
where:

L is the intercept;

ks is the intraparticle diffusion constant (mg/Afhwhich can be calculated
from the slope of linear plot gersus ¥2

If the regression of qversus ¥? passes through the origin, then intraparticle
diffusion can be identified as a rate limiting stéyoreover, the larger is the
intercept, the greater is the contribution of thdace adsorption for the rate limiting
step.
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3. Results and Discussion

The application of BAC (BAC) systems to clean wastier and to produce
potable water has been widely discussed. However, role of the different
processes in BAC systems contributing to the removaslowly biodegradable
pharmaceuticals, like fblocker metoprolol, is not completely understood.

The significance of adsorption-desorption hysterefr the removal of
metoprolol in BAC systems is described more in itketen the Paragraph 3.1.
Moreover, the effect of easy biodegradable orgaritter, in the form of acetate, for
metoprolol biodegradation is addressed.

The results from the lab-scale BAC pilot reactonsriare presented in the
Paragraph 3.2. The effect of AC surface roughnesb applied shear stress on
biofilm formation and AC bioregeneration was invgated, using two different
types of carbons. Furthermore, the possible migamsms involved in metoprolol
degradation were identified using the Next GenenaBequencing.

Paragraph 3.3 presents the results on how AC desistics influence
metoprolol removal in BAC systems. These charasties include the porosity and
type of materials, from which the AC was produc&d.assess the effect of those
characteristics, adsorption-desorption hysteresgexes were quantified for 20
different carbons. The results were subsequenthy digr the recommendations on
adsorbent selection for BAC systems.
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3.1.1.Metoprolol and Acetate Bisolute Adsorption IsothermExperiments

Bisolute adsorption experiments were carried outorder to assess the
possible competition between metoprolol and acdtatéhe adsorption sites on the
AC surface. Metoprolol adsorption on AC was besicdbed by the~reundlich
model reaching 10.96 versus f0.53 for theLangmuir model. The values for
Freundlich constantsK; and n for metoprolol and acetate adsorption to AC are
presented in Table 3.1. The isotherms were obtdired triplicates at 4 different
concentrations (N=12).

Kt for metoprolol adsorption was on average 125 timgker than for acetate
adsorption. The difference in sorption is largekplained by electrostatic effects.
Metoprolol is protonated at neutral pH (pKa=9.6)iletacetate is present in the
dissociated form at neutral pH (pKa=4.76). As aegtdlorit GAC is negatively
charged at neutral pH resulting in strong repelfimges between the acetate ion and
the carbon surface.

Table 3.1.Freundlich constants for metoprolol adsorption on virgin N@GAC in
presence of different concentrations of acetatefandcetate adsorption on virgin
Norit GAC in presence of different concentratiorfisretoprolol (N=the size of the
sample set)

Metoprolol adsorption in presence of acetate Acetatadsorption in presence of metoprolol
Acetate . K, , Metoprolol. ,
concentration am 1M R N | concentration am 1N R N
(mg/L) (mg/g)(Limg) (mg/L) (mg/g)(Limg)

0.00 62.0 0.31 0.98 1P 0.00 0.2 059 0.82 12
4.32 61.6 0.25 094 1p 0.92 0.2 0.63 0.80 12
15.8 58.9 0.29 0.97 1 3.79 0.4 0.48 091 12
65.2 56.0 029 094 1p 16.1 0.5 0.48 0.76 12
262 63.7 0.30 0.95 12 61.6 0.2 0.57 0.66 12
1042 61.3 0.30 0.96 1p 255 0.8 0.63 0.95 12

The molecular structure of the adsorbate also enftes the distribution
between the water phase and the AC surface, &g.hydrophobic phenol ring
makes metoprolol less soluble in water (Log, Khetoprolol=1.88) compared to the
highly soluble acetate (Log.l{ Acetate=—0.17).

The correlation betweeRkreundlich adsorption constant&; for metoprolol
adsorption to Norit GAC and the dissolved acetat&centrations was insignificant;
the Spearman correlation coefficient was+0.14 (p>0.05). Metoprolol adsorption
in the presence of acetate can be described byetata-independerireundlich
model (R=95, N=72) as shown in Figure 3.1. There was nnifsignt competitive
effect due to the presence of acetate as a seoonats on metoprolol adsorption.
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2.4 A
Y =0.2922x + 1.7781 R2=0.95
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Figure 3.1.Metoprolol adsorption to virgin Norit GAC {pas a function of metoprolol
concentration (g after reaching equilibrium for different acetatncentrations. An acetate-
independenEreundlichmodel describes this data wit & 0.95. In all the experiments, the

AC concentration was 0.40 g/L

Metoprolol adsorption to Norit GAC is describedthg following function:
qe = 60.0-C?° (3.1)

The high affinity of Norit GAC for a slowly biodegdable pharmaceutical
such as metoprolol and its low affinity for a namxit easily-degradable organic
material, such as acetate, is an advantage foewastr treatment applications since
the limited sorption capacity will be utilised fdne immobilisation of the more
harmful compound.

Another advantage of the poor adsorption of eaggldgiradable organics, such
as acetate, is that it will be available as grosdbstrates in BAC systems which
might indirectly stimulate the biodegradation ofwly biodegradable organics as
well.

3.1.2.Metoprolol Desorption Isotherm Experiments

The metoprolol-loaded AC from the adsorption experits was used for the
subsequent desorption experiments in metoprolel-RBS. Frong. obtained from
the adsorption experiments and the equilibrium eatrations obtained after
desorption, isotherms were built. Like during thdsaption, the desorption
isotherms fitted well (R=0.97) with theFreundlichmodel (Table 3.2).

Table 3.2. Freundlich constants for metoprolol desorption from pre-lahdéorit
GAC (N=the size of the sample set)

Sample set from the adsorption experiment Kf an 1/n R N
(mg/g)(L/mg)

Metoprolol without acetate 98.2 0.34 098 12

Metoprolol + 65.2 mg/L acetate 86.1 0.30 0.96 12

Metoprolol + 1042 mg/L acetate 93.3 0.31 098 12
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Metoprolol desorption from the loaded Norit GAC described by the
following equation:

ge =92.5-C231 (3.2)

Only a part of the adsorbed metoprolol was desotack into the PBS
medium; theK; values obtained from the desorption experimenteevikerefore
higher than those obtained from the adsorption raxgats.

The desorption/adsorption ratio was not lower fbe tless loaded AC;
therefore, this data does not support the hypathibat up to a certam (the load of
AC), sorption is irreversible (Yonge et al. 198Bpwever, there is a clear barrier
associated with the reversibility of adsorptionatths the activation energy of
desorption. The relatively high activation energy metoprolol desorption from
Norit GAC might be related with its microporous un& Mesoporous adsorbents
might be more favourable for desorption (N. Klimerg al. 2003).

3.1.3.Metoprolol Adsorption-Desorption Hysteresis in the Relation between
Adsorption Capacity g. and Equilibrium Concentration C.

Figure 3.2 presents the linearised isotherm obdafn@m adsorption and the
linearised isotherm obtained from desorption experts. For a certaig,, the
concentration at the site where desorption takeseplwill be lower than the
concentration where adsorption takes place. Inratloeds, hysteresis is observed in
the relation betweeg. andC.. Desorption could only take place if the metopirolo
concentration in the bulk liquid is reduced duetih® wash-out or microbial
degradation. However, these processes would alg® pr&vented AC from getting
loaded in the first place. AC regeneration willréfere only take place after major
changes in the loading or operation of the BACa&ystThis is in agreement with
the findings of de Jonget al that desorption is a limiting factor for the BAgstem
due to the slow and inefficient desorption of hyalrabic slowly biodegradable
organics (De Jonge, Breure, and Van Andel 1996).

2.4 1 adsorption: y = 0.2979x + 1.776 R2 = 0.96

Desorption: y = 0.3144x + 1.966 R2 =097

2.2 A
2.0 4
1.8 1
1.6 1
1.4 A

Log ge, mg/gAC

1.2 4
1.0 A

Log Ce, mg/L

Figure 3.2.Freundlichadsorption isotherms of metoprolol obtained adt#sorption ¢) and
desorption ¢) on/from Norit GAC
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Based on the obtained isotherms, the concentrativere desorption takes
place (G=1.3 mg/L; logG=0.11 mg/L) would be 4.4 times lower than the
concentration where adsorption takes place%@ mg/L; 1ogG=0.75 mg/L) for a
given ge (100 mgMET/gAC). The accuracy of the hysteresedjmtion depends on
the precision of the models. Given tRevalues 0f>0.96, we cannot determine the
precise value but we can still predict the ordemafynitude.

3.1.4.Metoprolol and Acetate Bisolute Biodegradation Expements

Single solute and bisolute biodegradation experimevere performed with
metoprolol and acetate to investigate the effecaroleasily biodegradable organic
matter, such as acetate, on the biodegradationfatslowly biodegradable organic
material, such as metoprolol, and vice versa. Tibstsate concentration was plotted
against time for each incubation; the biodegradataie for the specific incubation
was subsequently obtained from the maximal sloper @t least 5 data points
divided by the averaged initial biomass concerirmatiTable 3.3 presents acetate
biodegradation rates expressed in mg of acetateecd per h per g ofolatile
suspended solid¥/SS) for various initial metoprolol and acetatacentrations.

Table 3.3.Effect of the initial metoprolol and acetate cortcation on the acetate
biodegradation rate (M@wd(h'gvss) (standard deviation). The biomass
concentration was 0.154/L

Initial acetate conc. Initial metoprolol concentration, mg/L
mg/L 0.00 0.92 3.79 16.1 61.6 255
4.32 19.3(0.4) 16.9(0.5) 16.7(0.1) 16.5(0.1) .116.1) 13.7 (0.3)
15.8 21.8(1.5) 20.9(2.8) 188(0.9) 24.9(0.6) .92p.1) 18.9(0.7)
65.2 23.1(1.4) 30.9(3.9) 27.7(0.8) 24.9(2.6) .728.5) 25.1(L.1)
262 283 (3.6) 256 (7.5) 242(12) 255(15) 232 (1.7339 (2.1)
1042 67.9(3.3) 68.2(4.9) 67.3(19) 69.3(1.3).568.0) 76.3(3.1)

From the data obtained during the acetate biodagoad experiments, it is
evident that metoprolol was not inhibitory for aet biodegradation up to the
concentration of 255 mg/L. The maximum acetate dgpddation rate (283
Macetatb(N'Qvss)) Was achieved at acetate concentration of 262 ndie increasing
rate with the increasing substrate concentratioiiovies the Michaelis-Menten
kinetics; however, at a concentration of 1042 mgilLclear inhibitory effect of
acetate was observed. A possible explanation tsaitetate at neutral pH exists in
ionised and protonated forms. The protonated foan be easily transformed
through the membrane to the cell and dissociatesemuently, the internal pH of the
cell will decrease. Microorganisms need energy &ntain the correct internal pH;
therefore, this can explain that a lower biodegtiadarate was observed at 1042
mg/L (Luli and Strohl 1990). Headspace and COD ymmslshowed that acetate was
completely mineralised to carbon dioxide and wdfgmpendix 3). However, the
calculated @ consumption exceeded the consumed COD; most Jikieity was due
to the oxidation of suspended organics which aré inoluded in the COD
measurements. It is possible that growth of migganisms was involved in acetate
and metoprolol degradation, but it resulted inlbedecrease in VSS contents.
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Table 3.4. Effect of the initial metoprolol and acetate cortcation on the

metoprolol biodegradation rateudnetoproiol(N"Ovss)) (standard deviation). The
biomass concentration was 0.184 in all incubations

Initial acetate Initial metoprolol concentration, mg/L
conc.,
mg/L 0.009 0.09 0.45 0.92 3.79 65.2 255
0 0.12(0.03) 2.0(0.1) 85(1.9) 243(0.2) 107 (6 1069 (136) 473 (76)
262 n.d. n.d. n.d. 65(13) 87 (20) 878 (22) 202RLJ1
1024 n.d. n.d. nd.  795(39) 4922 (258) 3078 (108) 2093 (552)

Table 3.4 presents the metoprolol biodegradatidesraxpressed asgy of
metoprolol degraded per 1 h per g of VSS for déferinitial metoprolol and acetate
concentrations. No clear inhibitory effect of atetan metoprolol biodegradation
was observed. The presence of acetate enhancegdroietdiodegradation up to 46
times. The highest positive effect of acetate ortopmlol biodegradation was
observed when the acetate concentration in thedliqucreased to 1042 mg/L.
However, the removal over time shows that metopralod acetate were not
consumed simultaneously (Figure 3.3). Apparentlgtaprolol removal was not a
result of co-metabolism with acetate as the pringadystrate. Acetate consumption
likely resulted in the growth or activation of ndorganisms which were
subsequently able to biodegrade metoprolol beloW8Qg/L. This was observed in
incubations where metoprolol was present from thet &s well as in incubations
where metoprolol was added only after acetate tepléFigure 3.3) although in the
latter case the lag phase for metoprolol removal laager.

1200

—@- Metoprolol conc. in incubation without acetate

~O- Metoprolol conc. in incubation in which acetate was added at day 0
—@- Metoprolol conc. in incubation in which acetate was added at day 7
~S/- Acetate conc. in incubation in which acetate was added atday0 | 1000
—/\~ Acetate conc. in incubation in which acetate was added at day 7

I

r 800

r 600

r 400

Metoprolol added at day 7
after acetate depletion

Acetate concentration, mg/L

r 200

Metoprolol concentration, mg/L

0 200 400 600 800
Time, hours

Figure 3.3.Metoprolol and acetate removal over time in 3 iratidns: incubation spiked
with 3.40 mg/L metoprolol and no acetate, incubasonultaneously spiked with both 3.40
mg/L metoprolol and 1042 mg/L acetate and inculmasipiked with 1042 mg/L acetate at
day 0 and spiked with 3.40 mg/L metoprolol at dggffer the acetate was depleted). The

biomass concentration was 0.1&4lL in all incubations
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Unlike acetate, which was completely mineralisedie t metoprolol
biodegradation pathway is not completely clear. TG®D and headspace
measurements indicated that metoprolol was not iglp mineralised but rather
converted to intermediates (Appendix 3). Metopraoild was identified in all the
samples from the incubations where metoprolol wagatled. Metoprolol acid is a
major metabolite in the metoprolol biodegradatisacpss as described elsewhere
(Fang, Semple, and Song 2004; Harman, Reid, andna®®011; Rubirola et al.
2014).

3.1.5.Full-Scale BAC Filter at Nieuw Amsterdam

The influent of the full-scale BAC at Nieuw Amstard contains
approximately 1.3 pg/L metoprolol (data not showvat)this concentration, AC can
take up to 8.7 mg metoprolol per gram GAC. Theifdtcontain 170.1 tons of GAC
and have a nominal flow of 10560t it would take 300 years to saturate this AC
based only on the metoprolol loading rate. Morepe&cording to the isotherm
calculations, 0.49 pg/L of metoprolol can be deedrb- the difference between
adsorption and desorption equilibrium concentratisr.7 times.

Given the observed metoprolol biodegradation rdfesble 3.4) and the
threshold concentration (<0.08 pg/L), it is likehat biodegradation plays a major
role in the metoprolol removal in the BAC systenmsilar to the one in Nieuw
Amsterdam, especially when the influent also costaiasily degradable organics,
such as acetate. Bioregeneration (simultaneousrmteso and biodegradation)
might also take place. The hysteresis between ptisorand desorption does limit
the regeneration; however, the threshold concémtratfor metoprolol
biodegradation (<0.08 pg/L) is low enough to alldesorption to take place after
the carbon first got loaded with 1.3 pg/L metopratothe influent. However, for
the sorption to take place first, the loading rageds to temporarily exceed the
biodegradation rate. This would take place aftdisturbance resulting in biomass
loss or a drop in activity.

3.1.6.Summary of Chapter | nterdependence between Metoprolol Biodegradation
and Adsor ption-Desorption Hysteresisin Presence of Acetate

The adsorption, desorption and biodegradation lisaxperiments of slowly
biodegradable pharmaceutical metoprolol and edsitylegradable acetate were
performed. It was established that acetate, upcimnaentration of 1042 mg/L, does
not influence metoprolol adsorption on Norit GAQO&Ius. This is related with the
much higher affinity of AC for metoprolol. Metopadl adsorption on Norit GAC
830 Plus showed hysteresis between adsorption esatption; desorption will only
take place if the concentrations in the bulk liqai¢t reduced by a factor of 2.7
compared to the concentrations at which the canvas loaded. However, the
microorganisms present in the full-scale BAC at uMieAmsterdam have a
threshold concentration (<0.08 ug/L) allowing tohiage these desorption
conditions after saturation to the level of 1.3lugyetoprolol present in the influent.

The conducted biodegradation experiments revedladnhetoprolol, up to a
concentration of 255 mg/L, is not inhibitory for edate degradation by
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microorganisms from the full-scale BAC at Nieuw-Aprslam, whereas the
presence of acetate enhanced metoprolol biodegvadatikely due to the growth
of metoprolol degrading microorganisms on acet@ter findings show that the
presence of easily biodegradable organics in theeimt enhances the biodestruction
of slowly biodegradable organics in BAC systemss Ipossible to apply BAC for
the removal of slowly biodegradable organics. Haosvewn order to prevent AC
saturation and allow AC regeneration, active sloviodegradable organic
degrading biomass needs to be maintained in the 8&@&m. The consequences of
this for the design and operation of BAC systenedre be explored further.
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3.2.Effect of Shear Stress and Carbon
Surface Roughness on Bioregeneration ‘anél
Performance of Suspended versus Attached
Biomass in Metoprolol-Loaded Biological
Activated Carbon Systems
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3.2.1.Metoprolol Removal in Blank and BAC Reactors over Tme

Figure 3.4 shows the cumulative metoprolol load avash-out for three
different BAC reactors and their respective abidiianks. In addition to 10 mg/L
metoprolol, the influent contained 100 mg/L acethtg was completely degraded in
all three BAC reactors within 3 h of dosing (Figl&). In the blank reactors,
acetate was not removed, which can be explainathiéyow affinity of acetate for
adsorption onto AC and the absence of microbiaviact
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Figure 3.4.The cumulative metoprolol load), the cumulative metoprolol wash-out from
the BAC reactorse(), and the cumulative metoprolol wash-out fromabeéotic blank
reactors ¢). R1 and B1 were operated at a shear stress o8&&nd with smooth (R1.6
um) Mast AC granules (A), R2 and B2 were operateal stiear stress of G=8.8 and with
rough (R=13 um) Norit AC granules (B), whereas R3 was operatedshear stress of G=25
s* (not applicable for the blank) and with rough£®3 pm) Norit AC granules (C)

Unlike acetate, metoprolol was initially completelgmoved in the blank
reactors due to its high affinity to the AC grarmul@he affinity coupled with the
absence of biomass and oxygen suggested thatditieval of the non-volatile
metoprolol could be attributed to adsorption. Aftecumulative load of 150 mg per
gram AC, metoprolol started to wash out from thaenkl reactors at an increasing
rate until the washout rate was equal to the lgpdate. The concentration in the
effluent surpassed 1 mg/L after the net removalsf mg metoprolol per gram of
AC. This is in agreement with the relation betwélea equilibrium concentration
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and the uptake capacity obtained for metoproloptsmn onto the virgin Norit AC
granules that was also used in B2, R2, and R3.
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Figure 3.5.The cumulative acetate load)( the cumulative acetate washout from the blank
reactor ¢), and the cumulative acetate wash-out from the BédCtor ¢). Experiments
were performed at a shear stress of G=8.8ral with smooth (R1.6 um) Mast AC
granules (A), at a shear stress of G=8-@usd with rough (R13 pm) Norit AC granules
(B), and at a shear stress of G=2Fsot applicable for the blank) and with rough{R3
um) Norit AC granules (C)

During the first 1200 h, the metoprolol washoutirthe three BAC reactors
was the same as the washout from the blank reactengch indicates that
metoprolol was initially adsorbed rather than bgp@eled. However, in contrast to
the blank reactors, the washout rate from the Bé&ttors flattened out again after a
period of the increased washout. During the peabdhe increased washout, the
bioavailability of metoprolol was high, which presably resulted in an increase of
the metoprolol degradation rate until the biodegtiath rate had become equal to
the loading rate.

The recovery of metoprolol removal occurred in Rtwieen hour 1400 and
hour 1600, in R2 between hour 1100 and hour 1300,im R3 between hour 1900
and hour 2100. For each BAC reactor, this recoeeipicided with an increase in
the suspended biomass as measured via particutedgem concentration (Figure
3.6). The particular nitrogen concentration in bbtanks was below the detection
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limit (<0.5 mg/L). Therefore, these results confitinat metoprolol was biologically
removed during the last phase of the experiment.
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Figure 3.6.The concentration of the suspended biomass overaipressed as the total
nitrogen in the BAC reactor at a shear stress &.&s' and with smooth (&1.6 um) Mast
AC granules (R1, A), BAC reactor at a shear stod$3=8.8 § and with rough (R13 um)

Norit AC granules (R1, B), and BAC reactor at aststress of G=25"sand with rough
(R=13 um) Norit AC granules (R3, C). The analyses werdquared in triplicate; the error

bars represent standard deviations

The total metoprolol washout in the BAC reactortwibugh (R=13 um) AC
granules (148 mg; Figure 3.4, B) was slightly lowrean in the AC reactor with the
smooth (R=1.6 um) AC granules (192 mg; Figure, 3.4 A). With theigh AC
granules, the total washout was lower in the BA&ter at a shear stress of G=8.8
s* (148 mg, Figure 3.4, B) than in the BAC reactoa ahear stress of G=25 50
mg; Figure 25, Q.

3.2.2.Metoprolol Peak Loading Experiment with Blank and BAC Reactors

After the 2664 h long reactor runs, sequential ifegdvas stopped, and the
reactor’s operation was switched to the batch métle.reactors were subsequently
spiked with 93 mg/L metoprolol, after which, theo&ition of the metoprolol
concentration in the bulk liquid was monitored (g 3.7).
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Figure 3.7.The metoprolol removal over time after spiking wi® mg/L metoprolol in the
blank reactor at a shear stress of G=8.@ith smooth (R=1.6 um) Mast AC granules (B1,
o), the BAC reactor at a shear stress of G=8.@ith smooth (R=1.6 um) Mast AC
granules (R1e), the blank reactor at a shear stress of G=88ith rough (R=13 um) Norit
AC granules (B2p), the BAC reactor at a shear stress of G=8.8ith rough (R=13 um)
Norit AC granules (R2m), and the BAC reactor at a shear stress of G228ith rough

(R=13 um) Norit AC granules (R3»). The spiking experiment was carried out immedyate
after the reactor experiment shown in Figure 3.4

The removal efficiency in the three BAC reactorsswa99% while the
removal in the blank reactors was approximately 4Z%e removal in the blank
reactors was poor because AC had already beerastuwith 10 mg/L metoprolol
in the influent during the 2664 h long reactor rttowever, there was still some

adsorption because of the higher initial metopretmhcentration used in this peak
loading experiment.
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Figure 3.8.Estimation of the adsorption and biodegradatioasrétom the metoprolol
removal over time after the peak load of 93 mg/L

Adsorption and biodegradation can both contribatemetoprolol removal;

however, in a BAC reactor, immediately after thalpdoad, the adsorption rate
considerably exceeds the rate of biodegradatiomt{@, Koshkina, and Ippolitov
2001). Therefore, the removal rate immediatelyrafte peak load is an indicator for
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the adsorption rate, the same as shown in Fig@eTais rate for the three BAC
reactors was 1.5-1.8 times higher than for thekblaactors (see Appendix 18).
This shows that, at the end of the reactor runatisorption capacity of AC in the
BAC reactors was considerably higher than the qdi®or capacity of AC in the
blank reactors.

In contrast, between hour 1000 and hour 1200 obgwezation, the washout of
metoprolol was equal to the load in all the fivaaters (Figure 3.4); during this
time, AC was saturated with the 10 mg/L equilibri@oncentration in the bulk
liquid. This indicated that AC in the three BAC ctars was regenerated between
the time AC became saturated (hour 1200) and tkheoérthe reactor runs (hour
2664).

3.2.3.Surface and Porosity Measurements of AC Granules &pled from the
Blank and BAC Reactors

Table 3.5 presents the physical characteristicyingin AC added to the
reactors at the start-up and the AC sampled frafitie reactors at the end of the
2664 h reactor runs. The micropore volume of A@hatend of the reactor runs was
lower than the micropore volume of the virgin AQ the blank reactors, this
decrease was 97% and 95%, respectively, for BIB&pavhich can be explained by
the saturation of AC with the compounds in theuefit. In the BAC reactors, this
decrease was lower (77%, 78%, and 81% for R1, R@,RB, respectively). This
shows that AC in the BAC reactors was at leastypeggenerated between the time
of AC saturation (hour 1200) and the end of thet@auns (hour 2664).

Table 3.5.Physical characteristics of virgin AC granules friiast and Norit and
the AC granules sampled at the end of the reactperaments, from the blank
reactor at a shear stress of G=88and with smooth (R1.6 um) Mast AC
granules (B1), the blank reactor at a shear ste€s8.8 §" with rough (R=13um)
Norit AC granules (B2), the BAC reactor at a shs@mess of G=8.8"sand with
smooth (R=1.6 um) Mast AC granules (R1), the BAC reactor at a slst@ss of
G=8.8 §' and with rough Norit (R13 um) AC granules (R2), and the BAC reactor
at a shear stress of G=25and with rough (R=13 um) Norit AC granules (R3)

AC Specific surface| Pore surface area,’fg Pore volume, cfiig
area (r/g) Micropores  Mesopores Micropores ~ Mesopores

Mast (virgin) 1295 1177 73 0.47 0.60
Norit (virgin) 986 863 45 0.36 0.14
B1 (Mast) 108 42 50 0.02 0.40
B2 (Norit) 86 35 29 0.02 0.10
R1 (Mast) 336 225 57 0.11 0.45
R2 (Norit) 257 160 37 0.08 0.12
R3 (Norit) 195 113 33 0.07 0.10

The volume of the mesopores did not dramaticalgnge. This indicated that
metoprolol was mainly adsorbed in the microporesensas the mesopores might
have been required for the transportation of metopbetween the micropores and
the bulk liquid though.
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3.2.4.Metoprolol Adsorption Isotherms of the AC GranulesSampled from the
Blank and BAC Reactors

Adsorption experiments were performed with virgi€ ranules and ACs or
BAC granules sampled from the five reactors atethe of the 2664 h long reactor
runs. In order to deactivate the biomass, BAC demwere dried at 166 for 24 h.
Subsequently, batch adsorption experiments werdedaoput at different initial
metoprolol concentrations. The obtained isothermsrewcompared with the
Langmuir monolayer adsorption model and tResundlich adsorption model; the
data fitted best with theangmuir monolayer adsorption model %0.84 for AC
from B1 and B>0.96 for the other models). The isotherm constargspresented in
Table 3.6. Separation factor For all the seven isotherms varied between 0 abd 0
indicating favourable adsorption (OcR) (Fierro et al. 2008).

Table 3.6. Langmuir adsorption isotherm constants obtainedh witrgin AC
granules from Mast and Norit and the AC granulespdad at the end of the reactor
experiments, from the blank reactor at a sheassiné G=8.8 '$ and with smooth
(R;=1.6 um) Mast AC granules (B1), the blank reactor at @aststress of G=8.8's
with rough (R=13 um) Norit AC granules (B2), the BAC reactor at aahstress of
G=8.8 &' and with smooth (R1.6 um) Mast AC granules (R1), the BAC reactor at
a shear stress of G=8.8 and with rough (R13 pm) Norit AC granules (R2), and
the BAC reactor at a shear stress of G=2arsd with rough (R13 um) Norit AC
granules (R3)

Adsorption  Equilibrium Separation  Decrease in Q
Carbon R? capacity, constant, factor relative to the
er mgl/g K|_, L/mg R Virgin material, %
Mast (virgin)  1.00 297 0.43 0-0.2 n.a.
Norit (virgin)  1.00 202 0.84 0-01 n.a.
B1 0.96 37 0.18 0-03 88
B2 0.84 47 0.03 0-05 77
R1 1.00 82 0.43 0-0.2 72
R2 0.99 74 0.19 0-03 63
R3 0.99 55 0.33 0-0.2 73

n.a. = not applicable

Adsorption capacit@,, of AC at the end of the reactor runs was lowen ttie
adsorption capacity of the virgin AC. In the blamactors, this decrease was 88%
and 77%, respectively, for B1 and B2. In the BA@aters, this decrease was 72%,
63%, and 73% for R1, R2, and R3, respectively. atgorption capacity is thé"3
parameter, next to the metoprolol removal ratesnédiiately after the peak load
(Figure 3.7) and the decrease in the microporerwetu(Table 3.5) showing that the
AC granules were regenerated in the BAC reactdes &fst being saturated to 10
mg/L metoprolol.

In order to assess to what extent metoprolol adieorp(Table 3.6) was
dependent on the physical characteristics of ACbi@a3.5), Spearman rank
correlation coefficients were calculated. This etation coefficient describes the
relationship between two variables based on thakdevel while using ranking.
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By employing rank statistics, variables do not needoe assigned relationship
distributions (Brown 2002). Statistically signifitta correlations were observed
between the micropore volumes and the adsorptipacdity and between the surface
area and the adsorption capacity; Spearman coorelabefficients were §&0.99
and R=0.96 for p<0.05, respectively. When the micropesume and the surface
area were plotted against the adsorption capaxiiyear relation appeare#igure
3.9.
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Figure 3.9.Relationship of adsorption capacity versus surfaea (A) and pore volume (B)
of virgin ACs and metoprolol loaded ACs from thactors

The correlation between the mesopore volume anddberption capacity was
poor (R=0.56; p=0.15), which supported the hypadthéisat adsorption occurred
mainly in the micropores while mesopores may haalifated the transport of
metoprolol between the pores and the bulk liquici€¢Et al. 2001).

3.2.5.Morphology and Concentration of the Suspended Bionss and Biomass
Attached to the AC Granules Sampled from BAC Reacts

The biofilm development on AC granules during tl&&42 h reactor runs was
analysed with scanning electron microscopy (Figaife®) and optical microscope
(Figure 3.11). Small biofilm aggregates were foumdthe surface of the smooth
(Rs=1.6 um) Mast carbon granules from R1, although mainljtttendamaged parts
of the granules. In contrast, the relatively roBl=13 um) Norit AC granules from
R2 were almost completely covered with microorgausisafter the 2664 h reactor
run. However, the densest biofilm was observedhen&C granules from R3 BAC
reactor which had a thickness ranging from 50 @ 40.

The total protein counts were used as a measurthéobiomass amount on
AC granules. The total protein count on AC granditesn R3 BAC reactor was 2.6
mg proteins per gram AC. The protein content on gk@nules from R1 and R2
BAC reactors was <0.5 mg/g AC, which is too low alue for accurate
quantification.

R3 contained the same rough Norit AC granules abR2the mixing rate was
higher (the suspension was mixed at G=2%nstead of G=8.8"Y. The high shear
stress resulted in formation of dense biofilms,batdy because this protected the
microorganisms from wash-out (Rochex et al. 2008)is is supported by our
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observation of the suspended biomass; in R1 andf2suspended biomass was
mainly present as flocks which settled well durthg 6 min before a half of the
liquid was replaced, while the high shear stresR&hampered the flocculation,
which resulted in the wash-out of suspended siogles at the beginning of the
experiment.

Figure 3.10.Scanning electron microscopy images of the BAC giemsampled at the end
of the reactor experiments, from the BAC reacta shear stress of G=8.8 and smooth
(R=1.6um) Mast AC granules (R1, A, B), the BAC reactonathear stress of G=8.8 and
rough (R=13 um) Norit AC granules (R2, C, D), and the BAC reacba shear stress of
G=25 $" and rough (R=13 um) Norit AC granules (R3, E, F)

The high shear stress in a combination with rough gkanules in R3 BAC
reactor resulted in a dense biofilm. Percigalal observed a similar effect when
monitoring biofilm growth on steel plates (Percivatl al. 1999). In comparison,
smooth AC granules were covered only with smalfilobaggregates.

Figure 3.11.Optical microscopy images of the BAC granules saahgilt the end of the
reactor experiments from the BAC reactor at a sk&ass of G=8.8'sand smooth (1.6
pum) Mast AC granules (R1, A), the BAC reactor aheas stress of G=8.8'sand rough
(R:=13um) Norit AC granules (R2, B), and the BAC reactbaahear stress of G=25 and

rough (R=13 um) Norit AC granules (R3, C)

The biofilm may have a positive effect on the bgmeeration because of the
short transportation distance between the porestlamdiomass and because the
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surface boundary layer does not have to be crossmalever, such a biofilm may
also exert a negative impact due to pore blockdgs$ol-Dey et al. 1995). In this
study, the initial adsorption rates after the 2664eactor run (Figure 3.7), the
remaining pore voluméTable 3.5), and the remaining adsorption capadigble

3.6) were lower for the AC granules from R3 comgaiethe AC granules from R1
or R2 BAC reactors. The net effect of the condgievhich favoured the formation
of a dense biofilm was therefore negative, whialidated that the negative effect of

pore blockage outweighed the positive effect ofn@es being in the direct
proximity of the AC surface.

3.2.6.Metoprolol Biodegradation with Suspended Biomass $apled from BAC
Reactors

After the peak load experiment, AC granules weraoeed by filtering the
reactor suspension twice through a 2B sieve, and the remaining biomass was
used to assess the biodegradation rates. The erques were carried out in the
BAC reactors operated at the batch mode and spikédapproximately 93 mg/L
metoprolol. Figure 3.12 shows the evolution of rpeddol concentrations. The
suspended biomass concentration and specific asdgzresented iAppendix 18
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Figure 3.12.Metoprolol biodegradation by the suspended biorfrass the BAC reactor at a
shear stress of G=8.8 and with smooth (&1.6 um) Mast AC granules (R%,), the BAC
reactor at a shear stress of G=8'@&nd with rough (R=13 um) Norit AC granules (R2s),

and the BAC reactor at a shear stress of G224ngl with rough (13 um) Norit AC
granules (R3p)

The initial rates obtained from Figure 3.12 wer®wbl0 times lower than
those in the presence of AC (Figure 3.7), whichfioms that the initial rates in
Figure 3.7were a good measure for adsorption. The delay topnelol removal in
R3 was related to the lower suspended biomass otvatien (Figure 3.6) as a result
of the high shear stress. This hypothesis can b#iece when the values of
metoprolol removal in the BAC reactors and biomesscentrations were plotted
together, as seen in Figure 3.13 below. The remmatak of metoprolol dropped
down below 20% in the BAC reactors until the momariten the suspended
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biomass concentration started to increase. From iti@ment, the metoprolol
removal efficiency also increased: for R1 BAC readrom 1200 h, R2 BAC
reactor from 1000 h, and for R3 BAC reactor frondad h.
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Figure 3.13.Changes in the suspended biomass concentratioassqut as total nitrogen
and metoprolol removal efficiency over time, in &C reactor at a shear stress of G=8.8 s
! and with smooth (R1.6 um) Mast AC granules (R1, A), the BAC reactor ahaas stress
of G=8.8 & and with rough (R13 pm) Norit AC granules (R1, B), and the BAC reactbr a

a shear stress of G=2% and with rough (R13 um) Norit AC granules (R3, C)

The specific metoprolol biodegradation rates of Ithemass obtained at the
end of the BAC reactor experiments were approxim&el0 times higher (97 vs. 8
ug/(Mgeainh)) than the rates of the biomass used for inoculatvhich were
determined by Abromaitist al. (Abromaitis et al. 2016). This can be explaingd b
the adaptation of the biomass to the metoproldl-fgeding water.

3.2.7.Phylogenetic Composition of the Suspended Biomasadithe Biofilm on
the AC Granules Sampled from Three BAC Reactors

Next generation sequencing (NGS) of partial 16S ARgenes from the
microbial community was applied on the biomass saosjpn used for inoculation,
on the biomass suspension from the three BAC resaetfier removing the AC
granules, and on the biofilm growing on AC grandtesn R2 and R3 BAC reactors
(Figure 3.14). The smooth {RL.6 pm) Mast AC granules in R1 did not contain
sufficient biomass for further analysis. The sammgtem the reactors were taken at
the end of the 2664 h long reactor runs.
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Figure 3.14.The relative abundance of specific phylogeneticigsoin the biomass
suspension used for inoculation, the suspension fhe BAC reactor at a shear stress of
G=8.8 §" and with smooth (1.6 um) Mast AC granules (R1), the suspension from the
BAC reactor at a shear stress of G=8'&sd with rough (13 um) Norit AC granules

(R2), the suspension from the BAC reactor at arsteass of G=25"sand with rough
(R=13 um) Norit AC granules (R3), the biofilm on the ACagules from the BAC reactor at
a shear stress of G=8.8 and with rough (B=13 um) Norit AC granules (AC2) and the

biofilm on the AC granules from the BAC reactomathear stress of G=2% and with
rough (R=13 um) Norit AC granules (AC3)

The suspended biomass at the end of the reactsrwas much brighter and
more concentrated than the biomass used for inbooléFigure 3.15). The 16S
rRNA gene sequencing results showed prominent fwamation in the relative
proportions of the community members in the inooylBAC reactors, and the
biofilm on AC. Betaproteobacteriawhich are linked to ammonium oxidation, was
dominant in the biomass suspension used for inboalabut this phenomenon was
not observed in the BAC reactor samples after 266& operation. Members of the
Nitrospira genus were also present in the inoculum; thesésthaause inorganic
carbon sources, such &£03; or CO,, and are not linked to acetate oxidation
(Daims et al. 2001). Together witBetaproteobacteriathey are associated with
nitrification (ammonia/ammonium oxidation to nigitand then nitrate) in
wastewater treatment plants (Purkhold et al. 20Uang et al. 2016). In the BAC
reactors fed with influent containing 170 mg/L ammiuon, these lithotrophs
exhibited a higher relative proportion of the tot@mmunity in the AC biofilms
from R2 and R3.

~
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Figure 3.15.Photos of the biomass suspension used to inodhiee lab-scale BAC
reactors (right) and the biomass suspension olatdinen R2 at the end of the reactor runs
(left)

Previous studies showedammaproteobacteriaand Sphingobacteriato be
potential degraders of micropollutants and xendatsoBertrand et al. 2015; Grenni
et al. 2013, 2014; Haiyan et al. 2007). In thigdgithese two phylogenetic groups
were also dominant in the suspended biomass ithtke BAC reactors, but not in
the AC biofilms from R2 and R3. This indicated thatoprolol was predominately
removed in the biomass suspension rather thaneirbitbfilm on the AC granules.
However, the relative abundance Gammaproteobacteriand Sphingobacteria
varied between the BAC reactor&ammaproteobacteriavere dominant in the
suspended biomass from R2, whigphingobacteriawere dominant in the
suspended biomass from R1 and R3. The cumulativepmaol washout (Figure
3.4) and the remaining AC adsorption capacity (@ahb) were marginally better
for R2 than for R1 and R3, which might be relateithwsammaproteobacteria
members being effective metoprolol degraders.

3.2.8.Bioregeneration of Metoprolol Loaded Carbons in BACReactors

Bioregeneration is often linked to BAC systems. ldgaer, for AC
regeneration to occur, the concentration of thgetabrganics at the AC surface
should be low enough for desorption to take pl&aeAktas and Cecen 2007b). As
shown in previous studies, this concentration ipicglly several orders of
magnitude lower than the concentration at whichABewas loaded. The difference
in adsorption and desorption equilibrium concerdreg is called hysteresis
Microbial biomass is able to biodegrade metoprtiok0.08ug/L thus overcoming
adsorption-desorption hysteresis and allowing fasadption. Therefore, the
bioregeneration of loaded carbon can in princigdeuo (Oh et al. 2012). However,
in continuously-loaded BAC systems, we also haveawsider possible transport
limitations. Therefore, this study sought to finat avhether bioregeneration actually
takes place in BAC systems. Based on three linewidence (the initial metoprolol
removal rate after the peak load, the microporeumel, and the adsorption
capacity), it was shown that after saturation toriflL metoprolol, the AC granules
in the BAC reactors recovered a part of their gosmn capacity. However,
bioregeneration only took place after a period ef adsorption in the presence of
sufficient biological degradation. In all the thr&AC reactors, biodegradation
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eventually became equal to the loading rate; atstage, adsorption is no longer a
factor. Xiaojianet al also showed that phenol was mainly biodegradeBAC
systems rather than adsorbed (Xiaojian, ZhanstamyXiasheng 1991).

3.2.9.Effect of Applied Shear Stress and Carbon Surface rSoothness for
Metoprolol Removal and Bioregeneration of Loaded Cebons in BAC Reactors

Of the three BAC reactors, the reactor with thehbgl amount of attached
biomass (R3) showed the lowest cumulative metopraimoval (Figure 3.4) and
the lowest recovery of the adsorption capacity (@&h6). Apparently, a dense
biofilm does not necessarily improve AC regenergtialthough this was not in
agreement with the data obtained by Ak&isal who demonstrated that biofilm
formation on the AC surface is crucial for BAC merhance (O. Aktaand Cegen
2007Db). In the two reactors with the higher cumuatmetoprolol removal and
recovery of the adsorption capacity (R1 and R, bitofilm formation may have
been poorer; however, the concentration of the endgd biomass started to
increase sooner and reached higher concentratompared to R3 (Figure 3.6).
This, and the dominance of the phylogenetic graagpeiated with pharmaceutical
degradation (Figure 3.14), indicated that the sudeé biomass retained in the BAC
reactors was an important factor for BAC perfornegrand AC regeneration as well
as the development of suspended biomass is hampertbe increased shear stress,
such as the shear stress applied in R3.

Given the small differences between R1 and R2 ispeoded biomass
concentration (Figure 3.6), the development of endpd biomass was independent
from the surface roughness of the AC granules. Wewehe cumulative metoprolol
washout was 1.3 times higher in R1 than in R2 (feédl4) whereas the cumulative
metoprolol washout in B1 was 1.4 times lower thaB2. This can be explained by
the higher adsorption capacity of the AC granutesnfMast compared to the Norit
AC granules (Table 3.6) rather than the differeimcsurface roughness. The better
adsorption characteristics resulted in a lower pretol bioavailability and,
therefore, it took longer (1488 h instead of 11y&dfore metoprolol biodegradation
became dominant in R1 compared to R2.
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3.2.10.Summary of Chapter Effect of Shear Stress and Carbon Surface
Roughness on Bioregeneration and Performance of Suspended versus Attached
Biomassin Metoprolol-Loaded Biological Activated Carbon Systems

Metoprolol, a pharmaceutical that is slowly biodmtable, and acetate are
removed in mixed aerated sequential-batch reactmtaining virgin AC granules
and inoculated with biomass (12 mg total-N/L) fram industrial BAC filter.
Metoprolol was initially removed by adsorption dieits low biological activity.
After AC partial saturation and microbial growthiotlegradation became the
dominant metoprolol removal mechanism. This shdwed the presence of AC in
biological treatment plants is beneficial since Adsorbs pollutants during periods
of low biological activity. The initially saturate®dlC was partly regenerated during
the phase of increased biological activity. A Broficovering the AC surface is not
essential for bioregeneration. In fact, AC bioregration in such systems is driven
by the suspended biomass rather than by the bicatashed to the AC granules.

Members of Gammaproteobacteriaand Sphingobacterialineages were
identified as possible metoprolol biodegradershim suspended biomass, while the
attached biomass on the surface of AC was occupidditrospira bacteria, which
use an inorganic carbon source while gaining eneagy nitrification. Shear stress
enhances the formation of biofiims on the AC grasulhowever, this does not
necessarily result in more efficient bioregeneratidhe formation of suspended
biomass flocks is hampered by elevated shear s&esling in a net negative effect
on AC regeneration. In contrast to granular AC vétkurface roughness ofR3
um, granular AC with a smoother surface,;£R6 um) was not overgrown by a
biofilm within a period of 2664 h thus showing tlila¢ amount of biofilm on the AC
particles in the BAC reactor can be controlled bg surface smoothness. These
findings show that it might be possible to regetesaturated AC by contacting it
for a limited period with active suspended biomadswever, a more detailed
investigation has to be conducted since bioregénaré highly dependent on the
physical characteristics of AC and active microbiaimass.

76



/ AT
3.3.The Corrgl@aion between Activated
Carbon CharacCt@Mstics and Adsorption-
Desorption Hysteresis &g the Implications
for the Performance of B tems

%




3.3.1.Physical Properties of AC Granules Used for Adsorpbon-Desorption
Experiments

Adsorption and desorption are strongly related he pore structure of
activated carbon (Ruthven 1984). Thereforg alsorption and desorption analyses
were performed to investigate the porosity of th@sAused in this study. Figure
3.16 shows the distribution of micro- and mesopdoeslifferent AC granules from
the companies Mast (Figure 3.16, A) and Norit (Fég8.16, B). The micropore
volume of Mast carbon granules increased, witheasing activation level and
surface area, from 0.26 to 0.67%m A similar increase was observed for mesopore
volumes (0.37 to 0.70 cig); the distribution between micro- and mesopaves
more or less the same (50/50) for all Mast cartrangles (Figure 3.16, A).

Thermal activation resulted in a doubling of thécnopore volume; the
micropore volume of Mast granules without shell We&2 cni/g after carbonisation
and 0.49 criig after activation. For the mesopores this effeas less profound. The
BET, micropore surfaces and mesopore surfacesxfahie same trends (Appendix 4
and Appendix 5).
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Figure 3.16.Micropore and mesopore volumes, obtained aftephiysical analysis of
spherical Mast AC granules (A, with shell), carlzea Mast granules (A, 0.25C-1 & 0.25C),
standard Mast AC granules (A, 0.25A-1 & 0.25A) &atit AC granules (B)

The results obtained with Norit AC granules (Fig@8r&6, B) showed that the
material used to produce the adsorbents affected niesopore volume. The
mesopore volume of the ACs produced from coconellsiN1 and N1+), coal (N2
and N2+), wood (N3), peat (N4) and lignite coal \Ngere respectively <0.01
cm’/g, 0.07-0.14 cig, 0.6 cnig, 0.2 cn¥g and 0.4 crifg. The mesopore volumes
of Mast ACs were relatively high (similar valuesfasthe micropores). These Mast
ACs, were produced from synthetic organic polymédrsese results show that
relatively soft and/or less dense precursors forpk@uction result in a mesopore
structure, while hard precursors not or hardly ltedn mesopores. Similar findings
were observed by other authors (Mechati et al. 2BbBnan et al. 2017).
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3.3.2.Metoprolol Adsorption Capacity

Adsorption and desorption equilibrium experimentsrev performed for a
range of concentrations with all twenty carbonsthBte Freundlich and Langmuir
adsorption models were fitted to the experimentatadof the individual
experiments, see Appendix 6 and Appendix 7. To @mghe two models the

normalized standard deviation percentagee) was calculated (Wu, Tseng, and
Juang 2005):

_ Z[(qe,exp_Qe,cal)/‘h‘,exp]z
Ag, = 100 \/ o (3.3)

Where:
N is the number of data points;

Oeexp IS the measured concentration after reaching déquiin between
absorbent and solvent;

Oe.caliS €quilibrium concentration based on the Frewhdir Langmuir model.

The calculatedAge values for Langmuir and Freundlich adsorption n®de
were 4.7 and 23.7%, respectively. The better fihvthe Langmuir model is also
evident from the higher coefficients of determioat{R); over 0.97 for Langmuir
and between 0.81 and 0.98 for Freundlich. Thisceugéis that the adsorption of
metoprolol onto the AC approached a maximum, adogrdo the formation of
monolayer on the AC surface. Others also repottatthe adsorption of metoprolol
on AC followed the Langmuir adsorption model (Acetal. 2012).
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Figure 3.17.Metoprolol adsorption capacitiesobtained from adsorption equilibrium
experiments with spherical Mast AC granules #}\,carbonized Mast granules (8),
standard Mast AC granules (&), and Norit AC granules (B)

The Q, values, obtained from the Langmuir adsorptionhisons fitted to the
experimental data, are present in Figure 3.17.higjeest values were obtained with
the spherical Mast AC granules with the higheselleaf activation (S0.25+++,
S0.5+++, S1+++) and standard Mast AC granules f£).250r the ACs from Norit,
the highest @ values (192 to 222 mg/gAC) were obtained for AGslenfrom the
coconut shells (N1, N1+), coal (N2, N2+) and woli@)
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Figure 3.18.Relationship between metoprolol adsorption capes®@}, and micropore
volumes obtained from adsorption equilibrium expenmts with spherical Mast AC
granules, standard Mast AC granules, carbonized §tasules and Norit AC granules

The differences in adsorption capacities can bgelgrexplained by the
differences in porosity; a linear relationship wasind between the adsorption
capacities and micropore volumes (Figure 3.18). Bpearman rank correlation
coefficient was R=0.94, for p<0.05. Such relationship was also fobativeen the
adsorption capacity Q and both the micropore area and total surface area
(Appendix 15); the Spearman rank correlation comffits were B=0.97 and
Rs=0.91, respectively. No statistically significaptationship was observed between
the adsorption capacity and mesopore volume=@R8, p<0.05), indicating that
metoprolol molecules might diffuse through the nmeges, but are at large retained
in the micropores. Similar observations were madéhe research of Ebie et al.,
indicating that the microporosity of ACs was a #igant factor affecting the
adsorption capacity for fenitrothion (Ebie et &02).

Functional groups on the AC surface (e.g. carboxydarbonyl, hydroxyl,
ether, quinone, lactone, anhydride, etc.) have &sen shown to affect the
adsorption (Wu, Tseng, and Juang 2005), in thidysfunctional groups were not
guantified, however the production method will affthe presence of such groups in
the AC surface, nevertheless, no clear differemcenetoprolol adsorption was
observed between chemically and thermally activasgtion. Therefore, the results
support the hypothesis that metoprolol adsorptiami depends on the micropore
volume, surface or area of the adsorbent.

3.3.3.Kinetics of metoprolol adsorption and desorption

Three simplified kinetic models were used to exaarihne adsorption kinetics:
the pseudo-first order kinetic model, the pseudmsé order kinetic model and the
pore diffusion model.
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Pseudo-First Order Kinetic Model

The values of pseudo-first order rate constapnt akd coefficient of
determination Rwere calculated from the plot log{a) versus t and can be found
in Appendix 9. The calculated?Ralues were low and varied from 0.51 to 0.98. The
measured gvalues did not agree with. §ased on the linear plots. This shows that
metoprolol adsorption onto any of the tested ACesdoot follow the first-order
reaction kinetics.

Pseudo-Second Order Kinetic Model

High R values (0.98 to 1.00) were obtained when the pseedond order
kinetic model was fitted to the data. A linear tigla is obtained when t/@s plotted
against t (Appendix 10 and Appendix 11). Moreovergood agreement between
experimental and calculated wplues is visual. The normalized standard dewiatio
Ade, % values for the pseudo-first and pseudo-secoder &kinetic models were 26
and 3.0 %, respectively. Pseudo-second order igmnetorresponds to the
chemisorption model as described elsewhere (Dokekdran 2012; Tan, Ahmad,
and Hameed 2009).

Figure 3.19 compares the calculated adsorptions ratglmg/g-h) for the
different ACs. The highest rates were observedHerMast spherical AC granules
with the highest activation level and the smaltBameter (S0.25+++) and for one of
the standard activated ACs from Mast (0.25A).
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Figure 3.19.Adsorption rate$ obtained from metoprolol adsorption kinetic expents
with spherical Mast AC granules (&), carbonized Mast granules (&), standard Mast AC
granules (Am), and Norit AC granules (B)

Relatively low h numbers were recorded for all N&kC granules (Figure
3.19, B). Norit AC granules made from the cocorhgtlls or coal showed the lowest
rates, the ACs made from soft materials showed sdvaehigher adsorption rates,
this can be related with greater amount of mesapimreNorit N3, N4 and N5.

One key parameter in BAC design and operation eshifdraulic retention
time (HRT). Typically HRTs are pretty short (<12h). Tere, conditions can
change fast and adsorption and desorption needoltowf suit for effective
bioregeneration to occur in BAC reactors. In thisdg, the relationships between
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the AC porosity and the adsorption rates were aedlystatistically by calculating
Spearman rank correlation coefficiefRs Spherical Mast activated carbon granules
(S0.25+ to S1+++) were excluded from the statibtigelysis. The distribution of
micropore and mesopore volumes in spherical shagst MC granules is relatively
equal (50/50%); therefore, this results in uncaties wheneveR; is calculated and
the same ranks are assigned equally for mesopards nacropores. It was
discovered that strong and statistically significamlationship exists between
metoprolol adsorption rates versus AC mesoporiaumel and mesoporic area
values. The calculate®; values atp<0.05 were 0.66 and 0.70, respectively.
Unfortunately, no clear relationship was observetiveen the micropore volume or
micropore area versus the adsorption rate whenrisphlast AC granules were
excluded from the calculations. WhBgawas recalculated for all the 20 carbons, this
expanded set of results was treated statisticalllyyéelded a relatively clear vision
about the effect of the micropore volume and therogiore area for the adsorption
rates. It was found that the micropore volume=(52, p<0.05) and the micropore
area (R=0.45, p<0.05) correlated with the adsorption r#tk.this indicates that
micropores are important not only for the AC adsorpcapacity but also for faster
adsorption. However, for superior and fast metapr@dsorption, it is more
advantageous to have a mesoporic adsorbent siadettaparticle transport through
mesopores is more efficient and effective, the samdescribed elsewhere (Ebie et
al. 2001).

Another important characteristic which may affdw bioregeneration of AC
in BAC reactors is its granular size. In this stuthe effect of the granular size for
the adsorption rates was also visible when S0.25885+++ and S1+++ spherical
Mast AC granules were compared. When the granigariacreased from 0.25 to
1.4 mm, the adsorption rate decreased from 34 t6 a®)/g-h. This shows how
important it is to select the right granular fractiwhen designing BAC reactors.
Therefore, the hydraulic retention time of a BAGa®r can be reduced if the
correct granular fraction is selected.

Intraparticle Diffusion Model

In order to obtain more information about the agdon mechanism and the
rate controlling steps affecting the adsorptiorekics, the experimental results were
fitted to Weber's intraparticle diffusion model ¢feire 3.20. Intraparticle diffusion
rate constariy can be defined from linear plgtversust™? as described in Chapter
2.4. If the linear dependence passes through tgaothen intraparticle diffusion is
a rate limiting step (Hameed, Mahmoud, and Ahm&aB20However, in this study,
multilinear regression, which consists of threeiarg, was observed almost for all
the examined carbons except for the plots for added Mast granules 0.25C-1 and
0.25C, for which, the final equilibrium stage wabsant. This indicates that
metoprolol adsorption was controlled not only byraparticle diffusion. All the
three regions are presented as an example in App&6dThe first sharp line off
the plot refers to metoprolol diffusion through theundary layer on the external
carbon surface. The second, less steep, regrelmmns related with gradual
metoprolol diffusion to the internal pores of thramules with negligible adsorption
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on the external surface. Finally, the third portstrows metoprolol adsorption on the
internal surface of the granules, the same as ibescelsewhere (Tan, Ahmad, and
Hameed 2009; Wu, Tseng, and Juang 2005).
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Figure 3.20.Diffusion rates obtained from metoprolol adsorptidnetic experiments with
spherical Mast AC granules (&), carbonized Mast granules (&), standard Mast AC
granules (Am), and Norit AC granules (B)

A strong correlation was observed between diffusiate constank; and
carbon surface area; Spearman rank correlatiorficieet was R=0.70 at p<0.05.
This supports the hypothesis that the higkerates were obtained with carbons
having a higher surface area (e.g., spherical M&sgranules S0.25+++, S0.5+++
and standard Mast AC granules 0.25A-1, 0.25A) tesuin enhanced metoprolol
transport through the surface. The experimentadligutated metoprolol diffusion
rate constants over all the three regions for Madtons are listed in Appendix 12.

A similar pattern was observed with Norit AC grasibas highly mesoporous
carbons resulted in higher metoprolol surface diffio rates (Appendix 13). It can
be seen when N1 and N1+ AC granules are compagedhter with N4 and N5 AC
granules. The granular size of these ACs was gimilawever, the amount of
mesopores differed significantly resulting in highe values of N4 and N5 AC
granules.

The adverse effect of the granular size for metopiffusion ratesk; was
also visible when spherical Mast AC granules S0t25+0.5+++ and S1+++ were
compared in parallel. The lowest rate was deterdhine 1.4 mm granular fraction
(29 g/mg-f?) whereas a 2.3 times higher rate was registenethéosmallest 0.25
mm AC granules (67 g/mg"h. This shows that metoprolol adsorption was syrict
dependent on the carbon granular size. The appiicat smaller granules in a BAC
reactor may yield a positive effect since it resirt faster adsorption. However, the

use of relatively small granules might cause texddnidifficulties in BAC
maintenance.
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Figure 3.21.Graphical representation of possible mechanisnmsetbprolol
adsorption onto AC

The adsorption of metoprolol undergoes physical ehemical interactions
within the AC surface. MetoprolgiKa equals to 9.6; therefore, it exists in water in
the protonated form and adsorbs pretty well on tiegl§g charged surfaces.
Metoprolol diffusion to the pores, together withdhggen bonding to carbonyl,
carboxyl and phenolic groups, might be one of tt@ppsed metoprolol adsorption
mechanismsz—n interactions between the p-electrons in a carbemas adsorbent
and the p-electron in the phenol aromatic ringrofdsorbate can also play a role in
the adsorption process. Taking into account thabpmelol is fully dissociated at
neutral pH, electrostatic interaction between theised carboxyl group and the
amine may in principle occur.

Desorption Kinetics

As described above, relatively short HRTs are gibrcmaintained in BAC
reactors; therefore, fast adsorption and desormifoorganic pollutants is required
since this can directly affect the bioregeneratimocess. In this chapter, we
calculated the metoprolol desorption rates frondémhMast and Norit carbons. The
results obtained after single cycle adsorption tenexperiments are shown in
Figure 3.22 below.

A clear difference between the desorption ratesobserved for all the
investigated Mast carbons. Significantly low desorp rates (0.02-0.25 mgh
were registered for spherical Mast AC granulescfblbars, Figure 3.22, A) in
comparison with carbonized granules and standarst & granules. Possibly the
smooth-surfaced shell forms a barrier hamperingpmrdisn. Approximately 3.8
times lower metoprolol desorption rates were fotordspherical Mast AC granules
S0.25+, S0.5+ and S1+ in comparison with carbonMedt granules 0.25C-1 and
0.25C.
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Figure 3.22.Desorption rates obtained from single cycle desampgxperiments with
metoprolol loaded spherical Mast AC granulesf,carbonized Mast granules (8),

standard Mast AC granules (&), and Norit AC granules (B)

However, metoprolol desorption rates decreasedifisigntly (22.4 times)
with the increased surface area of spherical Ma&t dranules when using
S0.25+++, S0.5+++ and S1+++ in comparison with eaided Mast granules. This
shows that the desorption process was controlleccH®misorption since more
active centers were developed on the surface difyhirtivated spherical Mast AC
granules (e.g., S0.25+++). Higher desorption ratese recorded for carbonized
Mast granules because they contained a substaati@unt of mesopores,
macropores and a limited amount of surface actéveers in the micropores causing
a higher degree of adsorption irreversibility.

The granular size is another characteristic infbirggn metoprolol desorption
rates. It was evident when spherical Mast AC geswlere used for desorption
experiments. The drop of metoprolol desorptiongdtem 0.25 to 0.02 mgflg was
observed when the granular size of AC particlesadsed from 1.4 to 0.25 mm.
This once again shows that it is important to ckotbe right granular fraction of
AC which is later used to fill BAC reactors.

Norit AC granules showed the best performance fetoprolol desorption.
The highest metoprolol desorption rates (1.7-1.8gpwere recorded for N3, N4
and N5 AC granules made from soft precursors (wqmeht and lignite). The
desorption rate decreased with Norit carbons mesta hard materials (N1, N1+,
N2, N2+). This can be explained by their interrtallcture since a lower amount of
mesopores in N1, N1+, N2, N2+ AC granules resuhetkcreased desorption rates.
This statement was investigated further by perfognstatistical analysis of the
desorption data. It was established that the isimgamicropore area resulted in
decreased desorption rates F0.75, p<0.05) while higher desorption rates
correlated well with the increased mesoporic aRgaQ.62, p<0.05) of AC granules.

3.3.4.Metoprolol Adsorption-Desorption Hysteresis

The difference in the adsorption capacities when ribt-desorption process
occurred in comparison with net-adsorption is tlecalled hysteresis The
reversibility of adsorption can be calculated binggheHysteresis IndegHl). The
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HI values close td indicate a reversible adsorption process wheadH| values
show that adsorption is irreversible (J. Zhang Hed2013). HI can be calculated as
a difference between the single cycle net-adsarpips and net-desorption {g)
equilibrium capacities at a certain equilibrium centrationC, in the liquid phase
(Berhane et al. 2016; Weilin Huang; and Walter &béf 1997):

HI = 1e28es ¢ (3.4)
de,s
Adsorption and desorption equilibrium capacitiesaevealculated from non-
linearised isotherms, the same as shown in Figu?28 Below. The linearised
isotherms were not used for the calculations ofetpeilibrium capacities since the
ideal parallelism between the linearised adsorptiod desorption isotherms could
not be achieved for some of the investigated carb®herefore, the gap between
linearised adsorption and desorption isotherm&welt equilibrium concentrations
was narrower in comparison with the gap at higlogsildrium concentrations. This
was observed for 5 carbons out of 20, and yet wénta difficulties while using the
obtained experimental data for calculations. Alé thdsorption and desorption
isotherm model equations can be found in Appendix 1
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Figure 3.23.Metoprolol adsorption and desorption isothermsphiesical Mast AC
granules S0.25+ calculated on the grounds of theadogarithm model at 93 mg/L
equilibrium concentration

The range of the initial metoprolol concentratiars®d during the adsorption
kinetic experiments in this study varied from 1 300 mg/L. Moreover, the
adsorption kinetic experiments with all the 20 carb were performed while using
initial metoprolol concentration of 93 mg/L, themsa as during the adsorption and
biodegradation kinetic experiments with the lablesd@AC reactors (Chapter 3.2).
Therefore, the concentration of 93 mg/L was aldecsed for the calculations of HI.
All the calculated HI values for Mast and Noritlsans are shown in Figure 3.24.
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Figure 3.24.Adsorption-desorption hysteresis indexes calculated8 mg/L metoprolol
equilibrium concentration for spherical Mast AC muées (A,m), carbonized Mast granules
(A, 0), standard Mast AC granules (&), and Norit AC granules (B)

The calculated HI indexes for Mast carbons decrkasih the increased
surface area of the carbon (Figure 3.24, A); tloeegfa relatively strong correlation
between HI and BET was observed (with Spearman camkelation coefficient
equaling to B=—0.65 wherp<0.05). The least activated spherical Mast AC giesu
S0.25+ and S0.5+ (BET around 808/gh showed considerably higher HI values
varying from 0.19 to 0.23. In comparison, spherigist AC granules S0.25+++,
S0.5+++ and S1+++ featuring a high surface ared (&®und 1800 Afg) resulted
in significantly lower HI values (0.04-0.12). Diffilties might arise if this type of
AC were used in a BAC reactor because the bioregeae of the loaded carbon
could be insufficient.

However, carbonized Mast granules 0.25C-1 and 0.2%@ved the highest
hysteresis which varied from 0.21 to 0.32 (Figu243A). This can be explained by
the mesoporosity of carbonized Mast granules. &kie between the mesoporic and
microporic volumes for 0.25C-1 and 0.25C was 3.4 &ar6, respectively, which is
almost the double value of spherical Mast AC grasub0.25+++, S0.5+++ and
S1l+++ (ratio 1.1). The higher number of mesoponed #he limited amount of
surface active centers of the carbonized Mast deanpositively influenced
metoprolol desorption. Carbonized Mast 0.25C-1 @u2&C granules might be used
as an alternative adsorbent in the BAC reactor rf@toprolol removal from
wastewater streams. Unfortunately, the poor mechrstrength and the low
sorptive capacity of charcoal might limit the apption of carbonized Mast granules
for wastewater treatment.

The calculated HI values for metoprolol adsorpti@sorption on Norit AC
granules were somewhat comparable in between @ig4, B). The highest HI
values of 0.21 and 0.23 were calculated for N1 dhel AC granules, respectively.
The lower HI values (0.10-0.13) were calculatednf@soporous Norit N3, N4 and
N5 AC granules which showed relatively good mettgdrdesorption rates (Figure
3.22, B). Typically, mesopores promote faster detsam; thus our data corroborates
other scholarly sources (O. Aktand Cegen 2007b). Moreover, low HI values
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indicate that adsorption tends to lead to irre\isi; thus the application of this
type of the adsorbents is disadvantageous.
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Figure 3.25.Difference (mg/g) in metoprolol sorption capadtagfter adsorption and

desorption calculated at equilibrium concentratd83 mg/L for spherical Mast AC

granules (Am), carbonized Mast granules (&), standard Mast AC granules (&), and
Norit AC granules (B)

The calculated differences in metoprolol sorptioapacities AQ,, after
adsorption and desorption showed a similar trenth& of HI calculations. The
highestAQ,,was calculated for spherical Mast AC granules S6.88,25++, S0.5+,
S0.5++ and S1+++, carbonized AC granules 0.25Cd standard AC granules
0.25A (Figure 3.25, A). No clear relationships weegistered betweenQ,, and
carbon characteristics. However, it could be cleselen that the difference between
almost all the Mast carbons was relatively smaliiclv showed the limiting effect of
the carbon surface area and porosity. Carbonsriegtthe lowest and the highest
surface areas and the total pore volumes desoibeldrsamounts of metoprolol.
This indicates that ACs having lower adsorptionacaees and lower amounts of
pore volumes are more efficient in desorption -stthe bioregeneration of these
adsorbents tends to be more efficient.

Norit microporous AC granules N1 and N1+ showecte performance for
metoprolol desorption in comparison with mesoporanalogues N3, N4 and N5
(Figure 3.25, B). This can be related with the dimontact of micropores with the
bulk phase; therefore, more metoprolol, which @ed in the micropores, can be
desorbed back to the liquid.

3.3.5.Adsorbent Selection for BAC Reactor

Experimental data obtained from the metoprolol gotsmn and desorption
experiments was used to select the most suitabl®eaor a BAC reactor. The
choice was based on specially selected parametbesmeasured carbon adsorption
capacityQn, and adsorption-desorption rates as well as owcdlelated adsorption-
desorption hysteresis indexes (HI) including th#edences between adsorption-
desorption capacitiesQ.

The best alternative for a BAC reactor might beboaized Mast granules
0.25C which were produced by using special polymegsins. The use of
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carbonized 0.25C granules resulted in a moderatepra#ol adsorption rate (9.6
mg/gh) which is one of the highest desorption rates ragnall the investigated
carbons (1.5 mg/h), the highest HI index (0.32) and the best oVeegleneration
(24%), as shown in Figure 3.26. It is essentidhdwe active microbial biomass in
BAC reactors; therefore, the bioavailability of m@tolol has to be sufficient for the
proper maintenance of the microbial population.sTddan be achieved when carbon
has a nominal adsorption capacity and adsorbs mmtbpelatively fast, whereas
the desorption process is comparably rapid. Sinaidarclusions were drawn during
lab-scale BAC reactor runs, when two different Arailes were used (Chapter
3.2). It was shown that the performance of the B#&&ctor having AC granules
with a lower total surface area and adsorption cfpwas better than that of a BAC
reactor filled with AC granules which were highlgsarptive as this also resulted in
poor desorption. The consequence was the reducdadpraml bioavailability;
therefore, a reactor with highly adsorptive carlas the latest to reach the steady
state condition.
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Figure 3.26.Regeneration values of metoprolol loaded sphehitzedt AC granules (Am),
carbonized Mast granules (A), standard Mast AC granules (&), and Norit AC granules
(B) calculated at metoprolol equilibrium conceritratof 93 mg/L

As it was stated before, the successful performafid@AC depends on the
active microbial biomass in the reactor. The rasditbom reactor experiments
showed that metoprolol biodegradation rates togetfith the reactor biomass were
relatively high — 32ug/mgqanch. After the recalculation to 1 mg of dry biomatbe
biodegradation rate would translate to 3 8Mgiomaszh Or 3.84 My/Gomassh. The
hydraulic retention time of 24 hours would be wiéfint to remove 93 mg/L of
metoprolol in the influent by using 0.25C granukes the adsorbent since the
adsorption rate of the adsorbent is 9.6 nig/lyloreover, a relatively fast desorption
rate (1.51 mg/dp) and wide adsorption-desorption hysteresis (0&#) ensure
efficient bioregeneration of carbon. Unfortunatelgje use of carbonized 0.25C
granules in a BAC reactor can be complicated stactbonized granules are denoted
by poor mechanical strength. Thus the degradatigheoparticles will occur in the
reactor. Norit N3 AC granules can serve as an ratare to 0.25C carbonized
granules. This type of AC is denoted by good adsmrgapacity (@192 mg/g), a
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mediocre adsorption rate (8.0 mdp)y a good desorption rate (1.1 mb)g wide
hysteresis (0.18) and excellent resistance totiattrsince this type of carbon is
made out of coconut shell.

3.3.6. Summary of Chapter The Correlation between Activated Carbon
Characteristics and Adsorption-Desorption Hysteresis and the Implications for the
Performance of BAC Systems

The adsorption and desorption experiments with Islobiodegradable
pharmaceutical metoprolol and 20 carbons whicteckffl in porosity and precursor
materials was performed in this research. The psecunaterial which was used to
prepare the adsorbents directly influenced carlmwogity. Relatively soft materials,
such as wood and peat, resulted in mesoporic canvbereas the use of coal and
coconut shells generated microporous adsorbents spécific structure of tailored
spherical AC granules S0.25+++, S0.5+++ and Sl+esulted in superior
metoprolol adsorption. The adsorption capacity adods based commercially
available Norit AC granules N3 was relatively gaslwell. The kinetic adsorption
and desorption tests indicated that the highesbpnelol uptake rates were achieved
when spherical Mast AC granules S0.25+++, S0.5+ad standard AC granules
0.25A, 0.25A-1 were used. The increase in the carp@nular size negatively
affected the adsorption rates because of the isededntraparticle transport.
However, the desorption rates from these carbomne vegher poor in comparison
with carbonized Mast granules 0.25C, 0.25C-1 and Narit AC granules.
Metoprolol adsorption was controlled by diffusidwdugh the boundary layer and
diffusion to the carbon pores. The calculated hgsis index values showed that the
highest reversible adsorption is inherent with I#eest activated spherical Mast AC
granules S0.25+, S0.5+ (HI=0.19+0.22), carbonizexbtMyranules 0.25C-1, 0.25C
(H1=0.21+0.32) and Norit AC granules N1, N1+, N2I£8.18+0.23). Norit N2 AC
granules were selected as the most suitable addgoroe BAC since the
experimental results revealed that N2 carbon isadherised by good adsorption
capacity, a moderate adsorption rate, a relatihédyn desorption rate and wide
hysteresis.
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4. General Discussion and Recommendations

The overall performance and bioregeneration of B@tems treating water,
polluted with slowly biodegradable pharmaceuticalepend on many factors.
Therefore, the qualitative assessment of BAC systeamneeded to achieve full
performance. The biodegradation and adsorptionrgden of target compounds are
the main factors that have to be evaluated prierdirccessful operation of BAC
reactors (O. Aktaand Cegen 2007b).

4.1.Interdependence between Metoprolol Biodegradation rad Adsorption-
Desorption Hysteresis in Presence of Acetate

Chapter 3.1 described the results of metoprolobgud®n and biodegradation
experiments in absence and presence of the eadgdrarlable organic compound
acetate. Typically, organic carbon present in weater consists of easy and slowly
biodegradable organic compounds. The biodegradaifoslowly biodegradable
organics can be enhanced through the cometabolisnsing easy biodegradable
organics as a carbon source.

Not acclimated microbial biomass was able to bioaég metoprolol down to
a concentration below 0.08g/L, the convention rate was correlated to the
metoprolol concentration. The biodegradation ratemetoprolol was enhanced
several times by the presence of acetate. Metdpnae not inhibitory for active
microbial biomass. However, at high concentrationstoprolol did increase the lag
phase; the time needed for the development andasio of the specific microbial
community. Metoprolol biodegradation without acetdid not or hardly result in an
increase in biomass concentration. This supporisotmesis that often slowly
biodegradable organics are not suitable substfatemicroorganisms to conserve
energy for growth. Metoprolol was completely miniesed and metoprolol acid was
identified as an intermediate in the metoprolodeigradation pathway.

Given these findings, it is recommended to ensuaemtreated in industrial
BAC systems do not only contain pollutants thatramestant to biodegradation, but
also easy biodegradable compounds, as this will teemaintain healthy and active
biomass. Moreover, for successful removal of slowlgiodegradable
pharmaceuticals, the biomass retention time inBA& system has to be long
enough to allow the active biomass to be formeahmelogically this is feasible by
changing the operation and design of BAC systemsrder to reduce biomass
washout, i.e. by reducing the frequency at whichCBifiters are backwashed or by
introducing more effective biomass carriers.

4.2 Effect of Shear Stress and Carbon Surface Roughness Bioregeneration
and Performance of Suspended versus Attached Bionwam Metoprolol Loaded
Biological Activated Carbon Systems

The importance of the biofilm for BAC reactor perfmance and
bioregeneration was mentioned in numerous studlesAktas and Cegen 2007b;
Shen, Lu, and Liu 2012). However, the results frilba experiments with BAC
reactors, described in Chapter 3.2, revealed tlggigp maintenance of suspended
biomass in the reactors might become even mordibihelt was shown, that BAC
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reactor which contained more suspended biomas®idatmed BAC reactor where

the biofilm formation on the surface of the AC paes was stronger. This showed
that the retention of suspended biomass is crémid@AC reactor performance and
bioregeneration. More biofilm on the surface caadld¢o pore clogging, which

reduces the intraparticle transport of the substrahich can explain the poorer AC
bioregeneration results with thick biofilms.

Three phases can be identified during the staxfugp BAC reactor. The first
phase is dominated by the adsorption process;tirgguh the gradual saturation of
the AC. During the second phase the concentrafitimegpollutant in the bulk liquid
increases due to a partial saturation of the A friicrobial biomass, exposed to
the higher concentrations, will become more actibering the third stage, the
biodegradation process becomes dominant; there rmare net adsorption. In the
case the biomass is hampered due to the wash-aaitsbock load, the recovery
process can be expected to follow the same thrasegh

Increased shear stress has a positive effect doidfiBn formation on the AC
surface. The biofilm thickness ranged from 50 t0 4t at high shear stress, while
only a very thin biofilm was observed on AC gramsuile the BAC reactor operated
at low shear stress. When two ACs with differemfasze roughness were compared,
it was found that biomass colonized rough surfacesh more efficiently. However,
in both cases better biofilm formation did not fesubetter regeneration of the AC.

The phylogenetic study of the biofilm on the AC mubes and the suspended
biomass showed significant changes compared tenteulum that was obtained
from the full-scale BAC filter. Potential metoproladegraders were found in
suspension rather than in the biofilms. This intdisahat it is beneficial to maintain
suspended biomass in BAC systems. Classical BA€rdilare not design for this,
but it is possible to equip a BAC system with dleeto achieve this.

In this study, the best BAC performance was acliewih a suspended
biomass concentration of 80 mgJ/L (approximately 0.5 g/L), the hydraulic
retention time was 24 hours. AC granules with aaimaurface (&2 um) can be
used in a BAC reactor to prevent fouling of the A®wer shear (G=8.8% is
enough to allow for effective bioregeneration ofusated AC granules to occur.
New BAC systems can be inoculated with biomassenuspn from existing BAC
systems. Furthermore, it might be beneficial to nee AC with the highest
adsorption capacity, since this would increasefitlsé adsorption-dominated phase
after start-up, before the pollutants become biibavi@ and the biological activity
starts to increase.

4.3.The Correlation between Activated Carbon Characterstics and
Adsorption-Desorption Hysteresis and the Implicatims for the Performance of
BAC Systems

In the previous two paragraphs, it was discussed lioe biological
component is best utilised in BAC systems. Heravilt be discussed how the
physical properties of different types of ACs vaffect the BAC process, based on
the results presented in Chapter 3.3.
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The precursor material used to produce AC affdasirtternal pore structure
of the adsorbent. Soft materials, such as wood meat, lead to the mesoporic
adsorbents, while hard materials, such as coalcandnuts shells, predominately
lead to the formation of the micropores. The mioregpvolume correlated well with
the adsorption capacity, while the mesopore voleoreelated with the desorption
rate.

A powerful tool to estimate the bioregenaration gntil of AC is the
hysteresis index. This gives a good indication toc extent saturated AC can be
bioregenerated. The adsorption-desorption expetsnshowed the highest HI
values and desorption rates for carbonized adsorblwever, because of a low
resistance to attrition it is not a suitable for BAystems. However, there were also
harder AC granules tested that combined a goodtisnrgapacity with a good
regeneration potential, these were characterisdabthy, a high micro and meso pore
volumes. The results show that 100% regenerationotspossible. This can be
related to the uneven distribution of the poresnesdo small and inaccessible for
desorption to take place. Furthermore, some ofmb®prolol may be irreversibly
bounded to the surface through chemisorption.

It is recommended to use the AC with relatively thigdsorption capacity
(Qm>200 mg/gAC) and a high HI value (>0.30) to allowr Bufficient desorption
and thus bioregeneration to occur. Smaller AC den0.25-0.5 mm) showed
good results, but their retention in BAC reactoil me more problematic.

4.4.BAC Reactor Design for the Removal of slowly Biodegdable
Pharmaceuticals from Water

The Paragraph 4.1 and 4.2 stressed the importdnisimroass retention, but
here the configuration of the BAC reactor is disagsin more detail. Typically
BAC reactors are designed as single-pass up-flowfike&Zs, which developed into
BAC because of biomass growth and attachment orA@earticles. Because of
periodical backwashing of BAC filters, relativelgw biomass retention times are
obtained. This might especially be problematic fine removal of slowly
biodegradable pollutants as many pharmaceuticaisgér biomass retention times
are for example achieved in sequencing batch BAsCtoes (SBR-BAC). The lab-
scale experiments with SBR—-BAC (Paragraph 3.2) slotlwat suspended biomass
had enough time to adapt and biodegrade the slbiwjegradable pharmaceutical
metoprolol present in both, the influent and in plaetial saturated AC. Such SBR—
BAC would for example be suitable for the treatmeftwastewater from a
pharmaceutical plant. Typically, such wastewatemt@ios drugs that are poorly
biodegradable. Moreover, the wastewater flows aatively low. The SBR
operational phases are presented in a Figure 4olvkend consist of 1) reactor
filling with wastewater, 2) treatment, 3) settliafjer treatment, 4) effluent draining
and 5) idle phase.
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Figure 4.1.Operational stages of a sequential batch reaS®R]

These operational phases would also be applietianptoposed SBR-BAC
reactor; however, unlike in a traditional activatsiddge SBR, the retention of
pharmaceuticals is guaranteed by the AC, evenaatigb, peak loads or temporal
biomass inhibition. The SBR-BAC needs to be aeratesupport the oxidation of
the pollutants; bottom-mounted aerators will alsailitate mixing of the AC-
biomass suspension (Figure 4.2). The AC conceotrdti such system can be as
high as 100 g/L, allowing for the efficient treatmef high strength wastewater.
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Figure 4.2.The proposed BAC-SBR design to treat wastewathutpd with slowly
biodegradable pharmaceuticals

The addition of the relatively heavy gravel anddsamill allow the effluent to
be recovered from the bottom, as the AC and biorpagscles will not pass formed
sand/gravel layer.

When needed, the periodical back—washing of thetoeas performed with
clean effluent stored in the separate tanks. Rinst,gravel, sand, AC and biomass
are loosen by flushing with a compressed air/waiigture for 10-15 minutes. After
that, the liquid for back-flushing is pumped for 2finutes over the
sand/grave/AC/biomass bed to remove the excessaBmriio keep the AC granules
in the reactor during the back—washing, filter @$a0.25 mm) are constructed in the
outlet chamber, which allows separating granulesnfthe washed sludge. The
recommended hydraulic retention time is at leasthbfrs and the suspended
biomass concentration 2—6 g/L.
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5. Conclusions

The following conclusion can draw from this investiion of adsorption,
desorption and biodegradation of the slowly bioddgble pharmaceutical
metoprolol in BAC systems:

1. The biodegradation of slowly biodegradable pharmtcal metoprolol is
enhanced by the presence of the easy biodegraokaric compound acetate.
Acetate biodegradation is not hampered by metopraled vice versa.
Metoprolol can be biodegraded to a concentratidovb®.08g/L. Metoprolol
adsorption was not hampered by the presence oétaceicetate adsorption
onto Norit GAC 830 Plus AC is very poor (1 mg/gA®hile compared to
metoprolol adsorption (56 to 61 mg/gAC). Microbmbmass can overcome the
adsorption—desorption hysteresis, by reducing thecentration in the bulk
liquid below desorption equilibrium concentratidrherefore, bioregeneration
of metoprolol-loaded AC is possible.

2. In BAC reactors, AC granules with a rough surfaBg=03 um) give rise to
good biofilm formation on the AC, while there is oo very limited biofilm
formation on smooth AC granulesfR.6 um). High shear stress in the reactor
(G=25 §") results in a thicker biofilm (50—40@m) than mediocre shear stress
(G=8.8 §'). However, the development of biofilms on AC gresudoes not
result in better BAC performance or more efficibiregeneration. A BAC
reactor operated under low shear outperformed a BeCtor operated under
high shear, despite the better biofilm formatiom foe latter. Furthermore,
bioregeneration is obtained in the BAC reactor aiminhg smooth AC granules
without biofilm. At low shear stress and with smodC granules there is
growth of suspended biomass. AC granules can tleuse@enerated by the
suspended biomass; a biofilm is not needed to diine diffusion of the
pollutants out of the AC granules. Phylogeneticugsothat are linked to the
degradation of the pollutants as metoproloGanmaproteobacteria,
Sphingobacterip were found to grow in the suspension rather tharthe
biofilm

3. The effect of activated carbon porosity (0.41-1c48/g) and granular size
(0.25-1.4 mm) for metoprolol adsorption and degsorpdiffered with each
carbon type. The carbons produced from hard mi&daatured a high amount
of micropores (0.41-0.50 érg), differently from the mesoporosity of the
carbon developed from soft precursors. Micropord@® showed the best
metoprolol adsorption capacities (243—-310 mg/g) adsbrption kinetics (22—
34 mg/gh). Moreover, the adsorption rate was also relat@t the higher
amount of mesopores. There was no clear relationeas the hysteresis index
(HI) values and carbon characteristics; howevelgrable correlation was
observed between HI and mesopores (Spearman dmmelaoefficient
Rs=0.62, p<0.05). Lower HI values (HI<0.09) were tethwith the increased
carbon surface area (BET 1300-183%gnthus indicating that chemisorption
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caused adsorption irreversibility, whereas carbashigranules (no activation
was applied, BET <650 #y) showed the highest HI values (0.22-0.32).

Norit N3 AC granules (BET 1124 %y, Vyicropores=0.41 /g, Vinesopores0-27
cn/g) were selected as the most suitable adsorbentBAC since the
experimental results showed that N3 carbon was actenised by good
adsorption capacity (192 mg/g), moderate adsorption rate (8.0 nhg/dast
desorption rate (1.1 mghy and significantly high hysteresis index values
(0.18).
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Appendices

Appendix 1. Impeller tip speed and velocity gratliesdculation

The mixing intensity inside the reactors was cated as velocity gradie@
g y y g
(s (3. C. Crittenden and Harza M. W. 2012):

G= (—u)l/ * (ALY

where: P denotes the power applied for stirringnk(’;

V stands for the liquid volume in the mixing tamk;

i is the liquid dynamic viscosity, N-s/m

The power applied for stirring when the mixingustulent (R>10000) can be
calculated by employing the equation below:

P=Np-p-nd-d> (Al.2)

where: N is the power number of the impeller (depends enirtttipeller type;
Np=1.8 was chosen from a manual for the flat bladeeiler when R>10000)
(Pietranski 2012).

p denotes the liquid density, kgim

n is the impeller speed, revolutions per secons)(rp

d stands for the impeller diameter, m.

Having obtained the velocity gradient, the impeliprspeed was calculated:

v=m-D-N (A1.3)

where: D is the impeller diameter, m;
N denotes the impeller speed, rpm.

The velocity gradient and impeller tip speed valugse calculated in low and high shear
reactors:

Table Al.1. Velocity gradient and impeller tip sge@lues

Velocity gradient G,’$ Impeller tip speed v, m/s
Low shear reactors 8.8 0.52
High shear reactors 25 1.03

Appendix 2. Specifications of virgin Norit carbastdndard deviation)

Granular BET Mi External Pore volume, crig
- icropore Sample
size Surface area (ilg) surface area Meso & size. N
2 i ’
(mm)  area (g) (m?lg) Micropores - cropores
0.3-0.8 986 (4) 863 (3) 45 (1) 0.36 (0.01) 0.107D. 3
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Appendix 3.COD consumption, ©consumption, C© production and the total available, @uring triplicate metoprolol
biodegradation experiments with and without acefstendard deviation)

Start of experiment End of experiment O, consumption per CO, production per  Available G per litre

COD, mg/L COD, mg/L litre of suspension, litre of suspension, of suspension, mg/L
mg/L mg/L
Metoprolol biodegradation
without acetate 1783 27.1(0.3) 100 (4) 0 1270 (32)
Metoprolol biodegradation whel 986 (13) 3312) 2070 (70) 990 (80) 3560 (84)

acetate was added at day 0

Metoprolol biodegradation whe
metoprolol was added at day 968 (5) 37.9 (0.4) 1910 (40) 890 (40) 3410 (124)
after acetate depletion

Appendix 4. Physical properties of spherical Ma€t dranules, standard Mast AC granules and carbodhitzest granules

Carbon BET, Micropore Mesopore Micropore Mesopore | Average pore
m?/g | volume, cn¥g volume, cnig | area, g  area, /g | diameter, nm
S0.25+ 782 0.26 0.37 730 47 15.8
S0.25++ 1250 0.45 0.45 1161 59 13.6
S0.25+++ 1832 0.67 0.64 1469 103 11.4
S0.5+ 823 0.29 0.40 839 51 15.6
S0.5++ 1295 0.47 0.60 1177 72 15.5
S0.5+++ 1833 0.66 0.70 1485 98 12.6
S1+ 867 0.31 0.38 849 48 15.2
S1++ 1181 0.43 0.49 1149 60 15.0
S1+++ 1619 0.59 0.67 1411 89 13.7
0.25C-1 600 0.21 0.71 569 82 213
0.25C 650 0.23 0.36 656 50 14.5
0.25A-1 1319 0.49 0.99 1222 115 19.0
0.25A 1286 0.50 0.36 1295 66 175




Appendix 5. Physical properties of Norit AC grarale

Carbon BET, Micropore Mesopore Micropore Mesopore | Average pore
m?g | volume, cni’g volume, cnig | area, g area, /g | diameter, nm
N1 1112 0.42 0.01 1090 3 2.7
N1+ 1097 0.42 0.01 1068 5 2.9
N2 897 0.34 0.07 842 28 4.1
N2+ 986 0.36 0.14 863 45 5.1
N3 1475 0.47 0.61 894 234 4.6
N4 782 0.28 0.20 707 74 4.9
N5 584 0.19 0.32 452 92 6.9

Appendix 6.Langmuir constants obtained from metoprolol adsonpequilibrium
experiments with spherical Mast AC granules, stethddast AC granules and
carbonized Mast granules

Carbon Qe (MY/g) | Qm(Mma/g) K (Umg) R R?
S0.25+ 155 172 0.2 0.03:0.47 0.98
S0.25++ 283 284 0.6 0.01:0.40 0.99
S0.25+++ 310 307 6.3 0.01+0.13 1.00
S0.5+ 202 214 0.2 0.02:0.46 0.98
S05++ 286 286 0.8 0.01+0.37 1.00
S0.5+++ 311 310 1.9 0.01+0.27 1.00
S1+ 195 185 1.5 0.01+0.30 1.00
S1++ 244 241 7.0 0.01+0.12 1.00
Sl+++ 295 297 15 0.01+0.30 1.00
0.25C-1 95 99 0.3 0.02:0.42 0.97
0.25C 107 103 3.6 0.01+0.15 1.00
0.25A-1 273 270 1.7 0.01+0.23 1.00
0.25A 310 291 19 0.01:0.04 1.00

Appendix 7. Langmuir constants obtained from maeaitgbradsorption equilibrium
experiments with Norit AC granules

Carbon Qe (MY/g) | Qm(Mg/g) K (LUmg) Ry R?
N1 222 243 0.3 0.01:0.44 0.98
N1+ 211 212 0.9 0.01+0.36 0.9
N2 192 192 1.9 0.01:0.23 0.9
N2+ 204 202 1.1 0.01:0.34 1.00
N3 199 211 0.4 0.01:0.42 1.00
N4 172 169 5.7 0.01+0.14 0.9
N5 121 124 1.3 0.01:0.27 1.00
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Appendix 8. Langmuir constants obtained from desampequilibrium experiments with loaded spheribéhst AC granules,
standard Mast AC granules, carbonized Mast grarardsNorit AC granules

Carbon Qn(mg/g) K., (L/mg) R? Carbon Qn(mglg) K, (L/mg) R?

S0.25+ 164 3.8 0.96 | 0.25C 99 44 1.00
S0.25++ 253 13 0.99 | 0.25A-1 236 12 1.00
S0.25++ 288 27 1.00 | 0.25A 270 62 1.00
S0.5+ 193 7.2 0.97 N1 229 3.9 0.98
S0.5++ 260 11 1.00 N1+ 203 6.4 0.99
S0.5+++ 283 6.3 1.00 N2 171 27 0.98
S1+ 161 17 0.99 N2+ 182 13 1.00
S1++ 223 9.6 1.00 N3 183 54 0.99
S1+++ 271 12 1.00 N4 152 18 0.99
0.25C-1 83 18 0.96 N5 107 19 1.00

Appendix 9. Pseudo first order kinetic rates oladifrom metoprolol adsorption kinetic experimentghvspherical Mast AC
granules, standard Mast AC granules, carbonized dfasules and Norit AC granules

kl Qe 2 kl Qe 2
e | @mgmx1¢ mgg N " | @mgn «ad (mgig
S0.25+ 0.6 42 0.51 0.25C 14 83 0.76
S0.25++ | 0.9 105 0.88 0.25A-1| 15 109 0.94
S0.25+++ | 1.0 34 0.63 0.25A 1.7 72 0.87
S0.5+ 0.5 86 0.73 N1 0.8 123 0.97
S0.5++ 0.8 151 0.96 N1+ 0.8 118 0.97
S0.5+++ | 0.9 69 0.88 N2 0.9 148 0.98
S1+ 0.4 151 0.96 N2+ 13 107 0.97
S1++ 0.7 132 0.96 N3 1.2 78 0.91
S1+++ 0.8 98 092 N4 1.9 76 0.94
0.25C-1 | 0.7 94 0.73 N5 11 82 0.90




Appendix 10. Pseudo second order kinetic ratesaiodd from metoprolol
adsorption kinetic experiments with spherical Ma6t granules, standard Mast AC
granules and carbonized Mast granules

Carbon Qe (Mg/g) | ko(g/mg h) x16°  qe(mg/g) R

S0.25+ 107 0.68 106 0.99
S0.25++ 210 0.26 216 1.00
S0.25+++ 214 1.58 215 1.00
S0.5+ 168 0.8 168 1.00
S05++ 208 0.10 223 1.00
SO05+++ 227 0.56 229 1.00
S1+ 183 0.25 186 1.00
S1++ 220 0.13 230 1.00
Sl+++ 226 0.27 232 1.00
0.25C-1 102 0.49 96 0.98
0.25C 111 0.45 108 0.99
0.25A-1 218 0.58 221 1.00
0.25A 228 1.16 229 1.00

Appendix 11. Pseudo second order kinetic rates irdda from metoprolol
adsorption kinetic experiments with Norit AC graesll

Carbon e, (Mg/g) | ko(g/mg h) 160 qe.(mg/g) R’

N1 159 0.19 163 0.99
N1+ 161 0.22 164 0.99
N2 182 0.16 189 1.00
N2+ 175 0.45 179 1.00
N3 160 0.69 162 1.00
N4 146 0.96 148 1.00
N5 126 0.43 125 1.00

Appendix 12. Intraparticle diffusion constants aféa from metoprolol adsorption
kinetic experiments with spherical Mast AC granusindard Mast AC granules
and carbonized Mast granules

Carbon | kqgi(g/mg B x10%2 Ly | keo(g/mg H?) x102 Ly | kes(g/mg B x102  Lgs
S0.25+ 19 1.2 2.3 60.0 | 1.4 73

S0.25++ | 29 0.4 5.1 128 | 1.0 186
S0.25+++ | 67 0.8 4.0 170 | 0.1 212
S0.5+ 21 0.3 4.5 87 1.1 137
S0.5++ 19 1.6 10.4 47 3.3 133
S0.5+++ | 38 1.0 2.6 186 | 1.0 203
S1+ 21 0.9 9.6 45 1.2 152
S1++ 25 1.9 6.0 102 | 0.8 198
S1+++ 29 1.2 9.6 93 0.9 205
0.25C-1 19 1.6 1.7 58 2.0 53

0.25C 19 4.1 4.4 47 2.1 62

0.25A-1 42 4.7 10.1 112 | 0.6 204
0.25A 62 6.8 6.4 164 | 0.2 224
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Appendix 13. Intraparticle diffusion constants aféa from metoprolol adsorption
kinetic experiments with Norit AC granules

Carbon | kg (g/mg ) x10% Ly | ke2(o/mg H?) x10% Ly, | kas(o/mg H?) x10% Ly
N1 16 0.9 9.8 19 4.1 72

N1+ 18 1.5 8.6 33 3.0 95

N2 24 2.8 9.5 38 3.3 109
N2+ 28 2.4 15 32 1.9 137
N3 30 1.1 13.2 49 1.5 130
N4 29 1.5 9.0 67 0.9 129

Appendix 14. Metoprolol adsorption and desorpti@otherm models used to
calculate hysteresis indexes (HI) for spherical &S granules, standard Mast AC
granules, carbonized Mast granules and Norit ACnges. Isotherms were
modelled by using natural logarithm equations

Carbon Adsorption Desorption

S0.25+ qe =13.11lnc, + 85 qe =124 1Inc, + 123
S0.25++ | q, =22.11Ilnc, +172 qe =21.0Inc, + 209
S0.25+++ | q, = 26.4 Inc, + 207 qe = 2291nc, + 237
S0.5+ qe = 16.51Inc, + 118 qe = 1551Inc, + 158
S0.5++ qe = 21.31Inc, + 180 qe = 2141nc, + 216
S0.5+++ | q, =23.1Ilnc, + 199 qe = 244 1Inc, + 212

S1+ qe = 16.11lnc, + 114 qe =19.21Inc, + 127
S1++ qe = 17.0Ilnc, + 159 qe = 2091Inc, + 173
S1+++ qe = 209 Inc, + 195 qe = 2391nc, + 216
0.25C-1 | q, =631lnc, +61 qe =83Inc,+71
0.25C qe =68Inc, +72 qe =104 1Inc, + 88

0.25A-1 | q,=188Inc, + 179 qe =216Inc, + 185
0.25A qe =208Inc,+208 g,=251lnc,+ 231

N1 qo =185Inc, +129 q,=198Inc, + 168
N1+ Qe =1741nc, + 123 q. =20.21Inc, + 156
N2 qo =1321Inc, +126 q,=179lInc, + 138
N2+ qe =169 1Inc, + 120 q. = 16.7 Inc, + 146
N3 qe=171lnc,+113 q,=177Inc, + 135
N4 Qe =13.7lnc, +101 g, =1411Inc, + 122
N5 qe =87Inc,+75 qe =9.51Inc, +83
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Appendix 15. Relationships between adsorption dgpaersus micropore surface
area (A) and total surface area (B) obtained fromoprolol adsorption equilibrium
experiments with spherical Mast AC granules, stehd®last AC granules,
carbonized Mast granules and Norit AC granules
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Appendix 16. Intraparticle diffusion model gram §pherical Mast AC granules
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Appendix 17. Estimated metoprolol adsorption aratibgradation rates obtained immediately after & fwesad for BAC reactor at
shear stress of G=8.8 with smooth (BR=1.6 um) Mast AC granules (R1), the BAC reactor at slsét@ss of G=8.85with rough
(R:=13um) Norit AC granules (R2), and BAC reactor at ststegss of G=25swith rough (R=13 um) Norit AC granules (R3)

Reactor Biomass Volumetric Volumetric Specific Specific Metoprolol load during
conc., adsorption rate, biodegradation rate, adsorption rate, biodegradation rate, the prior reactor run,
mgotaI-NIL mg/('—' h) mg/(l-'h) Hg/(mgotal-N'h) Hg/(mgotal-N'h) mg\/IET/mg(otal-N
R1 61 5.3 86 36 15
R2 76 4.9 64 29 1.2
R3 40 4.1 103 48 2.2

Appendix 18. Metoprolol biodegradation rates of immass separated from the AC granules from BAdCtor at shear stress of
G=8.8 §" and with smooth (R1.6 um) Mast AC granules (R1), BAC reactor at shearsstaf G=8.8 $ and with rough (13
um) Norit AC granules (R2), and BAC reactor at ststgess of G=25sand with rough (R=13 um) Norit AC granules (R3)

Reactor| Biomass concentration, Volumetric rate,  Specific biodegradation Metoprolol load during the prior
MQotarn/L mg/(L-h) rate, ng/(Mgoanh) reactor run, Mger/MGotarn
R1 30 0.99 32 3.1
R2 41 0.95 23 2.1
R3 16 1.53 97 5.9
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