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INTRODUCTION

Water is a key resource crucial for natural ecosystems and human life and that
makes the ensuring of drinking water quality and appropriate wastewater
decontamination an important research topic. The presence of substances
resistant to conventional biological wastewater treatment systems, e.g.
pharmaceuticals, is posing an increasing challenge for environmental and health
protection.

To eliminate the discharge of pharmaceuticals with effluents of wastewater
treatment plants into the environment, the upgrading of conventional wastewater
treatment systems is required and one of the most feasible choices is to apply the
advanced oxidation technologies, such as photocatalysis. Photocatalysis is
relatively inexpensive technology capable of destroying variety of
pharmaceutical compounds; however, its widespread implementation is limited
due to major obstacles related to catalyst separation after water treatment.

The implementation of photocatalytic suspended-bed reactor, where catalyst
is immobilized onto a support, allows simplifying catalyst separation while
benefitting from the high light utilization and reactant-catalyst contact. However,
despite all the advantages, bed material is subjected to high levels of mechanical
stress causing the detachment of photocatalyst. This is the main limitation of
suspended-bed reactor that could be overcome by the appropriate choice of
catalyst support, attachment method and reactor operating conditions.

This research is focused on the development of catalyst immobilization
procedure onto support to be applied in the photocatalytic treatment system based
on fluidized-bed concept. It is also focused on the evaluation of the performance
of the treatment system for the removal of pharmaceuticals and estimation of the
potential of combining this system with bio-oxidation for enhanced elimination
of emerging environmental micropollutants.

This study presents one of the first implementations of lightweight expanded
clay aggregates as TiO, support and the first application of sol-gel technology for
coating of expanded clay granules with TiO,. Current research supplements the
discrepant results of studies on the coupling photocatalysis and bio-oxidation for
removal of pharmaceuticals. The obtained knowledge contributes to the further
development of the photocatalytic oxidation process and its applications in
wastewater treatment.
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1. LITERATURE REVIEW
1.1 Photocatalysis

Heterogeneous photocatalysis is the initiation of photochemical reactions in
the presence of a semiconductor catalyst, usually TiO,, that is activated by light
radiation. Since the studies on TiO, photocatalytic activity and generation of
hydrogen have been reported in 1972 by Fujishima and Honda [1], the scientific
interest in photocatalysis is year by year increasing due to a wide range of its
functions [2]. Heterogeneous photocatalysis has a variety of applications ranging
from modification and functionalization of a surface, assigning to it antifogging,
antimicrobial and self-cleaning property, and solar energy conversion through to
light-assisted hydrogen production and polluted air and water remediation [3-5].

Heterogeneous photocatalysis over TiO» irradiated with UV-A light is one of
the most common photocatalytic combinations, where the process is initiated by
the absorption of a photon with energy greater than the band gap of the
semiconductor (ca. 3.2 eV for anatase, wavelength lower than ca. 385 nm)
resulting in excitation of electron (e ) and its migration from valence band (VB)
to the conduction band (CB) and leaving a positive hole (h;’) in the valence band
(Eq. 1.1) [5, 6].

TiO, + hv — e (Ti0,) + hit5(Ti0,) (1.1)

Generated electron ecp can react with electron acceptors, such as oxygen,
forming superoxide radical (Eq. 1.2).

ecg + 0, — 03” (1.2)

Further reaction through numerous radical species can lead to the formation
of a highly reactive hydroxyl radical, HO*, with high oxidation potential of 2.8 V
(Eq. 1.3-1.9) [7, 8].

05"+ H* - HO; (1.3)
2HO; - H,0, + 0, (1.4)
05" +ecg — 052 (1.5)
05>~ + 2HY - H,0, (1.6)
H,0, + e;z » HO® + OH~ (1.7)
H,0, + HO® —» H,0 + 05~ + H* (1.8)
H,0,+0;~ - 0, + OH™ + HO* (1.9)
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Generated in the valence band hole, h; g, that owns oxidation potential of ca.
3 V, participates in direct oxidation of organic compounds resulting in the
formation of CO, and H,O as end products (Eq. 1.10) or reacts with water to form
hydroxyl radicals (Eq. 1.11) [5, 9]. Hydroxyl radicals can non-selectively oxidize
organic molecules, eventually leading to their total mineralization [5]. Oxidation
of the organic pollutant (R) via successive attacks by hydroxyl radicals is shown
below (Eq. 1.12):

hifs + R - intermediates —» €O, + H,0 (1.10)
H,0 + hifz > HO® + HY (1.11)
HO® + R - intermediates —» CO, + H,0 (1.12)

Both holes and electrons need to be scavenged efficiently in order to avoid
their accumulation and recombination.

Besides TiO,, various metal oxides and sulfides, such as ZnO, WO3, Nb,Os,
Bi20s3, SnO,, CdS, ZnS, SrTiOs, BiVOs4, CeO, and Fe;Os3 [10-13], were also
studied for photocatalytic purposes, however TiO; is the most widely applied due
to its relatively high photocatalytic activity, chemical stability, availability and
reasonable price [3, 14, 15]. TiO, exists in three crystalline phases, anatase,
brookite and rutile. In general, rutile is less photocatalytically active among
crystalline phases and the difference in photocatalytic performance between
anatase and brookite is being debated [16-21]. Even though TiO» is usually
referred as non-toxic, nano-sized particles so often used in photocatalytic studies
are not that harmless and have been reported to enter eukaryotic cells [22-24],
affect a variety of cell functions [23, 25], and are classified as a possible human
carcinogen (IARC, group 2B) [23, 26].

Several commercial photocatalytic water treatment systems using artificial
UV-light as the irradiation source are available on the market. Some
photocatalytic water treatment applications using artificial UV-light have already
achieved commercial maturity but have not yet widely entered the global market.
Small-scale photocatalytic wastewater treatment systems, such as Photo-Cat,
PhotoCREC and Gyrecat®, have already been on the market for several years [27-
30], whereas pilot projects for drinking water purification in developing countries
have been started recently by Panasonic [31], and solar photocatalytic water
treatment plants, such as SOWARLA SUN and SOLARDETOX®, are at a
demonstration phase [32, 33].

Generally, while majority of studies on photocatalytic water treatment were
conducted in lab-scale reactors, the construction of efficient intermediate and
large-scale photocatalytic reactors for industrial and commercial applications is
challenging due to several technical barriers. To achieve a successful and
economically viable commercial large scale implementation, several key
technical constraints ranging from catalyst development, reactor design and
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process optimization to safe photocatalyst nanoparticle retention in
photocatalytic oxidation reactors have to be overcome [34].

1.2 Photocatalytic coatings and reactors

Reactor configuration plays an important role in achieving commercial
success as it defines the mode of use of irradiation (solar or artificial, external or
immersed irradiation source) and catalyst (slurry or immobilized), as well as
gives an opportunity to improve the process performance via the optimization of
operational conditions.

Despite the fact that so widely studied slurry type systems are efficient in the
degradation of pollutant mainly due to a large reactive surface area and superior
mass-transfer properties [35], the main practical shortcoming is costly separation
of the nanoscale photocatalyst particles from the liquid phase that follows
treatment. To overcome limitations related to catalyst separation and recovery,
reactors with catalyst immobilized on solid support could be an appropriate
solution. In fixed-bed systems, despite an inherent decrease in the surface area of
the catalyst available for reactions, the penetration depth of light is improved.
Suspended-bed reactor, where catalyst support is fluidized, has more advantages
over fixed-bed one as it exhibits enhanced mass transfer and light utilization due
to better delivery of both photons and target compounds to the photocatalyst
surface vicinity. To benefit from the reactor construction, the catalyst should be
attached to a suitable substrate.

Selection of the support for catalyst immobilization is an important issue and
must consider technological, economical and practical aspects. The substrate
should meet certain requirements, although it may be difficult for a single support
material to fulfil all of them [36, 37]:

- transparency to applied radiation

- strong adhesion between photocatalyst and support without adversely
affecting the performance of the photocatalyst

- high specific surface area

- structure, that enables easy separation

- proper geometry to facilitate irradiation of the photocatalyst

- lightweight, to minimize energy needed for fluidization

Apart from the above mentioned criteria, support should also be inert and
stable, insoluble, non-toxic and preferably inexpensive [38].

Different types of supporting materials, such as glass, quartz, silica, activated
carbon, zeolites, textiles, stainless steel, ceramics, and polymers, have been
studied [36-41]. However, for instance, steel and glass do not satisfy lightweight
material requirement having relatively high density and resulting in higher energy
demand for the fluidization of suspended bed with higher mechanical stress
placed on coatings as a consequence.
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The chemical composition of the substrate has been reported to affect
photocatalytic activity of TiO; coatings. For example, during thermal treatment
step in sol-gel synthesis, sodium or other alkali metal cations can diffuse from the
substrate to the TiO- film leading to a detrimental effect on the photocatalytic
activity [42]. In [43] it was concluded that sodium content influences TiO; films
synthesized via sol-gel route by inhibiting the crystallization and growth of
anatase phase and promoting the formation of brookite phase. The resulted poor
crystallinity of TiO; film is the main reason for its lower photocatalytic activity
if compared to that of the TiO; films prepared on substrates with lower sodium
content.

Fluidization during suspended-bed reactor operation may reduce the lifetime
of photocatalytic coatings resulting in catalyst detachment and washout from the
support due to collision and attrition of the bed. Thus, the method of catalyst
immobilization should be selected carefully to assure satisfactory photocatalytic
activity along with mechanical stability, i.e. good adhesion and abrasion
resistance of the photocatalytic coating on the bed material [44, 45].

Numerous techniques were reported for the immobilization of TiO; on support
material, for instance, hydrothermal treatment, thermal treatment, chemical vapor
deposition, electrodeposition, sol-spray, electron beam evaporation, reactive
magnetron sputtering, spray pyrolysis, electrophoresis and sol-gel [37, 42].

The sol-gel method has been extensively reported as a simple, convenient and
inexpensive pathway for TiO, immobilization with flexible applicability to a
wide range of substrate sizes and shapes [42]. Sol-gel chemistry is based on the
formation of an oxide network from sol through series of hydrolysis and
condensation reactions of metal alkoxides [46, 47]. Dip-coating and spread-
coating are two main techniques applied for the deposition of sol onto substrates
[48-50]. Despite the fact that sol-gel method has low processing temperature, it
requires heat treatment step after deposition to allow crystallization to occur; this
step sets limitations for the selection of support material to avoid the melting of
the substrate.

1.3 Micropollutants

A growing body of literature broadly documents the presence of a variety of
organic micropollutants in aquatic environment, including surface, ground and
wastewater, as well as tap and drinking water. Micropollutants are persistent and
bioaccumulative organic substances occurring in the environment in
concentrations from ng L' up to several pg L' which have potential to cause
adverse effects on the ecosystem and human health, even at such low
concentrations [51-54]. These compounds usually have high rate of production
and consumption, their discharge is rarely or not regulated and as a consequence
of improper management of wastewater along with the diffuse source of
contamination they are continuously discharged in the environment.
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Emerging micropollutants are not necessarily newly occurring in water
bodies; due to the rapid development of analytical methodologies for the reliable
detection and quantification of these compounds in water at very low
concentrations, their presence and significance has been elucidated only for last
three decades [55]. The micropollutants include many substances of
anthropogenic origin, arising from industry, agriculture and hospital activity,
involving surfactants, flame retardants, gasoline additives, biocides, pesticides,
pharmaceuticals and personal care products [54].

Among these micropollutants, pharmaceuticals are of increasing concern as
they represent an overgrowing fraction of trace contaminants with multiple
chemical structures, properties and modes of action that are designed to have
biological effects on living organisms and are suspected to have potential to
negatively affect non-target species in the environment [56-59]. More than 3000
different substances are currently in use as pharmaceuticals in Europe [60] and
many of them have already been detected in environmental waters [61].
Although, it was reported that pharmaceuticals do not present acute toxic effects
on aquatic organisms due to their low concentrations [62-65], concerns have been
raised for chronic exposure. Despite the fact that concentrations of single
pharmaceutical compounds are usually much lower than the therapeutic doses
and reported to have no effect on tested aquatic organisms, it should be bear in
mind that environmental water bodies receive a cocktail of pharmaceuticals and
their metabolites [66] and certain specific combinations are prone to show a
strong synergism that may pose a potential ecological risk for aquatic ecosystems
[67-69]. Furthermore, it was also reported that pharmaceutical micropollutants
can be transported via the food-chain up to secondary and tertiary consumers and
impact the terrestrial higher vertebrates [70, 71, 72].

As an illustrative example of adverse effects of pharmaceuticals on non-target
organisms the following evidences were reported: hyperoestrogenism in cattle,
adverse effects on development, immunocompetence and disease prevalence of
egg of vultures and kites, bird of prey poisonings in Canada, USA and the UK,
induced hypothermia or behavioral impairment in vulture, altered immune
function, changed development and behavior of adult male starlings [70].

The brief review of the pharmaceuticals used in this work is presented below.

Amoxicillin (AMO) is a widely consumed broad-spectrum, semisynthetic
penicillin class antibiotic with bactericidal activity that acts against numerous
gram-positive and gram-negative bacteria [73-76].  After administration
amoxicillin is excreted unchanged in urine and feces at high rates up to 80% [74,
76] and therefore, it is likely to find trace concentrations of amoxicillin in the
environment.

In addition to the risk of promotion of antibiotic resistance among pathogenic
bacteria [77], a frequent exposure to this drug may produce allergic reactions [76]
and has the potential to induce genomic injuries in human deoxyribonucleic acid
(DNA) [78]. In aquatic environments, amoxicillin (at pg L™ concentrations) was
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reported to exhibit toxicity to the blue green algae Synechococcus leopoliensis
[79], and trigger the changes in metabolism of the photosynthetic cyanobacteria
Microcystis aeruginosa [80]. Furthermore, exposure to amoxicillin in mg L™
concentration range leads to abnormal development of zebrafish Danio rerio
embryos and showed changes in the normal enzyme activity of adult fish [81].
Due to the adverse effects observed on the population parameters of rotifer
species Brachionus calyciflorus and Brachionus havanaensis exposed to
amoxicillin, these drugs can be considered as ecologically harmful also to
zooplankton [82]. It has been also reported that continuous exposure to
amoxicillin may result in accumulation of the parent compound and its
metabolites in the tissues of aquatic organisms [76].

Doxycycline (DC) is a long-acting semi-synthetic antibiotic with
bacteriostatic mechanism of action used against a wide range of gram-positive
and gram-negative bacteria [83]. Due to its favorable antimicrobial properties and
low cost DC possesses many advantages over other tetracycline class antibiotics
and has become one of the most often used antibiotic in the therapy of human and
animal infections [84].

In terms of environmental toxicity, DC has been reported to have effect on the
cell permeability and growth inhibition of algae Chlorella pyrenoidosa and
Scenedesmus obliqguus [85]. Additionally, tetracyclines were reported to inhibit
mitochondrial function across different species already at the concentration range
of 0.5 to 25 mg L™ with risk of negative impact on the environment and health of
non-target organisms. As a result of exposure of worms, flies, and plants to DC,
a noticeable reduction and delay of growth, as well as decrease in oxygen
consumption were observed [86]. At higher concentrations, that might be a case
near places of industrial or hospital discharge, the drug-induced marked changes
in glycogen and protein content of gills, muscle and viscera of the zebrafish
Danio rerio were monitored [87].

Sulfamethizole (SMZ) is a sulfonamide antibiotic with bacteriostatic mode of
action. Similarly to AMO and DC, SMZ is a wide spectrum antimicrobial applied
against most of gram-positive and many gram-negative organisms. Sulfonamides
are often used in aquaculture for veterinary applications and in the treatment of
human respiratory and urinary tract infections [88].

Bacterial sensitivity to different sulfonamides is the same and it is enough to
develop the antibiotic resistance to one of sulfonamides to be resistant to all of
them, meaning that discharge into environment inducing the development of
antibiotic resistance poses high threat to human health [89]. The systematic
increase of the resistance of bacterial strains to sulfonamide class antibiotics has
been already reported recently, being most often observed in Escherichia coli,
Salmonella enteric and Shigella spp. bacterial strains [90].

Exposure of zebrafish Danio rerio to the environmentally relevant
concentrations of sulfonamides demonstrated the changes in metabolism of fish
and induced measurable effects on spontaneous swimming activity and heartbeat
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rate [91]. While the exposure of zebrafish embryos to low concentrations of
sulfonamides (ca. 1 pg L) resulted in characteristic malformations, including
pericardial edema, yolk sac edema, hemoglutinations, tail deformation and swim
bladder defects [92]. Sulfonamides are also suspected to affect the growth and
development of plants and confirmed to be toxic towards green algae
Scenedesmus vacuolatus and duckweed Lemna gibba [90, 93]. Sulfonamides can
also accumulate in various organisms in the food chain, and this accumulation
may lead to a local increase in toxic effects induced by these drugs [94].

Prednisolone (PNL) is a synthetic glucocorticoid class pharmaceutical
similar to the natural hormone cortisone that is widely used in the therapy of
severe inflammation, autoimmune conditions, hypersensitivity reactions and
organ rejection [95, 96]. PNL has been repeatedly detected in the environment
[97, 98].

Studies on toxicity of PNL to aquatic organisms revealed the range of effects
varying from altering early ontogeny and significantly affecting embryo behavior
of zebrafish Danio rerio at environmentally relevant concentrations to growth
inhibition of the freshwater crustacean Ceriodaphnia dubia at higher
concentrations [96, 97, 99].

1.4 Treatment of pharmaceuticals

Widely used so far conventional wastewater treatment has been shown to be
ineffective in complete elimination of micropollutants and results in continuous
discharge of pharmaceuticals in bioactive form into environmental matrices [52,
54, 100-110]. Moreover, wastewater treatment plants (WWTPs) treating
households, hospitals and industry wastewater are considered to be the main
release pathway for pharmaceuticals [60].

From a legislation point of view, currently the discharge of pharmaceuticals
is not regulated by the Water Framework Directive 2000/60/EC (WFD) that is
aimed to protect aquatic environments and related organisms; these
micropollutants are also not included in the daughter Directive 2008/105/EC
(PSD) stating the List of Priority Substances. However, there are seven
pharmaceutical compounds added to the watch list (Decision 2015/495/EU) to be
monitored in the European Union in order “fo gather monitoring data for the
purpose of facilitating the determination of appropriate measures to address the
risk posed by those substances” [111]. The list contains following
pharmaceuticals: nonsteroidal anti-inflammatory drug diclofenac, hormones —
17-alpha-ethinylestradiol, 17-beta-estradiol and estrone, and macrolide
antibiotics — erythromycin, clarithromycin and azithromycin [111, 112].

The pharmaceuticals selected for the present study have been detected in both
influents and effluents of WWTPs. The highest reported concentrations in
WWTP effluents that the author was able to find for these compounds were 0.72,
2000, 2.4 and 439 ng L' for PNL, AMO, SMZ and DC, respectively [113-116].
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Because of limited removal of pharmaceuticals under conventional treatment
applied in the WWTPs, the process improvement and implementation of
additional techniques are required to eliminate pharmaceuticals from wastewater
[106].

For these reasons, application of various technologies, such as membrane
filtration, coagulation-flocculation, activated carbon adsorption, advanced
oxidation processes (AOPs), have been investigated to achieve high quality of
treated effluents [62, 109, 117]. While in membrane filtration, coagulation-
flocculation and activated carbon adsorption pollutants are only transferred from
one phase to another and hence regeneration and post-treatment are needed for
their total elimination, in AOPs the pollutants are degraded.

AOQOPs are promising technologies for environmental remediation, due to their
ability to mineralize or at least partially decompose a wide range of non-
biodegradable or recalcitrant organic compounds into intermediates that are more
biodegradable and less harmful and highly vulnerable to microbial degradation
[118]. Their mode of action is based on the generation of reactive oxygen species,
e.g. hydroxyl radicals, and these technologies have been proven to rapidly
degrade a broad spectrum of pharmaceuticals [119-121].

Among AOPs TiO; photocatalysis has become an attractive treatment process
due to the catalyst low cost and photostability [62, 122]. Moreover, the ability of
photocatalytic oxidation to degrade a variety of pharmaceutical compounds,
including the ones selected for present study, has been previously confirmed
[120, 123-126].

However, application of photocatalytic oxidation for complete mineralization
of pollutants is generally not feasible due to relatively high energy demand (if
artificial sources of irradiation are used) and low degradation rate at the current
state of catalytic materials development and thus prolonged time of treatment
which increase the cost [127]. Therefore, coupling photocatalytic treatment and
biodegradation is a promising approach that could substantially reduce the cost
and enhance the efficacy of elimination of non-biodegradable contaminants
[128].

One option is to apply photocatalytic degradation as a pre-treatment to obtain
biodegradable wastewaters. This can be justified if toxic, inhibitory or refractory
to microorganisms compounds are converted during pre-treatment into
intermediates, that microorganisms are able to degrade in a subsequent bioreactor
[121].

As an example, the integrated processes involving photocatalysis as a pre-
treatment coupled with a biological treatment for removal of poorly
biodegradable and toxic for microorganisms antibiotics tetracycline and tylosin
were studied [129]. No biodegradation was found during activated sludge
treatment of tetracycline indicating no improvement in the biodegradability of its
by-products forming after two hours of photocatalytic treatment. However, in
case of tylosin, the same treatment conditions resulted in the formation of by-
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products with significantly higher biodegradability (56% COD decrease during
bio-oxidation).

Consequently, when photocatalytic oxidation is considered for application as
a pre-treatment stage prior to biological processing, its performance in terms of
changes in toxicity and biodegradability has to be adequately evaluated with
process parameters optimized achieving enhanced biodegradability with minimal
mineralization [128, 130].

The photocatalytic degradation of fluoroquinolone antibiotic moxifloxacin
under UV-A irradiation resulted in almost complete oxidation of parent
compound with no noticeable mineralization observed [131]. Decrease in an algal
growth inhibition from 72 to 14% after 150 min of treatment indicated the
reduction of solution toxicity confirming the suitability of photocatalysis as a pre-
treatment process.

Another option is to apply photocatalytic oxidation as a post-treatment after
biodegradation, thus allowing to remove the biodegradable fraction of wastewater
pollutants first and afterwards to use the photocatalytic treatment only for
remaining refractory fraction [119, 121].

Almost complete elimination of 14 pharmaceuticals in an effluent sample
from the Dresden Kaditz WWTP was observed in the course of photocatalytic
treatment under UV-A with TiO; and ZnO as catalysts [62]. Moreover, no
reduction in the degradation efficiency caused by the complex effluent matrix has
been noticed.

Photocatalytic oxidation under solar radiation with TiO, immobilized on sand
was studied as a post-treatment process for wastewater effluent spiked with
propranolol, diclofenac, carbamazepine and ibuprofen [132]. The photocatalytic
treatment resulted in complete removal of propranolol and diclofenac and high
removal efficiency of ca. 75% for carbamazepine and ibuprofen. In addition, after
photocatalytic treatment, the toxicity of studied pharmaceuticals decreased for
green and blue-green algae along with slight increase in the biodegradability of
treated solution, that led authors to the conclusion that photocatalysis has the
potential to improve the susceptibility of effluent to further biodegradation in the
environment.

TiO, photocatalysis was applied as a post-treatment for an urban WWTP
effluent containing amoxicillin, carbamazepine and diclofenac [133]. In contrast
to the findings in [62], degradation rate of the pollutants in effluent matrix was
less than two times slower than in distilled water; the deterioration of the
oxidation process performance because of the competition of target
pharmaceuticals with other oxidizable compounds and presence of radical
scavengers was also observed in [119]. By the end of the treatment toxicity to
Pseudokirchneriella subcapitata was decreased from 66 to 41%, although,
having its minimum of 21% after 10 min of treatment. Generally speaking, the
photocatalytic treatment did not completely eliminate the toxicity under the
investigated conditions [133].
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Sometimes it is even advisable to place AOPs between two biological
processes to reduce the competition with other organic matter in the pre-treatment
stage and degrade oxidation by-products in the post-treatment stage [117].

Anyhow, depending on the wastewater nature and properties the optimization
of photocatalytic process design and operation parameters is essential in order to
achieve desirable effluent quality.

1.5 Aims of the study

Summarizing the review above, photocatalysis is a cost-effective and
promising technology for water decontamination from emerging persistent
pollutants. In theory, its combination with biological treatment will enhance the
efficiency of pollutant removal and reduce the treatment cost. However, for
practical use of photocatalysis the methods of the catalyst attachment and
synthesis on granulated support to simplify catalyst separation should be
developed and the conditions allowing compatibility of photocatalysis with
biotreatment should be investigated.

The aim of the study was to develop a method to prepare photocatalytically
active and mechanically stable TiO, coatings on support material to be applied in
photocatalytic suspended-bed reactor, and to couple photocatalytic treatment
with activated sludge process for decontamination of pharmaceutical-polluted
water.

The primary objectives of the present research were as follows:

— to search for and assess the method of TiO, photocatalyst attachment
to expanded clay granules used as support material to be applied in
suspended-bed photocatalytic reactor

— to optimize the procedure of TiO; catalyst synthesis and attachment
in order to minimize catalyst washout during suspended-bed reactor
operation and maximize photocatalytic activity

— to optimize suspended-bed reactor operation conditions

— to evaluate the efficacy of elimination of micropollutants (AMO,
SMZ, DC and PNL separately and in mixture) during photocatalytic
treatment

— to determine the applicability of coupling photocatalytic treatment
and aerobic bio-oxidation for DC removal.

2. MATERIALS AND METHODS

2.1 Catalyst attachment and study of photocatalytic activity of the
coatings

Lightweight expanded clay aggregates (LECA, Saint-Gobain Weber) of 2-3
and 4-5.5 mm in diameter were selected as substrate for TiO, attachment. Two
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methods of catalyst attachment were studied: adsorption from catalyst
suspensions and synthesis and immobilization via sol-gel process. The
procedures of fixation of TiO, on LECA by adsorption from aqueous or
isopropanolic suspensions and via sol-gel process with tetraethyl orthosilicate
(TEOS) as a precursor are described in detail in Paper I. The procedures of TiO»
attachment via sol-gel process with tetrabutyl orthotitanate (TBOT) or titanium
tetraisopropoxide (TTIP) as precursors as well as using commercial sols
Hombikat XXS 100 and S5-300A are presented in Paper II. Dip-coating
technique was applied for coating the substrate with TBOT-, TTIP-based
solutions and Hombikat XXS 100 and S5-300A sols. The titania source for
suspension and TEOS-based methods was P25 TiO» nanoparticles (Evonik) while
in TBOT- and TTIP-based methods additionally to P25, TiO, was also
synthesized during the sol-gel process from precursors. All the studied
attachment methods can be divided in three groups, adsorption, sol-gel and
combination of adsorption with sol-gel. The list of studied coating preparation
procedures with the references to a respective article is schematically presented
in Fig. 2.1.

Among studied procedures, coatings prepared with TTIP-based sol-gel
solution exhibited higher photocatalytic activity and mechanical stability during
DC degradation in suspended-bed reactor operation. Therefore, to improve the
photocatalytic and mechanical properties of this way prepared coatings, the
influence of preparation conditions and sol composition on the performance of
the coatings was investigated as described in detail in Paper II. The following
parameters of the preparation procedure were studied: TiO, P25 powder and TTIP
precursor concentration in sol were varied in the range of 0 to 5.5 and 9.9 to 15.3
wt%, respectively, withdrawal speed during dip-coating was changed from 0.5 to
2.0 mm s, heat treatment temperature from 400 to 600°C and duration from 1 to
3 h. The influence of heat treatment in nitrogen or air atmosphere on the
properties of photocatalytic coating was also investigated.

The photocatalytic activity and stability of coatings were evaluated by DC
(Table 2.1) degradation experiments conducted in two stirred reactors described
in Paper I or lab-scale borosilicate glass suspended-bed reactors described in
Paper 11. Stirred reactors were equipped with one UV-A light source positioned
horizontally over the reactors; lab-scale suspended-bed reactors with air diffusers
at the reactor bottom for fluidization of support were irradiated by two UV-A
lamps equipped with light reflectors placed vertically around the reactors. To
account for the elimination of DC due to its adsorption onto catalyst support one
of two reactors was operating in dark conditions (reference experimental runs).
In stirred reactors the DC solution with initial concentration of 25 mg L' and
volume of 0.2 L was treated under irradiation intensity of 15 W m™ at 24 + 1°C
for 5 h in presence of 7 g of coated expanded clay that corresponds to the
concentration of 35 g L. The conditions in suspended-bed reactors were as
follows: DC initial concentration and volume of 25 mg L' and of 0.2 L,
respectively, irradiation intensity of ca. 9 W m™, temperature 25+2°C, duration
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of 3 h, expanded clay loading of 3.5 g (bed loading of 17.5 g L"). Photocatalytic
activity was characterized by photocatalytic efficiency £, mg W™ h', defined as
decrease in the amount of target compound divided by the product of irradiation
intensity, the irradiated surface of treated solution and treatment time [134].
Mechanical stability was evaluated by the turbidity measurements in solution
during photocatalytic treatment. The morphology of coatings was visualized by
SEM (see the Analytical methods section).

TiO; suspension in isopropanol (Paper )

Adsorption

TiO; suspension in water (Paper 1)

TiO, suspension in isopropanol and
TEOS-based sol (Paper 1)

Adsorption
and sol-gel

TiO, suspension in water and TEOS-
based sol (Paper )

TEOS-based sol (Paper 1)

TBOT-based sol (Paper 11)

Sol-gel TTIP-based sol (Paper II and I11)

Hombikat XXS 100 (Paper II)

S5-300A (Paper 11)

Fig 2.1. Classification of studied attachment methods.

2.2 Evaluation of the performance of suspended-bed photocatalytic
reactor

The coatings with superior photocatalytic and mechanical properties were
applied in larger lab-scale suspended-bed reactor composed of UV-A
transmitting Plexiglas® XT to treat 2 L of model solution (Paper III). Solution
to be treated was fluidized by air supplied through diffusers at the bottom of
reactor and UV-A was provided by four lamps placed around the reactor. The
influence of reactor operation conditions on pollutant removal was investigated
varying air superficial velocity in the range of 4 to 8 cm s and TiO,-coated bed
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loading in the range of 7 to 23 g L"'. AMO, DC, PNL and SMZ were selected as
model water pollutants (Table 2.1) and were used at initial concentration of 25
mg L' separately and at 10 mg L' each in a mixture. Model solutions were treated
under irradiation of ca. 29 W m™ at 20+4°C from 3 to 4 h. The experimental
details and procedures are described in Paper III. Performance of the reactor was
evaluated by photocatalytic efficiency with adsorption taken into account
(reference experimental runs) and turbidity measurements. To evaluate the
changes in toxicity during the photocatalytic treatment growth inhibition assay
was applied. The tested bacterial strains were Escherichia coli 1655,
Staphylococcus aureus RN4220, Pseudomonas putida KT2440, a bacterial strain
isolated from activated sludge titled Dev3, or mixed bacterial colonies taken from
activated sludge. The toxicity evaluation procedures are described in Paper II1.

2.3 Combination of photocatalytic pre-treatment with aerobic bio-
oxidation

Bio-oxidation experiments were conducted in two working in parallel
continuous flow stirred-tank reactors (CSTR; aeration basin 7.5 L, clarifier 2.5
L) colonized with activated sludge obtained from a municipal WWTP
(Paljassaare WWTP, Tallinn, Estonia). Photocatalytically pre-treated DC
solution was directed to one of the CSTRs while another was operating with
untreated DC solution (Paper I11).

Two experimental runs A and B were performed: after the run A was carried
out, the conditions were changed according to received results and the run B was
performed.

In run A photocatalytic pre-treatment process lasted for 3 h with initial DC
concentration of 25 mg L™ at previously optimized reactor operating conditions
of 5 cm s air velocity and 19 g L™ bed loading (Paper III). In run B the initial
concentration of DC was lowered to 10 mg L™ with treatment duration prolonged
to 4.5 h. Additionally to antibiotic-containing solutions, model wastewater as the
main carbon source supplemented with nutrients and containing bacteriological
peptone, beef extract, urea, Na,HPO,, NaCl, CaCl,, MgSOs, and CH3COONa was
continuously directed to both CSTRs (model wastewater details are presented in
Paper III). The CSTRs were operating at 20+1°C with dissolved oxygen in the
range of 2 to 4 mgO, L' and hydraulic retention time (HTR) of 1 day.

Both experimental runs consisted of 3 stages: first, the degradation of model
wastewater without DC was studied, then the transition stage took place where
DC was introduced to the reactors for activated sludge adaptation and the final
stage — investigation of efficiency of combined system to eliminate DC in
comparison to conventional aerobic oxidation. The duration of stages in the runs
A and B were as follows: the 1*' stage 138 and 55 days, the 2™ stage 39 and 24
days, and the 3" stage 37 and 42 days, respectively.
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The performance of each CSTR was evaluated by measurements of activated
sludge condition, nutriment removal from influent and DC concentration in
effluent and in sludge.

2.4 Analytical methods

The list of analytical methods that were used throughout the study is presented
in Table 2.2.

The specific surface area of uncoated and TiO,-coated LECA was measured
by Areameter. The deposition of TiO; coating on the surface of LECA was
confirmed by depth profile analysis of single elements by secondary neutral mass
spectrometer (SNMS) and characterized by field emission scanning electron
microscope (FE-SEM). The crystallinity of coatings was measured by X-ray
diffraction (XRD).

The decrease of pollutant concentration during photocatalytic oxidation
experiments was measured by spectrophotometer or high-performance liquid
chromatograph equipped with photodiode array detector (HPLC-PDA). The by-
products formed during photocatalytic treatment were determined using mass
spectrometer (HPLC-MS).

Mineralization was evaluated by dissolved organic carbon (DOC)
measurements. Turbidity of treated solution caused by coating detachment due to
attrition during fluidization was measured spectrophotometrically.

The activated sludge condition during aerobic bio-oxidation experiments was
evaluated by monitoring the concentration of microorganisms in the bioreactor
(MLSS, MLVSS), sludge settleability (SVI), turbidity of bioreactor effluent and
sludge specific oxygen uptake rate (SOUR). The performance of bioreactor was
assessed by monitoring the nutrient conversion and removal (TC, DOC, BOD>,
COD, NHs-N, NOs3-N, NO>-N, TN). The concentration of DC in bioreactor
influent, effluent and amount adsorbed on sludge was measured by high-
performance liquid chromatography using photodiode array detector and mass
spectrometer (HPLC-PDA-MS).

The details of applied methods are described in Experimental sections of
Papers I-111.
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Table 2.2. Analytical methods applied in the study.

Parameter/ Analysis Analytical method/ Paper
Equipment
Crystallinity XRD unpublished
Surface morphology FE-SEM I-11
Depth profile SNMS unpublished
Specific surface area Areameter 11
DOC TOC/TN analyzer 1I-111
AMO, DC, PNL, SMZ Spectrophotometer, I-11I
HPLC-PDA
HPLC-PDA-MS
Turbidity Spectrophotometric method | I-11I
Toxicity Growth inhibition assay 11
TC TOC/TN analyzer III
TN TOC/TN analyzer I
NH4-N Spectrophotometric method | III
NO:-N, NOs;-N IC-SCD 111
SVI Standard Method 2710C 111
COD Standard Method 5220D 11
BOD, Standard Method 5210B I
MLSS Standard Method 2540B 111
MLVSS Standard Method 2540E 111
sOUR Standard Method 2710B 111
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3. RESULTS AND DISCUSSION
3.1 Support material

The SEM micrographs of LECA surface and core shown in Fig 3.1
demonstrate the presence of numerous pores on the surface. The measured
specific surface area for fraction with average diameter of 2.7 mm is 0.8 m? g”!
while the external area with no pores taken into account is 0.004 m? g”'. The core
of the granules has a honeycomb structure due to the formation of semi-closed
pores during the firing of clay at temperatures up to 1150 °C in rotary kiln [137].
This structure makes the material lightweight with particle density in the range
of 735 to 985 kg m™ [138], which is the beneficial property for suspended-bed
reactor application due to lower air velocity needed to fluidize the granules and
uniformly distribute them within the treated solution.

S00um

ey

Fig. 3.1. The SEM images of LECA core and surface (inset).

Expanded clay granules consist mainly of SiO,, Al,Os, Fe,O3, CaO, MgO,
K,0O and Na,O [139-141]. Content of sodium, that is known for negative effects
on TiO; photocatalytic performance (see section 1.2 Photocatalytic coatings and
reactors) is lower than 2 wt% of Na,O, while for example in soda-lime glass,
where the effect of sodium on photocatalytic activity was observed and reported
is 12-16 wt% [142]. In present study, the expanded clay granules have been
observed to change the pH of water in 8% slurry from ca. 6.5 to 9 that may be
related to partial dissolution of soluble compounds present in LECA [143, 144].
Several studies report LECA pH to be equal to 8.4 [144-146] and it may vary
depending on raw material composition.

In water treatment applications LECA are predominantly studied as an
adsorbent for toxic material and metals removal [139, 141, 145, 147] and the use
for photocatalytic processes has not been reported by the time this study was
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started and the first article was published (Paper I). However, in 2013 another
study on the application of expanded clay granules as substrate for the adsorption
of titania nanoparticles and their use in photocatalytic degradation of ammonia
was concurrently published [140].

3.2 Coatings

Adsorption and combination of adsorption with TEOS-based sol-gel method

The immobilization of TiO, nanoparticles by adsorption from aqueous and
isopropanolic suspensions was studied. This method allowed to attach higher
amount of catalyst onto LECA, if compared to studied sol-gel methods, however,
the results of DC degradation experiments revealed poor binding of catalyst to
the surface of expanded clay and unacceptable catalyst washout during
photocatalytic experimental runs. In order to prevent the detachment of catalyst
SiO, layer was deposited via TEOS-based sol-gel method on the surface of
expanded clay with previously deposited TiO, by adsorption from suspension.
This approach allowed to reduce the turbidity, caused by catalyst washout, and
evaluate the photocatalytic activity of 1.50 and 1.35 mg W™ h'' for titania
adsorbed from its isopropanol and aqueous slurries, respectively.

TEOS-based coatings

The immobilization of P25 TiO; particles by their addition to the TEOS-based
sol was studied. The resulted coatings exhibited low adhesion to the substrate and
showed high levels of detachment during experimental runs. The increase in TiO»
content in the sol and number of deposited layers, i.e. the coating thickness, did
not lead to essential increase in photocatalytic efficiency and resulted in even
higher turbidity in treated solutions (over 100 FAU) (Paper I, Fig. 3, right).

The changes in conditions of pre-drying and drying stages of coating
preparation had a noticeable effect on coatings morphology that is directly
connected to the adhesion of coatings to a substrate. Coatings with cracks exhibit
lower adhesion to substrate and thus it is preferable to avoid cracking of the
coatings. Thus, the insufficient pre-drying stage (less than 24 h) led to the crack
evolution in the coating (Paper I, Fig. 3, left), while drying for 24 h resulted in
the decrease in turbidity up to 60 FAU and measurable photocatalytic efficiency
of 0.75mg W'h ',

With the preliminary substrate surface acidification (in 1 M HNOs3) the
stability of coatings was significantly improved resulting in decreased turbidity
levels (from 60 to 20 FAU), though lowering slightly the coatings’ activity from
0.75t0 0.5 mgW'h ",

The coatings with the best photocatalytic activity and adhesion within this
series were obtained on preliminary acidified LECA with pre-drying stage of 24
h and subsequent drying of 15 h, showing only 20 FAU of turbidity with
photocatalytic efficiency of 0.5 mg W' h "' (Paper I, Fig. 3, middle).
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Coatings prepared from TBOT, S5-3004 or Hombikat XXS 100 sols

The coatings prepared using commercial sols Hombikat XXS 100 and S5-
300A demonstrated poor mechanical stability causing high levels of turbidity (up
to 160 FAU) in treated solutions and therefore were not considered to be
effective. The reason for poor binding of the coating to the surface could be the
pH sensitivity of the sols. Since the support material shows basic behavior, the
shift in the pH of the sol may lead to the development of unfavorable conditions
for the sol polymerization and induce particle agglomeration.

Although, the mechanical stability of coatings prepared via TBOT-based sol-
gel was higher (turbidity up to 60 FAU), if compared to Hombikat XXS 100 and
S5-300A derived coatings, these were still considered to be less suitable for
wastewater treatment application than TTIP-based coatings described further.

TTIP-based coatings

The coatings prepared by TTIP-based method without P25 addition showed
photocatalytic efficiency of 1.5 mg W' h ' accompanied by zero levels of
turbidity in treated solution. The photocatalytic activity of this coating is
attributed only to the titania formed from TTIP precursor. Clear solution with no
titania washout observed indicated good adhesion of coatings to the substrate.
The surface of coatings, visualized by SEM, is smooth and uniform with no
cracks present (Paper 11, Fig. 2, right). Due to the preferences of this preparation
method, it was selected for the subsequent study and its processing parameters
were optimized in order to enhance the photocatalytic activity of thus prepared
coatings.

Addition of different amounts of P25 resulted in the increase of photocatalytic
activity (up to 2.3 mg W' h ') and coating washout (up to 28 FAU) (Paper II,
Table 1, series of exp. I). The addition of TiO, particles also influenced the
coating morphology, resulting in non-uniform P25 particle distribution within the
coating (Paper II, Fig. 3, left). Furthermore, at higher amounts of P25 the
evolution of crack was observed due to the increase in sol viscosity and as a
consequence increased thickness of deposited TiO, layers. The application of
ultrasonication of P25 isopropanol suspension prior to sol addition allowed
lowering the turbidity from 17 to 13 FAU, which can be attributed to lowered
size of P25 agglomerates and improved particle distribution in coating.

The variation of TTIP concentration, i.e. of isopropanol amount, in the sol
influenced the thickness of deposited coatings due to the changes in the sol
viscosity (Paper 11, Table 1, series of exp. II). The decrease in solvent amount led
to the deposition of thicker coating with photocatalytic activity of 2.3 mg W™ h -
! while the increase in isopropanol amount resulted in thinner coating with
lowered activity of 1.4 mg W™ h "' (Paper 1I, Fig. 4). The most mechanically
stable coatings (27 FAU) were produced with medium solvent amount (12.2 wt%
TTIP concentration in the sol), while lower amount led to the coating cracking
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and coating detachment and higher to insufficient anchoring of P25 and particle
washout.

The changes in the withdrawal speed during substrate dip-coating, similarly
to variation in solvent concentration in sol, influence the thickness of deposited
coatings (Paper II, Table 1, series of exp. I1I). Higher withdrawal speed (2 mm s
") resulted in thicker coatings with efficiency of 1.9 mg W' h " and speed
reduction (to 0.5 mm s™) led to the decrease in layer thickness and photocatalytic
efficiency to 1.6 mg W' h "' (Paper II, Fig. 4). In a similar manner, turbidity
increases with the increase in withdrawal speed from 20 to 29 FAU. The
withdrawal speed of 2 mm s™' lead to coating cracking (Paper II, Fig. 5).

The deposition of multiple layers improved the activity, however it weakened
the adhesion of coatings.

The temperature and duration of heat treatment influences the process of TiO,
crystallization (Paper II, Table 1, series of exp. IV and V). The results revealed
lower photocatalytic activity of the coatings, when heat treatment at 400°C was
applied, that can be explained by the insufficient temperature for the
crystallization of amorphous TiO; to anatase (Paper I, Fig. 4). No effect of
temperature variation on mechanical stability of the coatings have been observed.
The duration of the calcination showed no influence on the activity of coatings,
however their adhesion and abrasion resistance reduced with the increase in heat
treatment time, pointing to the possible propagation of microcracks.

The application of heat treatment in nitrogen atmosphere instead of air
resulted in up to 25% increase in photocatalytic activity accompanied by the
decrease in mechanical stability, i.e. increase in turbidity up to 56%.

Depth profile analysis using SNMS confirmed the deposition of TiO, on the
surface of expanded clay (Fig. 3.2). The diffusion of the elements from the
substrate could not, however, be specified due to the non-uniformity of the
coating on the porous surface of clay granules. The XRD analysis proved the
formation of anatase crystalline phase in the coatings.

Based on the activity and turbidity measurements the procedure of coating
processing was adjusted and resulted in the production of coating with enhanced
performance in terms of photocatalytic activity and mechanical stability (Paper
11, Fig. 6).

The reduction of turbidity over 6.5 times accompanied by only 35% activity
loss, as a result of twofold decrease in bed loading, demonstrated essential effect
of reactor operation conditions on the performance and lifetime of coatings. Thus,
the optimization of bed material loading and fluidization air velocity have been
carried out in a larger lab-scale suspended-bed reactor.
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Fig. 3.2. Depth profiles of coated (left) and uncoated (right) LECA.

3.3 Performance of suspended-bed photocatalytic reactor

The increase in bed loading in suspended-bed reactor on the one hand raises
the amount of catalyst present for the reaction and places the higher mechanical
stress on coated granules on the other, i.e. the number of collisions would be
increased during operation leading to the detachment of coating, higher turbidity
and decreased penetration of UV radiation. Experimental runs showed that at
constant air velocity the increase in bed loading results in the increase in
photocatalytic efficiency until a certain bed loading value, after which coating
detachment and decreased solution transparency deteriorate the photocatalytic
process performance (Paper 111, Fig. 1).

The bed loading also determines the minimal fluidizing air velocity (vm,) that
allows to fluidize and uniformly distribute the granules in the treated solution. In
experiments at velocities lower than vmg, lower photocatalytic efficiency was
observed due to the accumulation of granules at the top and bottom of reactor,
while higher velocities, similarly to increase in bed loading, led to the enhanced
turbidity and consequently reduction in process efficiency (Paper 111, Fig. 1).

Based on the measurements of turbidity and calculations of the photocatalytic
process efficiency the optimal operating conditions of suspended-bed reactor
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were selected and the study on coating reuse was undertaken. The decrease in
efficiency of ca. 50% accompanied by ca. 40% reduction in turbidity if compared
to the first use were observed during the third cycle of use for coatings prepared
via the optimized procedure. In order to prolong the lifetime of coatings further
development of the preparations procedures to improve the abrasion resistance of
coatings is needed.

Additionally to DC degradation experiments, the photocatalytic degradation
of AMO, PNL and SMZ as single compounds and in a mixture was also
investigated. Among studied pharmaceuticals, DC occurred to exhibit the highest
degradation efficiency, followed by PNL, AMO and SMZ (Paper 111, Fig. 3). A
similar tendency for the adsorption of these model pollutants onto TiO»-coated
expanded clay granules was observed. The correlation between degradation and
adsorption of pollutants could be explained by the direct photocatalytic reaction
on the surface of TiO,. Thus, compounds having lower adsorption affinity
towards TiO»/LECA demonstrate lower photocatalytic removal.

The results of DOC measurements in photocatalytic experimental runs with
DC did not indicate the noticeable mineralization of initial pollutant. Thus, after
elimination of DC its by-products still remain in the solution. The by-products of
photocatalytic degradation of DC were determined in Paper I (Paper I, Fig. 8).
Therefore, in applications where photocatalysis is intended to be used as a pre-
treatment before bio-oxidation, monitoring the changes of toxicity during the
oxidation of initial compound is of great importance.

DC was proven to have antimicrobial activity against studied bacterial strains
E. Coli, S. aureus, P. putida and Dev3 (Paper III, Fig. 4). The photocatalytic
treatment of DC solution allowed reducing the toxicity of DC to E. coli, P. putida
and Dev3, while the growth of S. aureus remained inhibited. The antimicrobial
effect of DC to investigated bacterial strains was reduced after photocatalytic
treatment in the following order: E. coli>P. putida>Dev3>S. aureus (Paper 111,
Fig. 5, left). Samples taken from reference reactor (dark adsorption) have not
revealed the reduction in toxicity, as well as model solutions with DC
concentrations similar to those measured during the photocatalytic experiment.
The difference in antimicrobial activity of photocatalytically treated and
untreated model DC solutions with respective concentrations may be attributed
to the presence of multivalent cations originating from the catalyst support, i.e.
clay granules, such as AI**, Ca*", Fe*"*"and Mg?*, that were reported to suppress
the activity of tetracyclines against bacteria [148].

3.4 Combination of photocatalytic oxidation with biological treatment

In the experimental run A, the photocatalytic pre-treatment of DC solution
with initial concentration of 25 mg L™ resulted in decrease in DC concentration
up to 10+2 mg L™ while the DOC decrease was 20% and COD was 26%.

After the introduction of photocatalytically pre-treated DC solution to the
acclimated activated sludge (3™ stage), sludge settleability became poor, with
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sudden increase in SVI to over 300 mL g pointing to toxic effect of the influent.
Furthermore, the SVI remained high until the end of the experimental run,
suggesting that the exposure to DC by-products formed during pre-treatment was
greatly affecting sludge settleability. However, the SVI of the control bioreactor
increased slowly during the period of the 3" stage accompanied by the increase
in turbidity of effluent, pointing to growing toxic effect of DC on
microorganisms, probably leading to sludge flock breakup. It is in the accordance
with study [149] where authors reported decrease in settling ability of sludge
exposed to tetracyclines.

The toxic effect of influent in both reactors was also confirmed by the
reduction of sOUR of activated sludge by 13 and 25% during the 3™ stage of
experimental run in the main and control bioreactor, respectively.

Experimental run A resulted in the elimination of DC from liquid phase up to
90 and 96% during combined (photocatalytic pre-treatment followed by the bio-
oxidation) and control experiments while DC concentrations on sludge reached
4.4 and 8.1 mg g ', respectively. The study [150] pointed out that tetracyclines
are mostly removed by adsorption and show higher resistance to biodegradation.
This was confirmed in our study by observing DC accumulation on activated
sludge; the biodegradation yields are expected to be low as tetracyclines are
hardly breakable by microorganisms [129, 151-154]. Higher DC concentration in
effluent in combined system may be attributed to the different properties and
composition of activated sludge in two bioreactors caused by toxic effect of pre-
treated and untreated DC solutions.

The run A indicated that the conditions of photocatalytic pre-treatment of DC
solution were inappropriate for further biological treatment and for the run B the
initial concentration of DC of 10 mg L™ and prolonged time of pre-treatment of
4.5 h were selected to ensure the residual organic content with more profound
degradation of DC (Paper I1I). By the end of the photocatalytic treatment under
newly selected conditions, DOC removal remained unchanged (18%) and COD
removal was improved to 35%, while the DC final concentration was not
exceeding 1 mg L.

Experimental run B resulted in the elimination of DC from liquid phase up to
98% during coupled experiment and the operation of bioreactor remained stable
in terms of sludge properties and nutrient removal. The elimination of DC during
single Dbio-treatment process (control) was 88% during first weeks of
experimental run slowly decreasing to 76% by the end of the experiment. The
sOUR of activated sludge in bio-treatment reactor decreased by 40% by the end
of the experimental run (Paper I1I).

The concentration of DC on sludge by the end of the experimental run reached
approx. 3.4 and 10.5 mg g in combined and reference process.

The combination of photocatalytic pre-treatment with bio-oxidation for DC
removal resulted in enhanced DC elimination from liquid phase without affecting
the operation of biological system.
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CONCLUSIONS

The study to develop the photocatalytic water treatment system based on
fluidized-bed concept with catalyst immobilized onto support was carried out and
the potential to apply this system as pre-treatment prior to activated sludge
process was investigated. This study presents one of the first implementations of
lightweight expanded clay aggregates as TiO, support and the first application of
sol-gel technology for coating of expanded clay granules with TiO,. This
approach simplifies the catalyst separation, reduces the cost of treatment process
and thus hasten the implementation of photocatalysis.

The main results of the study can be summarized as follows:

The selection of LECA as a support material for TiO, deposition for the
application in suspended-bed photocatalytic reactor demonstrated high
potential due to beneficial properties of expanded clay granules.

Among TiO, immobilization methods studied, sol-gel method based on
P25-modified TTIP-sol allowed to prepare TiO» coatings on the surface
of LECA with the best performance in terms of photocatalytic oxidation
and mechanical stability. The coatings properties are dependent on the
preparation conditions and their optimization allowed enhancing the
coating performance.

The process of elimination of pollutants in photocatalytic suspended-bed
reactor with TiO, immobilized on LECA is a combination of adsorption
and photocatalytic degradation. The efficiency of pollutant removal
correlates with the adsorption affinities of pharmaceutical molecules
towards the TiO,-coated expanded clay: the pharmaceuticals with higher
adsorption demonstrate higher degradation efficiency.

The choice of suspended-bed reactor operating parameters i.e. fluidizing
air velocity and bed loading, allowed to outline the conditions for
improved removal of the pollutants, whereas the present state of
knowledge could be a good basis for the further development of coating
preparation procedures to enhance their abrasion resistance and
photocatalytic activity.

Photocatalytic treatment of doxycycline reduced its antimicrobial
activity to tested bacterial strains and allowed the coupling photocatalytic
treatment and bio-oxidation with almost complete (98%) doxycycline
removal from liquid phase without disruption of biological system
operation.

Overall, the results obtained within this study provide information essential
for the practical implementation of photocatalysis for treatment of
pharmaceutical-containing wastewater separately or in a combination with
biological oxidation.
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ABSTRACT

Degradation of Persistent Micropollutants in Suspended-Bed Reactor
by Photocatalytic Oxidation and Combination of Biological
Treatment with Photocatalysis

The presence of pharmaceuticals in the water bodies is an important
environmental issue due to their negative health and ecological effects.
Originating from a variety of sources, such as agricultural, industrial and
domestic wastewater, they are entering the environmental matrices passing
through conventional wastewater treatment plants. One of the feasible options for
the degradation of such a biologically persistent pollutant is the application of
advanced oxidation technologies, e.g. photocatalysis. Despite the obvious ability
of photocatalysis to effectively degrade recalcitrant water pollutants, the
implementation of photocatalytic treatment for water purification is currently
limited, mainly due to the costly catalyst separation after treatment. Therefore,
there is a need for the elaboration of photocatalyst attachment techniques to apply
bed materials in a photoreactor, where the pollutants can be efficiently transferred
to the vicinity of UV-A irradiated catalyst surface.

This research is focused on the development of catalyst immobilization
procedure onto support to be applied in the photocatalytic treatment system based
on fluidized-bed concept. It is also focused on the evaluation of its performance
for the removal of pharmaceuticals and estimation of the potential of combining
this system with bio-oxidation for enhanced elimination of emerging
environmental micropollutants.

The catalyst immobilization procedures were performed using adsorption and
the sol-gel method. For sol-gel coating preparation various compositions of sols
and conditions of the procedure were examined. The coatings with superior
performance in terms of photocatalytic activity and mechanical stability were
applied for aqueous photocatalytic degradation of persistent pharmaceuticals,
amoxicillin, doxycycline, prednisolone and sulfamethizole, and their mixture in a
larger lab-scale suspended-bed reactor. The toxicity reduction against selected
bacterial strains during photocatalytic treatment as well as the potential for the
coupling photocatalytic pre-treatment and biological activated sludge process was
studied.

The immobilization of TiO, via sol-gel process onto commercially available
lightweight expanded clay aggregates for photocatalytic water decontamination is
a novel approach that simplifies the catalyst separation, reduces the cost of
treatment process and thus hasten the widespread implementation of
photocatalysis. The synthesis and immobilization of titania on lightweight
expanded clay aggregates by means of titanium tetraisopropoxide-based sol-gel
method resulted in stable and photocatalytically active coatings while TiO,
deposition via adsorption, tetracthyl orthosilicate- and tetrabutyl orthotitanate-
based sol-gel methods and using Hombikat XXS 100 and S5-300A sols resulted
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in poor mechanical or photocatalytic properties of coatings. Pharmaceuticals more
prone to adsorption on titania coatings have higher photocatalytic oxidation
reaction probability, i.e. higher degradation efficiency. The photocatalytic
oxidation was accompanied by a significant decrease in the toxicity to several
bacterial strains allowing the process application as a pre-treatment prior to
biodegradation.
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KOKKUVOTE

Piisivate ~ mikrosaasteainete = lagundamine  keevkihtreaktoris
fotokataliiiitilise oksiidatsiooniga ning bioloogilise oksiidatsiooni
kombineerimine fotokataliiiisiga

Ravimite olemasolu looduslikes veekogudes on oluline keskkonnaprobleem
selliste ainete negatiivse moju tottu tervisele ja keskkonnale. Ravimid périnevad
erinevatest allikatest, nagu niiteks pollumajandus-, t66stus- ja olmereoveest,
sattudes keskkonda 14bi tavapirase reoveepuhasti. Uks vdimalikest lahendustest
selliste bioloogiliselt piisivate saasteainete kdorvaldamiseks on kasutada
stivaoksiidatsiooniprotsesse nagu fotokataliilis. Vaatamata fotokataliilisi ilmsele
voimele piisivaid veesaasteaineid tohusalt lagundada, on fotokataliiiitilise
tootluse rakendamine vee puhastamiseks pracgu piiratud, peamiselt seetottu, et
kataliisaatori eraldamine peale t66tlust on kulukas. Seega tuleb tdiustada
fotokataliisaatori kinnitamismeetodit, et rakendada seda kihi materjalina
fotoreaktoris, milles saab saasteaineid efektiivselt viia UV-A Kkiiritatud
kataliisaatori pinna ldhedusse.

Kéesolev uurimistoo keskendub kataliisaatori kandjale kinnitamismeetodi
leidmisele, et seda rakendada keevkihi pohimottel tootavas reovee
tootlemissiisteemis. Uurimistod eesmérgiks on ka selle siisteemi toime hindamine
ravimite eemaldamiseks ja antud siisteemi biooksiidatsiooniga kombineerimise
voimalikkuse hindamine keskkonnas esilekerkivate mikrosaasteainete tdhustatud
drastamiseks.

Kataliisaatori kinnitamiseks kasutati adsorptsiooni ja sool-geel meetodit.
Sool-geel meetodi rakendamisel katete valmistamiseks kasutati erineva
koostisega lahuseid ja tingimusi. Kdrgeima fotokataliiiitilise aktiivsuse ja
mehaanilise stabiilsusega katteid kasutati piisivate ravimite fotokataliiiitiliseks
lagundamiseks suuremddtmelises kolmefaasilises keevkihtreaktoris; uuritavate
ainetena kasutati amoksitsilliini, doksiitsiikliini, prednisolooni ja sulfametisooli
eraldi ning segus. Uuriti toksilisuse vihenemist fotokataliiiitilise tootlemise ajal
valitud bakteritivede vastu ja vOimalust fotokataliiitilise eeltodtluse
kombineerimiseks bioloogilise aktiivmudaprotsessiga.

Titaandioksiidi kinnitamine sool-geel meetodiga kaubanduslikult saadavale
kergkruusale vee fotokataliiiitiliseks puhastamiseks saasteainetest on uudne
ldhenemine, mis lihtsustab kataliisaatori eemaldamist, alandab t66tlemise hinda
ja seega soodustab laialdast fotokataliiiisi kasutuselevottu. Titaandioksiidi
slintees ja kinnitamine keramsiidi pinnale kasutades titaan tetraisopropoksiidil
pohinevat sool-geel meetodit vdimaldas valmistada stabiilseid ja
fotokataluiiitiliselt aktiivseid katteid. Katted, mis moodustusid TiO2 kinnitamisel
adsorptsiooni teel, tetraetiiiil ortosilikaatil ja titaan butoksiidil baseeruva sool-
geel meetodi abil, ning kasutades Hombikat XXS 100 ja S5-300A lahuseid, olid
kehvade mehaaniliste ja fotokataliiiitiliste omadustega. Ravimid, mis on altid
TiO; katetel adsorbeeruma, omavad suuremat fotokataliiiitilise oksiidatsiooni
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reaktsiooni toendosust, st korgemat lagunemise efektiivsust. Fotokataliiiitilise
oksiidatsiooniga kaasnes oluline toksilisuse langemine mitmete bakteritiivede
vastu, voimaldades protsessi rakendust enne bioloogilist to6tlust.
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Abstract:

The experimental research into the aqueous photocatalytic oxidation of doxycycline, a tetracycline family antibiotic,
was undertaken. The objective of the study was to ensure the feasibility of doxycycline photocatalytic degradation
by UVA irradiated titania coatings on granulated media to be used in fluidised bed photocatalytic reactor and by
slurries of P25, Evonik, as well as by visible light-sensitive sol-gel synthesized carbon-containing titania. The
parameters influencing doxycycline oxidation, like catalyst concentration, initial doxycycline concentration and
pH with P25 TiO, were studied. The impact of calcination temperature on the catalytic properties of carbon-
containing titania and catalytic activity of titania film on expanded clay as bed material towards doxycycline
degradation were also studied. Based on the examination of doxycycline photocatalytic oxidation by-products,
possible doxycycline degradation pathways were proposed.

Keywords: oxidation pathway, tetracycline antibiotics, visible light-sensitive titania, calcinations, granular support

Introduction

Antibiotics in wastewaters, originating mainly
from household, medical and veterinary sources, are
refractory substances (1-3) that tend to pass the con-
ventional biological treatment plants intact (4), either
remaining in the liquid phase or, dependent on their
hydrophilicity, adsorbing to the active sludge with
subsequent desorption to the environment (5). In the
environment, they pose a serious threat to micro-flora
and fauna, accumulate in food chains (6, 7), and
accelerate the development of resistant micro-organisms,
including pathogens (8-11). The accumulation of anti-
biotics in organisms may cause various health problems,
including arthropathy, nephropathy, damages in central
nervous system and spermatogenesis, mutagenic effects
and light sensitivity (2).

Doxycycline ((4S,4aR,55,5aR,6R,12a8)-4-
(dimethylamino)-3,5,10,12,12a-pentahydroxy-6-
methyl-1,11-dioxo-1,4,4a,5,5a,6,11,12a-
octahydrotetracene-2-carboxamide; Figure 1) is a widely
used tetracycline antibiotic. Asides form the usual
antibacterial action doxycycline is also used against
protozoa and helmints. Since doxycycline is used as a
treatment or prophylactic of some of the most hazardous
diseases known to mankind, such as bubonic plague
and anthrax (12, 13), its prevention from entering the
environment is of great importance.
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Photocatalytic oxidation is one of the advanced
oxidation processes (AOPs) based on the action of
positively charged holes on the surface of illuminated
semiconductor, most often titanium dioxide. Water
molecules decompose on the holes to form powerful
hydroxyl radicals (14); the hole itself also can degrade
the pollutant having even higher oxidation potential
(15). The electrons, excited by the UV-irradiation,
participate in the photocatalysis, reducing adsorbed
oxygen resulting in formation of other radical oxidants.
The ratio of radical to hole oxidation reactions depends
on the adsorptive and reactive properties of the substance
to be degraded. Many substances may be degraded by
both mechanisms simultaneously (16-18).

Large-scale implementation of photocatalytic
processes requires a respective photoreactor with titania
nanoparticles fixed on support material, whereas
fluidized bed systems are considered to have several
advantages such as more uniform exposure of particles
to the fluid, i.e. better reactant—catalyst contact,
potentially better photons transfer efficiency and high
mass and heat transfer rates (19). However, fluidized
bed process suffers from the particle attrition (20),
thus the stability of the bond between a photocatalyst
and its support is crucial for effective operation of such
a photocatalytic reactor. Photocatalyst P25 attachment
methods incorporating sol-gel derived silica films are
reported in present study. Future work will address the
properties of sol-gel derived titania films and how
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Figure 1. Structural formula of doxycycline.

their activity and stability are influenced by the sol-gel
process parameters.

Although industrial photocatalytic materials, such
as P25 titanium dioxide (Evonik), exhibit a good
performance, they can use only an ultraviolet fraction
(ca. 4%) of solar radiation reaching the earth surface
due to the high energy of its band gap (21). This makes
sensitising TiO,-based photocatalysts to visible light
the potential way of widening of utilised solar spectrum.
For this purpose, titanium dioxide can be doped with
various metals or non-metals, which can effectively
reduce the band-gap (22-28) for excitation of electrons
by lower energy photons at greater wavelength up to
540 nm as reported. However, the authors found earlier
that the doped titania photocatalysts may, unlike
“universal” P25, oxidise only selected pollutants (29)
that can be explained by the smaller redox potential
and, possibly, higher electron-hole recombination rate
of these catalysts (30).

The authors failed to find any available information
in the scientific literature considering photocatalytic
oxidation by-products of doxycycline. The study on
doxycycline photocatalytic oxidation with the
elucidation of its oxidation pathways was one of the
objectives and novelties of the present research, since
the published works on treatment of antibiotics by
AOPs mainly focus on the parent compound removal
and mineralization, leaving the degradation by-products
unexplored. Another objective was characterisation
and study of visible light active photocatalysts testing
their performance by the degradation of doxycycline.
The applicability, i.e. activity towards doxycycline
degradation and adhesion degree to the support, of
photocatalysts coatings attached to expanded clay by
sol-gel silica derived films, not considered before was
also studied.

Materials and Methods
Experimental Setup and Procedures

Two thermostatted at 20+1 °C 200-mL batch
reactors with inner diameter 100 mm, irradiated plane
surface 40 m> m>, agitated with magnetic stirrers, were
used in photocatalytic oxidation experiments: the one
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used for the photocatalysis was called “active” and the
other containing no photocatalyst was called “reference”.
Both reactors were exposed to the identical experi-
mental conditions. The samples from the active reactor
were compared to the reference samples to avoid
complications caused by water evaporation. An artificial
UV-light source, Phillips Actinic BL low pressure
luminescent mercury UV-lamp (15 W), having maxi-
mum emission around 365-nm, was positioned
horizontally over the reactors, providing the irradiance
of about 1.5 mW cm™ measured at a distance cor-
responding to the level of the surface of the reactor by
the optical radiometer Micropulse MP100 (Micropulse
Technology, UK). With artificial daylight fluorescent
lamp (Phillips TL-D 15W/33-640), the irradiance could
not be directly measured. The illuminance was measured
using TES 1332 luxmeter (TES Inc., Taiwan) reaching
3,700 1x (Im/m?), which corresponds to the irradiance
of 0.6 mW/cm?” The irradiance was calculated using
lumen to watt ratio of 684, as the response of the
human eye to the illuminance of 684 Im equals to that
to the irradiance of 1 W (31). The photometric data on
Phillips TL-D fluorescent lamp could be found in
(32).

Titanium dioxide P25, Evonik, was used as slurry,
with its concentration varying from 0.5 to 1.5 g L. The
experiments were carried out with aqueous solutions
of doxycycline supplied by Sigma-Aldrich. In the
experiments, the initial concentration of doxycycline
varied between 10 and 100 mg L. The influence of
the initial pH was studied in the range from 3 to 7,
adjusted by 4 N sulphuric acid or 15% sodium
hydroxide. The pH was monitored throughout the
experiments without adjustment. The treatment time
was chosen to be 1 to 4 h (dependent on the initial
concentration) under artificial light of the UV and VIS
lamps. The experimental time was chosen to achieve
at least 50% reduction of the initial doxycycline con-
centration. The photolytic doxycycline degradation
under UVA irradiation and in absence of catalyst was
tested at natural pH 4.4 and initial concentration of 25
mg I\, Photolysis was found to be insignificant as
doxycycline concentrations varied within 5% from the
initial value.

Adsorption experiments were carried out in dark
in closed thermostatted flasks equipped with magnetic
stirrers at 20+1 °C. The amount of adsorbed substance
was derived from the batch mass balance: the concen-
tration of the dissolved substance was determined
before and after adsorption. The adsorption equilibrium
was experimentally determined to be reached in 2 h.
In order to determine doxycycline concentration in the
adsorption experiments, the UV-absorbance was used.
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All the experiments were carried out for at least
three times under identical experimental conditions.
The average deviation of data in parallel experiments
did not exceed 5%.

Synthesis of Photocatalysts

Six specimens of carbon-doped titania were
obtained by the hydrolysis of tetrabutyl orthotitanate
(28.6 and 71.4% w/w of tetrabutyl orthotitanate and
water, respectively) at room temperature without
adjustment of pH being around 5.5 to 6.0, followed by
drying and calcination at different temperatures (200
to 800 °C). After calcinations, all the catalysts were
washed with hot (70-80 °C) distilled water applied in
a sequence of 10 to 15 rinsing rounds (ca. 1 Lper 1 g
of catalyst) in order to clean the catalyst surface from
water-soluble compounds.

Preparation of TiO; Coatings

Two procedures of P25 attachment on expanded
clay (fractions 2-3 and 4-5.5 mm, Saint-Gobain Leca)
were examined as a beginning for the research on
fluidized bed support material to be used for photo-
catalytic degradation of emerging micropollutants.
Tetraethyl orthosilicate (TEOS, Merck Schuchardt
OHG) was selected as a precursor for the TiO, fixation
on expanded clay through silica sol-gel process; the
P25 titania was either directly added to the sol (first
procedure) or silica sol gel coating of the expanded
clay with previously fixed P25 was applied (second
procedure). For the first procedure 42.6% (w/w) of
TEOS and 41% (w/w) of isopropanol (Lach-Ner) with
preliminary suspended P25 (0.6, 2.5 or 9% of TiO, in
isopropanol) were stirred for 5 min. Afterwards 8.2%
(w/w) of 1 M HNO; as process catalyst and 8.2%
(w/w) of H,O were added to the mixture, which was
then stirred for 24 h. The support was immersed into
the sol-gel followed by decantation of reactive colloid;
time of the pre-drying at room temperature was varied
from 0 to 72 h, drying time at 200 °C was varied from
1 to 15 h, followed by washing with distilled water and
drying at 120 °C. In the second preparation procedure
granular support material was constantly stirred for 2 h
in isopropanolic or periodically in aqueous titania
suspensions (0.6 and 1% w/w, respectively); afterwards
the suspensions were decanted and support material
was dried at 120 °C up to 2 h. To achieve maximum
adsorption of titania on porous expanded clay, this
was repeated ten times. To avoid catalyst washout, the
support was coated with sol-gel derived silica film
prepared as described above with the exception of
titania addition. The acidification of expanded clay
surface was carried out by its immersion in 1 M HNO;

solution for 24 h followed by drying either in furnace
at 120 °C for 1.5 h or in air at room temperature for 24
h. The photocatalytic activity of the immobilized P25
TiO; was evaluated by the degradation of doxycycline
(25mg L.

Analyses

In order to determine doxycycline concentration,
two methods were compared in several photocatalytic
oxidation experiments: photometrical determination of
specific UV absorption (SUVA) at 346 nm using Helios
f spectrophotometer, and the high-performance liquid
chromatography combined with diode array detector
and mass-spectrometer, (HPLC-PDA-MS, Shimadzu
LC-MS 2020) were used for the determination of
doxycycline concentration. In both cases, a pre-
constructed calibration curve was used. Phenomenex
Gemini-NX 5Su C18 110A 150%x2.0 mm column, inner
diameter 1.7 um, was used with two eluents, 0.1%
acetic acid aqueous solution (eluent A), and acetonitrile
(eluent B), with total eluents flow of 0.3 mL min™;
starting concentration of eluent B was 5%, increased
to 48.5% by 23 minutes with linear gradient, held at
that concentration for two minutes, and then decreased
to 9.5% by 30 minutes, out of 30 minute analysis. Mass
spectra were acquired in full scan mode, MS operated
in positive ionisation mode with interface voltage of
4.5 kV, and detector voltage of 3.3 kV. Diode array
detector was set to scan samples at 190 — 800 nm. The
instrument was operated and the results obtained with
MS and PDA detectors were handled using Shimadzu
LabSolutions software. The by-products of doxycycline
photocatalytic oxidation were determined using the
described HPLC-MS method. The reason for using
two methods was the relative ease of spectrophoto-
metric determination, provided no or little interference
of the UV-absorbing doxycycline photocatalytic
oxidation by-products will hamper the photometric
analysis. UV-absorbance was proved to be applicable
with the sufficient accuracy, because the differences
between the concentration values obtained by photo-
metrical and HPLC-MS determination were negligible.
The by-products of doxycycline photocatalytic
oxidation were determined using the same HPLC-MS
set.

Chemical oxygen demand (COD) was determined
by a standard dichromate method (33), using HACH
kits LCK 314 (15 to 150 mg O L)) and LCK 414 (5 to
60 mg O L"). The concentration of ammonium ion
was determined photometrically using a modified
version of a standard phenate method (33). Nitrate and
sulphate anions were determined using Metrohm 761
Compact IC ionic chromatograph.

J. Adv. Oxid. Technol. Vol. 16, No. 2, 2013 236



D. Klauson et al.

The crystal structure and phase composition of
carbon-containing titanium dioxide were analysed
using D 5000 Kristalloflex, Siemens (Cu-Ka irradiation
source) X-ray diffraction spectroscope (XRD), with the
phase composition calculated by Topas R Software.
Identified peak positions were compared to the data
found in literature (34, 35). The specific surface area
(BET and Langmuir adsorption) and the pore volume
of the catalysts were measured by the adsorption of
nitrogen using KELVIN 1042 sorptometer.

For the optical measurements ethanol-based suspen-
sions (1 g L") of TiO, powders were prepared on
microscopic glass substrates and after total ethanol
evaporation measurements were carried out with the
obtained coatings. Total and diffused reflectance spectra
of the coatings were measured in the wavelength
range of 250 — 2500 nm on a Jasco V-670 UV-VIS
spectrophotometer equipped with an integrating
sphere. Obtained data were used to calculate the
absorption coefficient (o) and optical band gap values
(E,). For the titanium dioxide photocatalysts of various
crystalline modifications, evidence supporting both
direct electron transition (36, 37) and indirect one (34,
36, 38-42) has been published, although the majority
of the last decade publications report indirect transition
for titanium dioxide. Consequently, band gap values
of the new photocatalysts were calculated assuming
indirect transition type. A standard expression for
transitions between two parabolic bands for the
calculation of band gap energy is:

(ahv)" = Alhv - E,) (1)
where m = % and 4 is a constant.

Bang gap values were found from the intercept
of the linear fitting curve extrapolated to the zero
absorption of (chv)” vs. hv plot. Haze factor values
were calculated as the relationship of diffused
reflectance to total reflectance; it shows the extent
of light scattering, and, thus, the relative roughness
of the coatings (43).

Field emission scanning electron microscopy (FE
SEM, DualBeam Helios Nanolab 600, FEI) was
performed to visualize the catalyst coatings. Turbidity
of the solutions treated by titania coating attached to
expanded clay was measured at 860 nm in Formazin
Attenuation Units (FAU turbidity, HACK DR2800).

Photocatalytic Oxidation Efficiency

In order to express the results of doxycycline photo-
catalytic oxidation, its concentration decrease rate and
the process efficiency £, defined as the decrease in the
amount of the pollutant divided by the amount of
energy reaching the surface of the treated sample,
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Figure 2. The dependence of doxycycline photocatalytic oxidation
efficiency on its initial concentration (1 h treatment time, pH 4.4).

were used. The efficiency is calculated according to
the following equation (44):

£ 1000AcV 2

ISt
where E — photocatalytic oxidation efficiency, mg W'
h'; Ac — the decrease in the pollutant’s concentration,
mg L, or COD, mg O L''; ¥— the volume of the sample

to be treated, L (in this case, 0.2 L); / — irradiance,
mW cm™; S— irradiated area, cm?; ¢ — treatment time, h.

Results and Discussion
Photocatalytic Oxidation with P25

Optimum titanium dioxide dose was determined
to be 1 g L' for the degradation of 25 mg L' of
doxycycline: with the increase of TiO, amount from
0.5 to 1 g L' photocatalytic oxidation efficiency
increased, whereas with the subsequent dosage increase
up to 1.5 g L'! E has remained the same. The best per-
formance was observed at pH 4.4, occurring naturally
in the doxycycline solutions, followed closely by neutral
and acidic media, i.e. the observed pH-dependence was
rather weakly pronounced.

Figure 2 shows the dependence of photocatalytic
oxidation efficiency on the doxycycline initial concen-
tration, calculated for 1 h treatment. It can be seen that
E increases with the increased initial doxycycline
concentration within the experimental limits assuming
the description of the doxycycline photocatalytic
oxidation using Langmuir-Hinshelwood (L-H) model
of monomolecular surface reaction, followed by the
products desorption (Eq. 3, 4). The equation, derived
from the experimental data via the 1/ry = f (1/co)
dependence (plot not shown), has average square
deviation R?=0.99, supporting the proposed L-H data
fit. The reaction rate equation:

ry=k—G )

1+ Kc,
where rq is the reaction rate, mM min™'; k — reaction
rate constant, mM"' min™; K — adsorption constant,
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Figure 3. SEM images of silica films with titania inclusions on expanded clay support.

mM; ¢, — initial doxycycline concentration, mM,
gives:

10.2¢
70 4)
1+10.2¢,

With the addition of zert-butyl alcohol (TBA) as a
radical scavenger to the solution to be treated in the
amount equimolar with doxycycline (0.056 mM, i.e.
25 mg L' of doxycycline and 4.2 mg L' of TBA), the
doxycycline degradation rate decreased by a very small
amount, ca. 5%, comparable to the accuracy limit in
parallel experiments, which allows suggesting the
dominance of hole oxidation reactions: the radical
oxidation should be noticeably affected by the presence
of TBA.

The dark adsorption of doxycycline on the surface
of P25 titanium dioxide was relatively high from 5.9
mg g at the initial doxycycline concentration of 10
mg L' to 20 mg g at 100 mg L. Within the studied
concentration range, the Langmuir equation (Eq. 5, 6),
fits well to the adsorption experimental data (R?=0.98):

Kc, )

ry =0.002

qL = qmax

where g — adsorption, mmol g'; gmx — theoretical
1

maximal adsorption, mmol g™, giving:
9.2¢
=0.08——2— 6
e 19.2¢, ©

The K-values obtained from photocatalytic runs and
adsorption experiments close to each other indicate the
consistency of adsorption and degradation mechanism
regularities. Thus, in the photocatalytic oxidation of
doxycycline, its adsorption on the catalyst surface is
an important factor, as the behaviour of the oxidation
efficiency consistent with the adsorption may support
the hypothesis of L-H mechanism, where the rate of
the reaction of surface-adsorbed doxycycline with holes
or electrons is slower, than that of the adsorption
obeying a Langmuir isotherm.

The percentage of COD degraded during doxy-
cycline photocatalytic oxidation was reasonably high
at smaller concentrations: e.g. at 20-25 mg doxycycline

L', up to 80% of COD was degraded during two hours
of the experiment. With the increased doxycycline
concentration COD degradation decreased significantly:
with 100 mg doxycycline L', only 7% of COD was
degraded in 4 h. The disproportion between degraded
doxycycline and COD at higher initial concentrations
can be explained by the accumulation of non-aromatic
doxycycline degradation by-products, resulting from
the destruction of the aromatic cycle (see Figure 8). This
assumption is consistent with the minor discrepancy
between the UV-absorbance at 346 nm and the HPLC-
MS measurements of the doxycycline concentration in
photocatalytic oxidation-treated solutions (see Materials
and Methods). Also, the low mineralization degree of
the amino nitrogen is consistent with accumulation of
organic by-products at higher doxycycline concentra-
tions (see Doxycycline Photocatalytic Oxidation By-
Products and Reaction Pathway).

Photocatalytic Oxidation of Doxycycline by
Catalyst Fixed on Expanded Clay

The activity of P25 titania attached on the granular
support was studied varying the procedures of catalyst
fixing (see Materials and Methods) and some
parameters like pre-drying and drying time, the
quantities of titania and the number of sol-gel layers
attached; the impact of acidification of expanded clay
material on coatings’ stability and activity was also
investigated. The increase in titania content in sol-gel
derived silica film (prepared by the first procedure,
Materials and Methods) or in number of film layers,
i.e. the coating thickness, (Figure 3c), resulted in high
turbidity of treated solutions (over 100 FAU) due to
titania washout, weak support - silica film bonds and
low photocatalytic efficiency. The coatings were
prone to cracking (Figure 3a) if insufficient time of
pre-drying was applied so the cracks’ propagation was
restrained by 24-h time of pre-drying and the efficiency
of these materials towards doxycycline degradation
raised up to 0.75 mg W' h' along with medium
turbidity levels observed (about 60 FAU).

The 24-h pre-drying of coatings on preliminary
acidified porous granulated support at room temperature
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Figure 4. SEM images of titania primary particles fixed by silica films on expanded clay support.

and subsequent drying at 200 °C for 15 h lead to
stable coatings (Figure 3b) with low turbidity in the
solutions to treat (under 20 FAU), though lowering
slightly their activity (efficiency up to 0.5 mg W' h™).
In present study the highest efficiency in degrading of
doxycycline of 1.5 mg W'h"' was demonstrated by
silica films on non-acidified expanded clay with titania
preliminary adsorbed from its isopropanol suspensions
(second procedure, Materials and Methods) followed
by 1.35 mg W' h' for titania adsorbed from its
aqueous slurries, which showed also relatively low
turbidity levels, i.e. low catalyst washout and fairly
good adhesion of the coating on supporting material.
The primary particles of P25 were revealed on the
surface of sol-gel films (Figure 4) facilitating the
photocatalytic activity of these coatings.

Photocatalytic Oxidation of Doxycycline by
Carbon-containing Titania

Figure 5 shows the X-ray diffraction patterns of
carbon-containing titania. With the growth of the
calcination temperature, abrupt changes take place in
the catalyst crystallographic composition at 600 to 700
°C. Judging from the XRD analysis, at temperatures
up to 600 °C the catalysts are composed of both anatase
and brookite in relatively constant amounts. For anatase,
the (1 0 1) peak was the best pronounced, followed by
(103),(200),(004),(103)and (11 2)whereas for
brookite, the (12 0), (12 1), (20 1) and (2 3 1) peaks
were determined. The catalysts obtained at 700 and
800 °C are pure rutile, as expected for both anatase
and brookite transforming directly to rutile starting at
temperatures around 500 to 600 °C (45). For rutile, (1 1
0),(101),(111),(210)and (22 0) peaks were
identified. The exact composition of the photocatalyst,
as calculated from the XRD graphs, is given in Table 1.

The specific surface area of the catalysts decreases
with the calcination temperature increased from 200 to
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500 °C, whereas micropore volume and area somewhat
increased at 400-500 °C, approximating zero at higher
temperatures within accuracy of measurements (Table
1). However, since the adsorption of the pollutants by
the catalysts was observed to be negligible, surface
structure and characteristics of the catalysts can be
considered as being of secondary importance for the
purposes of this study.

Negligible amount of UV emitted by the visible
radiation sources, coupled with observed photocatalytic
performance of C-TiO, can only indicate visible light
activity of the photocatalysts. The calculated band gap
values (Table 1), suggesting visible light utilisation,
are in good agreement with the observed experimental
results. Optical band gap values of C-TiO, decreased
with the increased calcination temperature, with the
biggest changes observed between 500 and 700 °C,
coinciding with the TiO, phase transformation. The
changes in the band gap energy should be viewed with
the respect to both dopant incorporation into titanium
dioxide and the changes in phase composition. Anatase,
brookite and rutile as individual phases were reported
to have band-gap energies of 3.34, 3.40 and 2.95 eV
respectively (34, 38). Optical band gap of a multi-
phase material gives an average value, which takes into
account, although not linearly, the band gaps of each
phase and their relative amounts.

Diffused reflectance spectra given in Figure 6a
shows in general the increase in reflectance with
increase in calcination temperature as a result of carbon
burning out from the sol along with the agglomeration
of particles, i.e. enlargement of the particles average
size. With the calcination temperature increased from
200 to 500 °C, total reflectance of the photocatalysts
at 400 nm increased from 62 to 74%, and then steadily
decreases to 33% at 800 °C. For comparison, total
reflectance of P25 at 400 nm was 71%. Thus, with the
anatase and brookite phase transformation to rutile,
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Table 1. Physical characteristics of carbon-containing photocatalysts dependent on the calcination temperature
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Figure 5. X-ray diffraction pattern of the C-TiO, photocatalysts.

total reflectance of the catalysts abruptly decreased
(see Table 1). Haze factor characterizing light scattering
decreased with the increased calcination temperature
(Figure 6b), suggesting the surface of the coatings
becoming evener.

The performance of the carbon-containing titania
treated at different calcination temperatures was tested
with doxycycline solutions of 25 mg L' at pH 4.4.
Under artificial daylight the catalyst thermally treated
at 200 °C, having presumably the highest carbon
content and the contact surface, showed performance
superior to that of P25: if P25 could remove under
UV-irradiation 19.5 mg L' during 1 h, C-TiO, sample
thermally treated at 200 °C degraded 23.2 mg L' under
visible light of 2.5 times lower irradiance, making the
corresponding photocatalytic oxidation efficiency for

about three times higher. With the increased catalysts’
calcination temperature, their performance decreased
(see Figure 7).

Doxycycline Photocatalytic Oxidation By-
products and Reaction Pathway

Ammonia and nitrate in small amounts, and traces
of nitrite were detected as the doxycycline photo-
catalytic oxidation inorganic by-products indicating
the most of nitrogen remaining in organic by-products.
A number of organic by-products were determined
qualitatively using HPLC coupled with MS.

The determined products allow distinguishing three
possible doxycycline photocatalytic oxidation pathways
proceeding simultaneously (Figure 8). Two of them (A
and C) begin with stepwise oxidation of the terminal
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Figure 7. The dependence of doxycycline photocatalytic oxidation
efficiency on the calcinations temperature of the carbon-modified
titania: doxycycline concentration 25 mg L™, pH 4.4.

parts of the doxycycline molecule (m/z=445): in
pathway A, hydroxyl group adds to aromatic cycle
(m/z=461), and subsequently aromatic ring and the
adjacent cycle are destroyed before finally forming the
identified product with m/z=409, whereas pathway B
begins with the subtraction of dimethyl amino- and
amino groups and their replacement by hydroxyl group,
together with phenolic cycle oxidation (m/z=433).
Pathway C, on the other hand, proceeds solely through
the oxidation of doxycycline molecule starting from
the nitrogen-containing side, leading to the formation
of product with m/z = 291. In pathway A, the product
with m/z=409 goes through subsequent oxidation of
the part of the molecule adjacent to the already
degraded phenolic ring, until the formation of mono-
cyclic product with m/z=415. Ammonium and nitrate
ions, detected in very small amounts (0.21 mg L™, or
0.012 mM of ammonium, and traces of nitrate) in
comparison to the amount of doxycycline degraded
under the experimental conditions (19.9 mg L' or
0.045 mM), suggest the predominance of pathway A
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over the other ones: about three quarters of doxycycline
appear to degrade via pathway A.

Conclusions

Aqueous photocatalytic oxidation of a widely used
tetracycline antibiotic doxycycline was studied using
P25 titanium dioxide slurries or supported on expanded
clay and visible light-sensitive synthetic sol-gel titania
catalysts doped with carbon. The photocatalytic
oxidation of doxycycline appeared to be less sensitive
towards the solution pH, although proceeding slightly
better at unregulated pH 4.4. The efficiency of the
doxycycline removal increases with its increasing
concentration within the tested limits, up to 100 ppm,
although the oxidation by-products tend to accumulate
at higher pollutant concentration. The photocatalytic
oxidation by-products, determined by HPLC-MS, allow
suggesting the reaction pathways. The titania fixation
on expanded clay granular support by means of silica
sol gel produced stable and photocatalytically active
(up to 1.5 mg W' h') coatings although further
development and optimisation are needed to improve
their performance. The modified titania sample with
the highest carbon content and contact surface showed
the performance (ca. 100 mg W' h™') surpassing the
one of P25 (ca. 30 mg W h'). The performance of
carbon-containing titania decreased with the increased
titania calcination temperature, i.e. decreased carbon
content and contact surface.
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An experimental research into the titania coatings on granulated expanded clay to be used in fluidized-
bed photocatalytic reactor was undertaken. The preparation procedures were performed via sol-gel
method using dip coating techniques. Two sol-gel compositions based on tetrabutyl orthotitanate and
titanium tetraisopropoxide as well as two commercial TiO, sols were examined. The impacts of tita-
nia precursor concentration, modification of sol-gel by industrially available TiO, nanoparticles, the
substrate withdrawal speed and thermal treatment conditions on the coatings’ properties were stud-
ied. The photocatalytic activity of expanded clay-supported titania was evaluated by the degradation of
an emerging micropollutant, tetracycline family antibiotic doxycycline. Mechanically stable and active
coatings with properties dependent on sol-gel processing parameters were obtained. The application of
porous titania sol-gel-coated expanded clays could combine pollutants’ adsorption and their photocat-
alytic degradation. The compromise between coatings’ improved photocatalytic performance, on the one
hand, and their adhesion and attrition properties, significant for fluidized-bed operation, on the other

Keywords:

Doxycycline elimination
Photocatalytic coating
Fluidized bed

Expanded clay granules.

hand, lead to the determination of appropriate processing parameters.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The presence of pharmaceuticals in the environment has
received a lot of attention in the last decades due to their negative
health and environmental effects even at low concentrations [1,2].
Particularly, the occurrence of antibiotics in hospital, residential,
dairy and livestock effluents and municipal wastewater with these
pollutants passing through the conventional wastewater treatment
intact causes their emissions and accumulation in the hydrological
environment [3,4]. The pharmaceuticals are regularly monitored
at low concentrations (mostly detected at ng L~ levels) all over
the world and the introduction of their obligatory monitoring is
currently under discussion [5,6].

The public concern on pharmaceuticals in the environment
demands the completion of wastewater treatment plants by
the technologies for their removal. One of the options for the

* Corresponding author. Tel.: +372 6202851; fax: +372 6202856.
E-mail addresses: natalja.pronina@ttu.ee (N. Pronina), deniss.klauson@ttu.ee
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joachim.deubener@tu-clausthal.de (J. Deubener), marina.kritsevskaja@ttu.ee
(M. Krichevskaya).
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0926-3373/© 2014 Elsevier B.V. All rights reserved.

destructive elimination of such biologically persistent pollutants
in wastewater is the use of advanced oxidation processes based on
the action of reactive oxygen species. Amongst these technologies,
the reactive species formed by photoexcitation of titanium diox-
ide allow degrading antibiotics [7-9]. Photocatalytic oxidation of
tetracycline family antibiotic doxycycline was studied by our group
[9] using P25 and sol-gel-synthesized titania slurries with oxida-
tion by-products determined by liquid chromatography combined
with mass spectrometry allowing to suggest the reaction pathway.
Process favoring pH values, adsorption and photocatalytic reaction
rate constants were obtained. Despite obvious ability of photocata-
lysis to degrade recalcitrant water pollutants, there is a need for the
development of reactors and techniques for the catalyst attachment
to the bed material.

Different materials were applied as titania photocatalyst sup-
port including glass, silica, ceramics, zeolites, stainless steel,
activated carbon as well as granular materials like quartz sand,
polymers, etc. [10-23]. Fixed-bed reactors have an intrinsic
advantage of not requiring the catalyst separation operation,
whereas fluidized-bed reactors are considered to reduce mass
transfer limitations if compared to fixed bed. These, however,
require the lightweight granular material with developed surface
area.
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The present study is focused on the preparation of titania
coatings on expanded clay granules to be applied in fluidized-bed
reactor for the photocatalytic degradation of doxycycline antibiotic.

The lightweight ceramic expanded clays are rarely used as
support material, and its utilization for the titania photocatalyst
attachment was studied by our group as reported in [9] and by
Zendehzaban et al. [24]. In the last study, the adsorption of titania
from its propanolic suspensions on expanded clay granules with
those floating on the surface of treated ammonia solutions was
investigated. However, our previous study showed that the immo-
bilization of titania on expanded clay fromits aqueous or propanolic
suspensions had not provided the appropriate adhesion of the
catalyst onto the support resulting in a catalyst washout during
fluidized bed operation. The application of tetraethyl orthosili-
cate (TEOS)-based sol-gel as a fixator for industrial photocatalyst
nanoparticles showed relatively low activity of the coatings if com-
pared to those obtained later with the titania sol-gel.

Due to the attrition and thus the high level of mechanical
stress placed on the coated material, the emphasis on the study of
adhesion and abrasion resistance properties of the titania coatings
should be firstly done. Secondly, the photocatalytic activity of the
bed material should be optimized within the acceptable mechanical
properties of the coatings.

In this study, the authors tried to overcome the above-discussed
issues by the consecutive investigation of several titania precursors
based sol-gel compositions to produce coatings on expanded clay
with improved photocatalytic and mechanical properties.

2. Experimental
2.1. Preparation of coatings

The titania coatings were prepared on preliminary sieved
2-3mm fraction of lightweight expanded clay aggregates (Saint-
Gobain Leca). Four sol-gel coating solutions based on two different
titania precursors, such as tetrabutyl orthotitanate (TBOT, Fluka),
titanium tetraisopropoxide (TTIP, Alfa Aesar) and two industrial
sols Hombikat XXS 100 (Sachtleben Chemie) [25] and S5-300A
(Cristal Chemical Company) [26], were examined.

The mixture of Hombikat XXS 100 and ethanol in a mass ratio
of 1:4.1, respectively, was used in the Hombikat XXS 100 based
coating procedure (procedure 1); S5-300A sol was applied as coat-
ing solution either diluted with ethanol (1:1.4, wt%) or as received
(procedure 2).

TBOT-based solution (procedure 3) included addition of ethyl
acetoacetate (Fluka) in amount of 1.63-5g of 2-propanol under
continuous stirring. TBOT in appropriate amount of 4.25and 9.12 g
of 2-propanol with preliminary dispersed P25 (Evonik) (9 wt% in
2-propanol) were added slowly to the sol-gel solution.

In TTIP-based coating solution (procedure 4), diethanolamine
(DEA, Riedel-de-Haen) of 4.2 g was mixed with 5.6 g of 2-propanol.
Then 2.84 g of TTIP and 0.72 g of H,0 were added dropwise under
vigorous stirring. Subsequently to 24h of stirring, 10g of P25
propanolic suspension were added to the sol-gel solution and final
sol was stirred overnight. The sol-gel-coated clay granules with-
out P25 nanoparticles addition to the sol-gel solution were also
prepared.

The coatings were prepared by means of dip coating technique.
The clay granules were immersed in the sol-gel solution for 10 s and
then withdrawn at 1 mms~"! (dip coating machine, Vitando OU).

Sol-gel-coated clay granules were treated as follows: the pre-
drying stage was performed at 120°C for 1 or 2 h with temperature
increasing rate of 30 °C min~! (procedures 1-3 and 4, respectively).
Afterwards, the coatings were dried at 200°C for 2 h with tem-
perature increasing rate of 30°Cmin~! (procedure 1) or calcined

at 500°C for 2 h with temperature increasing rate of 50°C min~!
(procedures 2 and 4) or for 1 h with a rate of 8 °Cmin~! (procedure
3).

The dipping and drying stages (procedures 3 and 4) were
repeated also three times to vary the thickness of sol-gel coatings.
Following the third drying step, the samples were heated for 2 h at
500°C.

The coatings obtained by the procedure 4 were found to be the
most stable and effective in doxycycline removal (see Section 3.2).
Therefore, the influence of following parameters was studied to fur-
ther improve the coatings properties: substrate withdrawal speed
in the range 0of 0.5-2.0 mm s, calcination temperature 400-600 °C
and duration 1-3 h, P25 nanopowder and TTIP precursor concen-
tration of 0-5.5 and 9.9-15.3 wt% in coating solution, respectively.

2.2. Experimental setup of photocatalytic oxidation

Two borosilicate glass tube units with an inner diameter of
30mm and height of 370 mm with an aperture 146 m?> m—3 were
used as reaction vessels. Glass air diffusers were installed at the
bottom of each reactor providing the clay granules’ fluidization by
pressurized air. To take into the account the effect of pollutants’
adsorption onto the coated porous clay granules, one reactor was
irradiated by the UV-A sources and another was operated in the
dark (reference). The UV source consisted of two 15 W low-pressure
mercury lamps (Philips Actinic BL) with a maximum emission at
365 nm and UV-B/UV-A ratio of less than 0.2%. Radiation loss was
prevented by four flat reflectors positioned around the setup. The
average UV-A irradiation intensity was ca. 9Wm~2 measured by
fiber-optic spectrometer (USB2000 + UV-VIS-ES, Ocean Optics Inc.).
The reaction temperature was maintained at 25+2°C.

Photocatalytic oxidation of 200mL of doxycycline hyclate
(AppliChem) solution with an initial doxycycline concentration of
25mgL-" was performed with 3.5 g of coated clay granules for 3 h.

The doxycycline concentration was analyzed by the high-
performance liquid chromatography combined with diode array
detector and mass spectrometer (HPLC-PDA-MS, Shimadzu LC-MS
2020). Phenomenex Gemini-NX 5u C18 110A 150 x 2.0mm col-
umn, inner diameter 1.7 wm, was used with two eluents, 0.1% acetic
acid aqueous solution (eluent A), and acetonitrile (eluent B), with
total eluents flow of 0.3 mLmin~!; starting concentration of elu-
ent B was 5%, increased to 48.5% by 23 min with linear gradient,
held at that concentration for 2 min, and then decreased to 9.5% by
30 min, out of 30 min analysis. Mass spectra were acquired in full-
scan mode, MS operated in positive ionization mode with interface
voltage of 4.5kV, and detector voltage of 1.1 kV. Diode array detec-
tor was set to scan samples at 190-800 nm. The instrument was
operated and the results obtained with MS and PDA detectors were
handled using Shimadzu LabSolutions software.

Scanning electron microscopy (SEM; Zeiss EVO 50 and EVO MA-
15) was performed to visualize the catalyst coating. The structural
stability and abrasion resistance of the coatings were characterized
by the turbidity of the solutions measured during the fluidized-bed
treatment process at 860 nm in Formazin Attenuation Units (FAU
turbidity, Hach DR2800). The specific surface area of coated and
bare expanded clay granules was measured by Areameter Strohlein.

To express the results of doxycycline degradation and evaluate
the activity of obtained sol-gel-coated clay granules, the photo-
catalytic oxidation efficiency E, mgW-1h-1 [27], defined as the
decrease in the amount of the pollutant in mg, divided by the
product of UV-A radiation intensity, in Wm~2, the surface of the
treated solution, in m2, and irradiation time, in h, was used. The
photocatalytically oxidized amount of doxycycline was calculated
as the difference between doxycycline quantities removed in pho-
tocatalytic and reference experiments. The first number is taking
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Fig. 1. SEM image of clay granule (left). Fluidized-bed operation of selected fraction of expanded clay granules (right).

into account the doxycycline removal by the net effect of oxidation
and adsorption and the second one—removal in the course of dark
adsorption. Thus, the effect of adsorption is subtracted from the E.

3. Results

The calculated external surface area of granules (Fig. 1, left)
with average diameter of ca. 2.7 mm comprises approximately
0.004m? g~!, whereas the measured specific surface area of bare
expanded clay granules of this particular fraction is ca. 0.8 m2 g-1.
This porous lightweight granular material could be easily fluidized
(Fig. 1, right).

Inorganic expanded clay granules could presumably serve as an
adsorbent for the target pollutants and this should be taken into
account for the evaluation of photocatalytic functionality of coated
materials. For example, the overall doxycycline removal of over
3.4 mg (of initial 5mg) was observed in 3 h, whereas considering
the reference experimental runs (adsorption effects), the amount of
doxycycline degraded in photocatalytic reaction reached 1.8 mg. To
eliminate the doxycycline dark adsorption, all the reference exper-
iments were carried out with expanded clay granules coated by the
respective procedure.

The coatings prepared via procedures 1-4 were thoroughly
studied firstly for their mechanical stability and secondly for the
photocatalytic activity.

3.1. Industrial sol and TBOT-based sol-gel coatings

The materials prepared using ethanol-diluted Hombikat XXS
and S5-300A solutions exhibited the low mechanical stability with
high titania washout causing high turbidity levels of treated doxy-
cycline solutions (up to 160 FAU). In the case of coatings obtained
from TBOT precursor based sol-gel (procedure 3), sediments and
the relatively high levels of turbidity (up to 60 FAU) were also
observed presumably as a result of the incomplete hydrolysis and
polycondensation reactions in sol and gel during the coating prepa-
ration procedure. The more intensive infiltration of low-viscose
TBOT sol-gel solutions in the porous ceramic support, as possible
explanation, could require the prolonged pre-drying step after dip
coating and has led to the discarding of this sol-gel composition in
the subsequent study.

Thus, the coatings with Hombikat XXS 100, S5-300A and TBOT
used as titania sources (procedures 1-3) were not considered to
be long-term effective mostly due to higher detachment levels of
coatings’ layers if compared with those prepared from different
compositions of TTIP/DEA route described further. Although the
photocatalytic efficiency of a number of materials prepared via
1-3 procedures approximated to the values of TTIP-based coatings

efficiency, the higher turbidity and thus the shorter potential oper-
ating lifetime in fluidized-bed photocatalytic reactor narrowed
down the choice of the most promising coating synthesis procedure
to TTIP route. TTIP sol-gel-based dip coating resulted in materials
of significantly higher abrasion resistance with the turbidity levels
observed in the range of 0-40 FAU.

3.2. TTIP-based sol-gel coatings

The SEM micrographs of bare and TTIP-based sol-gel-coated
expanded clay granules are shown in Fig. 2. The sol-gel coatings are
smoothing the surface if compared to uncoated materials with no
cracks observed if the particular (as described further) sol-gel solu-
tions’ composition and dip coating process parameters are in use.

Further, the adhesion and abrasion properties and photocat-
alytic activity of TTIP-based coatings were studied varying compo-
nents’ proportions in the sol-gel solutions and process parameters:
2-propanol content, amount of P25 nanoparticles to increase the
photocatalyst weight, the substrate withdrawal speed as well as
the temperature and duration of calcination step (Table 1).

The coatings with titania crystallized from TTIP showed explic-
itly measurable photocatalytic activity of upto 1.5 mg W—1 h~1 with
zero levels of turbidity in treated solutions.

The addition of P25 to the TTIP sol-gel as nanocrystalline pho-
tocatalyst source resulted in higher photocatalytic activities (up
to 2.3mgW-1h-1) along with different levels of nanoparticles
washout causing the increase in solutions’ turbidity in the range
between 17 and 28 FAU (see Table 1; series of experiments I). The
specific surface area of coated and bare expanded clay was mea-
sured to be very close: 1.0 and 0.8 m? g1, respectively, as well as
the dark adsorption showed almost no difference in the respec-
tive amount of doxycycline adsorbed. The use of ultrasonication
of P25 2-propanol suspension before its addition to the sol-gel
solution lowered washout of nanoparticles (from 17 to 13 FAU)
showing no changes in the coatings activity. The morphology of
clay coated with P25 modified sol-gel composition is shown in
Fig. 3. The primary particles of P25 titania could be distinguished
on the micrograph with higher magnification, while the coating’s
surface is non-uniform: regions with P25 embedded in the sol-gel
are alternating with smooth ones (Fig. 3, left).

The decrease in DEA to 2-propanol mass ratio (Table 1, Series II)
lowered the activity of coated expanded clay (2.3-1.4mgW-1h-1,
Fig. 4). At the same time, the highest mechanical stability (lowest
turbidity during fluidized-bed operation), within the series, was
observed with the coated materials prepared from the sol with DEA
to 2-propanol ratio of 0.29 (27 FAU). In a similar manner, the faster
withdrawal speed (Table 1, Series IIl) had the positive effect on
the coated clay’s activity raising this up to 1.9 mgW-1 h-1 (Fig. 4)
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Fig. 3. SEM images of P25-modified sol-gel coatings at different magnifications.

with turbidity levels growing up to 29 FAU. The repetitive dip coat- calcination procedure could improve the mechanical stability of
ing steps applied resulted in higher activity (1.7-2.1 mgW-1h-1), thicker TTIP based coatings (not studied here).
but also weakened the coatings’ adhesion followed by the increase The variations in sol viscosity due to the changes in 2-propanol

in turbidity of up to 40 FAU. However, the effect of intermediate content, in the support withdrawal speed and in the number of

Table 1
Consolidated data on TTIP-based coatings (numbers in bold were considered to be the optimum).
Series of exp. Sol-gel composition Process parameters Coatings performance
P25 (wt%) 2-Propanol (g) Withdrawal Calcination Calcination Photocat. eff. Turbidity (FAU)
speed (mms 1) temperature (°C) time (h) (mgW-Th1)
I 0.0 14.7 1.0 500 2 1.5 0
2.0 1.6 17
3.9 1.7 27
55 23 28
Il 3.9 9.8 1.0 500 2 23 32
14.7 1.7 27
19.7 1.4 36
I 3.9 14.7 0.5 500 2 1.6 20
1.0 1.7 27
2.0 1.9 29
v 3.9 14.7 1.0 400 2 1.4 29
500 1.7 27
600 1.7 27
\Y% 3.9 14.7 1.0 500 1 1.8 23
2 1.7 27

3 1.9 31
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Fig. 4. The impact of DEA to 2-propanol ratio, withdrawal speed and calcination temperature on the photocatalytic activity of sol-gel coatings.

repeated dippings influence the thickness of the coatings and this
could be followed in the SEM micrographs.

The increase, for example, in the substrate withdrawal speed
from 1 to 2mms~! contributing to the coating layer thickening is
leading to the sequential development of cracks observed in Fig. 5.
The deterioration of coating integrity is reflected in the drop of
abrasion resistance characterized by the higher levels of turbidity
(Table 1, Series III).

The impact of thermal treatment (Table 1, Series IV and V)
showed that mechanical stability of the coatings was not altered
by the temperature variations between 400 and 600 °C. The activ-
ity of the coated clay, however, was positively influenced by the
increase in temperature from 400 to 500 °C (Fig. 4) indicating the
possible improvements in titania crystallinity.

The duration of thermal treatment varied from 1 to 3 h, on the
opposite, had no effect on the activity of the coatings. However, the
prolonged treatment lowered the coated clay’s abrasion resistance
as the turbidity increased in the course of fluidized operation with
every additional hour of calcination (from 23 to 31 FAU) pointing
out the changes in coatings microstructure.

The coatings’ attrition was also studied varying such fluidized-
bed reactor operation parameter as loading of coated clay granules
in the reactor: twofold decrease in the amount of coated bed mate-
rial per volume of treated solution from 17.5 to 8.8 gL~! led to the
decrease in turbidity for over 6.5 times (from 27 to 4 FAU), whereas
the 35% loss in activity was observed (from 1.7 to 1.1mgW-1 h-1).
The optimal bed material loading at the particular UV-A light
intensity is currently under study in the larger-scale fluidized-bed
reactor.

4. Discussion
4.1. Industrial sols and TBOT-based sol-gel coatings

Low adhesion of the industrial sols on the bed material could
be attributed to two factors: the surface of such supporting mate-
rial as expanded clay is not absolutely inert (towards the coatings
solution), because the presence of typical ceramic components, like
Ca0 or Fe,03, influences the acid-base equilibrium (a), and the
nanoparticles’ sols are very pH-sensitive (b). For example, the XXS
100 sol stability (in terms of nanoparticles agglomeration) was pre-
viously found to be pH-dependent [28], whereas expanded clay
granules shift the pH of ethanol-diluted XXS solution, for exam-
ple, from ca. 1.95 to 2.3 (in ca. 40% expanded clay slurry in 2 min
contact time); moreover, expanded clay granules shift the pH of

water noticeably (e.g. from ca. pH 6.5 to 9 in 8% slurry in 30 min).
As aresult, the agglomerated TiO, nanoparticles could not be firmly
fixed on the support material and are washed out. The TTIP-based
sol-gel solution with DEA included in its composition allowed to
avoid these issues.

4.2. TTIP-based sol-gel coatings

4.2.1. TTIP-based coatings without P25 addition

Zero levels of turbidity of doxycycline solutions treated in a flu-
idized bed mode, in the case of TTIP-based coatings without P25
addition, indicate that sol per se has good adhesion to such material
as expanded clay with no cracks formation as was confirmed by the
SEM study. The photocatalytic activity of these coatings (Table 1,
Series ) is attributed only to the titania formed from TTIP precursor
(with no photolysis of doxycycline observed and with the adsorp-
tion being previously withdrawn). The temperature of coatings
thermal treatment (500 °C) is high enough for the anatase crystal-
lization [29] (see Supplementary materials, Fig. S1, peak of anatase
on XRD diagram at 26 =25.3). The need to enhance the coatings
activity was expectedly met by the addition of P25 to the sol-gel
solution.

4.2.2. TTIP-based coatings modified by P25

The SEM micrographs of modified sol-gel coatings on expanded
clay displayed clearly the change in surface morphology and the
appearance of cracks with the increase in P25 particles loading.
The addition of P25 to the sol-gel enhancing the coatings activity
increases, on the other side, the turbidity of treated solutions with
cracks being observed in SEM micrographs at higher P25 contents
(5.5wt%). The improvements in coatings’ mechanical properties
due to ultrasonication of P25 2-propanol suspension before its
addition to the sol-gel solution could be explained by break-up of
the largest nanoparticles’ agglomerates into the smaller fragments.
As a consequence of the more even distribution of P25 powder
in sol-gel, less cracking and catalyst washout were achieved. The
increase in sol-gel viscosity with the raise of P25 powder content
causes also presumably the formation of coatings with increased
thickness analogously to the observations in the case of DEA/2-
propanol ratio variation in TTIP sol-gel discussed further.

4.2.3. Influence of variations in TTIP-based coatings processing
parameters

The variations in sol viscosity, the support withdrawal speed
and the number of bed material dippings in the sol-gel are foreseen
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Fig. 5. SEM images of the TTIP-based coatings prepared with substrate withdrawal speed 1 mms-! (left),2mms-! (middle) and with DEA to 2-propanol ratio of 0.43, w/w

(right).

to influence the coatings’ properties [30]. However, the texture of
substrate material is also determining the quality and properties
of coatings resulting in different morphologies and adhesion on
various substrates (Shan et al., 2010).

The dilution of P25-modified sol-gel solution, i.e. the decrease
in DEA to 2-propanol ratio with P25 content remained constant,
caused the reduction in sol-gel viscosity and in the TTIP content
inducing the drop in photocatalytic activity of coated clay. While
the trend in turbidity changes with a minimum observed with
the average DEA to 2-propanol ratio (Table 1, Series II) could be
attributed to the variations in the morphology of sol-gel coatings.
The SEM study shows the formation and propagation of cracks
within the coatings from the sol-gel solution of higher viscosity
(Fig. 5), thus favoring the coatings detachment and P25 particles
washout. The coatings from the sol-gel solutions of lower viscosity,
on the contrary, show the increase in turbidity because of insuffi-
cient anchoring of P25 agglomerates with no formation of cracks
observed.

The higher withdrawal speed and the repetitive number of
dippings of expanded clay in sol-gel result in the increase in the
coatings’ thickness, thus contributing to the formation of cracks
responsible for the enhanced levels of turbidity and deterioration
of coated bed material long-term performance in fluidized bed
reactor.

The temperature increase from 500 to 600 °C did not altered the
activity of coatings, while lower temperature (400 °C) was consid-
ered to be not sufficient for the sol-gel thermal treatment with a
decrease in activity observed (Fig. 4).

The formation of cracks jeopardizes the long-term efficiency of
coated clay, to be used as the bed for fluidization, and the routes to
obtain more intact coatings, including intensive deagglomeration
of P25 in sol-gel with its subsequent dilution, could be established.
Whereas, specific set-up proportions are relevant only for partic-
ular material of support, as for stainless steel, for example, Chen
and Dionysiou [31] found the optimal concentration of P25 in the
sol-gel to be higher than this for expanded clay settled in present
study.

The intact coatings with additional titania crystallites evenly
distributed within the sol-gel films of optimized thickness meet
the requirements for coatings with good mechanical proper-
ties and satisfactory photocatalytic antibiotic oxidation efficiency.
Search for the optimum between these two characteristics
(activity vs. adhesion and attrition) based on the results of
doxycycline photocatalytic degradation efficiency and turbidity
measurements suggests the following preparation procedure:
TTIP/DEA/2-propanol mass ratio of 1:1.5:3.5, P25 content of
2.0wt%, withdrawal speed of 1 mm s~1, thermal treatment at 500 °C
for max 1h with heating gradient to be optimized. This way
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Fig. 6. SEM image and performance of TTIP-based coating prepared using optimized processing parameters.
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prepared coatings revealed intact structures characterized also by
low turbidity levels (not exceeding 14 FAU) and distinct photocat-
alytic activity (Fig. 6).

5. Conclusions

The prerequisite for the photocatalytic fluidized-bed reactor
development is the elaboration of the coated lightweight mate-
rials of satisfactory abrasion resistance and activity as these are
subjected to the attrition during the reactor operation.

The implementation of titania sol-gel-coated porous expanded
clay granules as support material allows using the benefits of water
treatment methods’ combination successfully adsorbing pollutants
with their subsequent photocatalytic oxidation.

Within the variety of studied sol-gel compositions, based on
TTIP and TBOT titania precursors and Hombikat XXS 100 and S5-
300A industrial sols, titania coatings on expanded clay prepared
using TTIP were found to be the most mechanically stable.

The measurable degradation of doxycycline with zero turbid-
ity in treated solutions is an indicator of photocatalytic activity of
intact coatings formed from starting TTIP based sol-gel composi-
tion. The increase in the coating thickness deteriorates their quality
entailing the formation of cracks and causing the detachment and
turbidity raise. The addition of P25 enhances the coatings activ-
ity changing also distinctly their morphology as the appearance of
cracks with the increase in P25 content is observed, whereas the
better P25 particles deagglomeration in the sol-gel is contributing
to the coatings properties improvement.

It could be concluded that titania fixation on lightweight
expanded clay aggregates by means of sol-gel produced stable
and active coatings with properties dependent on the processing
parameters. The final choice of fluidized-bed material coatings’
preparation parameters is a compromise between coatings’ photo-
catalytic activity, on the one hand, and their adhesion and attrition
properties, on the other hand. The interrelation of these charac-
teristics will be further influenced by the operation parameters of
fluidized-bed reactor.
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Elimination of persistent emerging micropollutants
in a suspended-bed photocatalytic reactor:
influence of operating conditions and combination
with aerobic biological treatmenty}

N. Pronina,® D. Klauson,® T. Rudenko,? K. Kinnis-Beres,? |. Kamenev,? S. Kamenev,?
A. Moiseev,“ J. Deubener® and M. Krichevskaya*®

A larger, lab-scale photocatalytic suspended-bed reactor using TiO, sol—-gel-coated expanded clay gran-
ules as a bed material was evaluated for oxidative removal of the persistent pharmaceuticals doxycycline,
prednisolone, amoxicillin, and sulfamethizole, as well as their mixture, in ppm concentrations. The photo-
catalytic degradation potential of drug molecules increases as their adsorption affinity increases towards
TiO,-containing coatings. The performance of the photocatalytic reactor in the removal of drugs was
improved by optimizing the fluidization process parameters. The reactor operation at high bed loadings is
determined by the abrasion resistance of the catalyst coating. The long-term stability of the coated bed
was enhanced by optimal loading, achieving a higher removal rate while placing moderate mechanical
stress on the coated granules. The photocatalytic pretreatment decreased the toxicity of doxycycline
solutions to several bacterial strains, including the environmental bacterium Pseudomonas putida and
bacterial strains freshly isolated from the activated sludge. The treatment of doxycycline-containing water
with a combination of photocatalytic treatment and bio-oxidation resulted in 98% removal of the target in
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Introduction

Traces of pharmaceutical drugs in the environment," especially
antibiotics,” are gradually accumulating in water and soil and
are generally resistant to conventional biological wastewater
treatment; thus, the study of advanced oxidation processes for
degrading these micropollutants into biodegradable inter-
mediates is important.>® For example, photocatalytic treat-
ment resulted in increased biodegradability of the initial
refractory compounds during oxidation of aromatic amines
found in rocket fuel-polluted groundwater’ and model solu-
tions of antibiotic sulfamethizole.®

In this study, four widely used pharmaceuticals, doxy-
cycline, prednisolone, amoxicillin and sulfamethizole, were
chosen as model aqueous pollutants. Doxycycline is a broad-
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the bioreactor outlet, with no deterioration in the operation of the biological process.

spectrum tetracycline antibiotic that is used against a wide
range of microorganisms, protozoa and helminths.
Prednisolone is a broadly used glucocorticoid anti-inflamma-
tory agent. Amoxicillin is a moderate-spectrum penicillin
group antibiotic that is employed to treat a high number of
bacterial infections. Sulfamethizole is a sulfonamide antibiotic
that is extensively utilized in human and veterinary medicine
against a number of microorganisms and protozoa.
Consequently, it is very important to prevent the entry of these
substances into the environment.

The feasibility of the photocatalytic oxidation of doxy-
cycline, amoxicillin, prednisolone and sulfamethizole in a
slurry-type reactor has previously been demonstrated; the for-
mation of oxidation by-products observed in these studies
could be a basis for the integration of photocatalysis into
wastewater treatment processes, i.e. in combination with bio-
logical treatment.®™®

Bio-oxidation of antibiotics has been previously studied;
for example,'®* it was found that adsorption is the primary
mechanism for removal of tetracyclines in an activated
sludge system, while biodegradation appears to be depen-
dent on operation conditions and has been reported to
remove antibiotics from negligible amounts to rates up to
63%."71%

This journal is © The Royal Society of Chemistry and Owner Societies 2016
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The photocatalytic oxidation of tetracycline as a pretreat-
ment method resulted in the reduction of toxicity of treated
antibiotic solution; however, further optimization of the
experimental conditions is necessary to generate more bio-
degradable by-products."”*" However, a study focusing on the
combination of photocatalytic pretreatment with bio-oxidation
to eliminate tetracycline resulted in tetracycline by-products
with low biodegradability due to their toxicity and low degra-
dation rates during biotreatment.>* Decreased toxicity of the
oxidation by-products and ease of TiO, catalyst separation
should, however, be prerequisites for this combination of
processes.

When utilizing immobilized photocatalysts, the sus-
pended- or fluidized-bed concept benefits from the high
efficiency of both light utilization and mass transfer.?
Fluidized-bed reactors have found application in numerous
chemical industries due to their inherent advantages, such
as high mass transfer rates, easy handling and transport of
solids, and ability to process large volumes of fluid.**
Satisfactory mechanical stability of the photocatalytic
coating on the bed material, i.e. good adhesion and abrasion
resistance, enables the catalyst separation stage to be simpli-
fied or even eliminated, providing a clear benefit compared
to slurry-type reactors. However, despite all these advan-
tages, the bed material is subjected to high levels of
mechanical stress, causing detachment of the photo-
catalyst.?” Entrained solids bubble columns, where the solid
is fluidized by bubble action, are preferable over fluidized-
bed columns when catalytic coatings are subject to dis-
integration.”® The objective of the present study was to over-
come the limitation of the fluidized-bed concept by appro-
priate choices of support material, coating method and
reactor operating conditions. The application of expanded
natural clay granules from industrial manufacture as a
support for photocatalytic coatings is a novel choice of light-
weight inorganic material. The potential of the coatings to
be reused was also evaluated.

The growth inhibition assay was applied to study the toxi-
cities of model and photocatalytically treated doxycycline
solutions.””° The fact that doxycycline acts by slowing the
growth of bacteria additionally supports the choice of this ana-
lysis method, which also allows high-throughput screening of
antibiotics.”® The potential of the combination of photo-
catalytic oxidation with a biological activated sludge process
for the treatment of antibiotic-containing water was
investigated.

Results

Influence of bed loading and air superficial velocity on
suspended-bed reactor performance

The influence of the (suspended-bed) reactor operating
conditions on the process performance, i.e. the photocatalytic
oxidation efficiency E and turbidity of treated model doxy-
cycline solutions, is presented in Fig. 1.

This journal is © The Royal Society of Chemistry and Owner Societies 2016
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Fig. 1 The effects of bed loading and air superficial velocity, v4, on
doxycycline photocatalytic oxidation efficiency E (upper) and solution
turbidity (lower).

The critical air velocity, i.e. the minimum velocity necessary
to fluidize a bed of coated clay granules using an air flow,
Vmg, Was empirically found to be 5 cm s7'; thus, the range of
vg from 5 to 7 cm s™' was studied more profoundly, with
additional experimental runs carried out for lower (4 cm s™7)
and higher (8 cm s™") v,

At a bed loading of 13 g L™, insufficient bed fluidization
(ve < 4 cm s7') decreases the photocatalytic oxidation
efficiency, whereas higher v, values that are sufficient for flui-
dization (v, > 7 cm s7') also do not improve the process per-
formance. The highest E was obtained for the minimum flui-
dization velocity, Vmg. At a higher bed loading of 23 g L™, a
higher v, was expectedly obtained, leading to improvement
in the process at a higher v, value.

At a constant v, of 5 cm s, the efficiency increased with
increasing catalyst-coated bed loading up to 13 g L™*, with a
subsequent decrease at higher bed loadings. The intensifica-
tion of bed fluidization, ie. a further increase in v, and
increased bed loading can provide certain improvements in
the oxidation process; however, this places higher mechanical
stress on the coatings. The coated-bed abrasion resistance was
previously found to satisfy the process requirements, provided
that the turbidity levels during experimental runs remained in

Photochem. Photobiol. Sci,, 2016, 15, 1492-1502 | 1493
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the range of 0 to 40 FAU.* The abrasion resistance of the coat-
ings, expressed as the turbidity measured in the course of the
photocatalytic experimental runs under different operating
conditions, is shown in Fig. 1 (lower). Increases in bed loading
and v, within the studied range result in a steady increase in
turbidity. Under the process operating conditions of bed
loading >23 g L™" and v, > 7 em 77, the turbidity exceeded 40
FAU. To minimize the mechanical stress on the coatings, the
operating parameters used for further studies, which included
catalyst-coated bed reuse, changes in toxicity of model pollu-
tant solutions due to photocatalytic treatment, and oxidation
of mixtures of pharmaceuticals, were chosen as follows: v, =
5cm s, bed loading 10 g L™

Influence of the preparation method of the coatings on their
reuse potential

In our previous studies, TTIP-based coatings without added
TiO, P25 exhibited zero levels of turbidity; however, their
photocatalytic activity was lower compared to coatings contain-
ing P25 particles.”” The performance of coated beds without
P25 addition compared with those prepared according to an
earlier optimized procedure was studied in this paper using a
scaled-up suspended-bed reactor (reactor volume increased
from 0.2 to 2 L) requiring higher energy input, i.e. higher v,.>
With v, = 5 cm s~ and a bed loading of 10 g L™, no difference
in turbidity was observed (turbidity value: ca. 16 FAU).
Variations in the drying and hardening conditions, ie. dip-
coated bed calcination in nitrogen instead of oxidizing air
atmosphere, were also studied. Thus-prepared coatings indeed
showed up to a 25% increase in photocatalytic activity;
however, this was accompanied by a decrease in adsorption
capacity of up to 30%. Moreover, the mechanical stability of
these coatings was somewhat lower than that of the coatings
prepared by the previously optimized procedure, as shown by
higher turbidity levels of ca. 25 FAU. Therefore, it was decided
to carry out the drying and calcination step in air atmosphere.

The results of the reuse study of the coatings prepared with
and without P25 addition are presented in Fig. 2. Under more
rigorous conditions in the scaled-up reactor, the use of sol-gel
without P25 did not provide any improvements in the integrity
(adhesion and formation of cracks) or the activity of the coat-
ings: no changes were observed in the turbidity (turbidity
columns, Fig. 2), and ca. 45% and 70% decreases in the
adsorption and photocatalytic activity (absolute values are not
shown in Fig. 2), respectively, were observed. The initial photo-
catalytic efficiencies in the first cycle of the reuse study were
2.5 and 1.7 mg W' h™" for coatings with and without addition
of P25 to the sol-gel, respectively; a turbidity of 16 FAU was
measured for both coatings.

Comparison of the relative efficiencies presented in Fig. 2
also demonstrates a decrease in coated bed performance
depending on the preparation method. The photocatalytic
efficiency of the coatings used for the third time demonstrated
only 30% of the efficiency obtained with the freshly coated bed
for the sol-gel without P25 addition, while 50% efficiency was
observed for the coatings containing P25.

1494 | Photochem. Photobiol. Sci., 2016, 15, 1492-1502
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Fig. 2 The performance of catalyst coatings prepared by the optimized
procedure with (upper) and without (lower) addition of P25 to the

sol—gel throughout 3 reuse cycles in the photocatalytic oxidation of
doxycycline.

The bed coated with sol-gel containing P25 particles exhibi-
ted a continuous decrease in turbidity, from 16 to ca. 8 FAU,
when the same portion of the bed was reused for photo-
catalytic oxidation of doxycycline. In the case of the coatings
without P25, low levels of turbidity were also observed, while
the turbidity remained practically unchanged
(ca. 16 FAU).

values

Photocatalytic oxidation of a mixture of pharmaceuticals

The performance of the photocatalytic oxidation process
towards the degradation of doxycycline, amoxicillin, predniso-
lone and sulfamethizole was studied for a mixture of pollu-
tants and for each individual pollutant (Fig. 3).

The photocatalytic degradation of doxycycline alone showed
the highest efficiency. If this is taken as 100%, the relative
photocatalytic efficiencies of the other pharmaceuticals are as
follows: 58%, 33% and 8% for prednisolone, sulfamethizole
and amoxicillin, respectively (Fig. 3, diagonal brick pattern).
The established sequence, i.e. doxycycline > prednisolone >
sulfamethizole > amoxicillin, also corresponds to the
adsorption affinities of the respective pharmaceuticals towards
the sol-gel-coated expanded clay granules. The overall

This journal is © The Royal Society of Chemistry and Owner Societies 2016
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Fig. 3 Photocatalytic oxidation of pharmaceuticals alone (diagonal
brick) and in a mixture (solid squares); v4 5 cm s, bed loading 10 g L™

deterioration of the photocatalytic process performance when
degrading a mixture of four compounds can be observed in
Fig. 3 (columns with solid square pattern).
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Influence of photocatalytic pretreatment on the antimicrobial
activity of doxycycline

The results of the growth inhibition assay, which aimed to
evaluate the antimicrobial activity of doxycycline toward E. coli,
S. aureus, P. putida and Dev3, are presented in Fig. 4.

The assay confirmed the sensitivity of the four tested bac-
terial strains to doxycycline. The highest impact of doxycycline
was observed on S. aureus, resulting in an MIC of <0.25 mg L™"
and an LCyqo of 1 mg L™". While the MICs for Dev3, P. putida
and E. coli were determined to be identical, their LC;,, values
were 1, 2.5 and 5 mg L™", respectively.

The changes in bacterial growth inhibition of the four test
bacteria in contact with doxycycline solution after experi-
mental photocatalytic oxidation runs are demonstrated in
Fig. 5 (left).

The bacterial growth (expressed as ODggo) of the test bac-
teria cultures added to the photocatalytically treated doxy-
cycline solutions was measured immediately after mixing, fol-
lowed by measurements at 3, 16 and 20 h. The ODgq, values
showed that moderate concentrations of doxycycline (0.25 to
1.0 mg L") increased the lag phase (adaptive phase) of
bacterial growth. Slight growth was measured after 3 h for
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Fig. 4 The antibacterial effects of doxycycline on the test bacteria measured by growth inhibition assay (doxycycline concentration up to

10 mg L.
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S. aureus. S. aureus did not reach the exponential growth phase
and remained inhibited when the doxycycline concentration in
the photocatalytically treated sample decreased to 3.2 mg L™*
after 4 h of treatment and dilution during the growth inhi-
bition assay (Fig. 5). On the other hand, E. coli, P. putida and
the Dev3 strain reached the exponential growth phase after
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16 h incubation with doxycycline solutions that were photo-
catalytically treated for 2.5 h or longer (Fig. 5). The anti-
microbial effects of doxycycline solution on the studied
bacterial strains decreased during the photocatalytic experi-
mental runs in the following order: E. coli (80% in terms of
MIC) > P. putida > Dev3 > S. aureus (33%).
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Fig. 5 The antimicrobial effects of treated doxycycline solution on four test bacteria (incubation time up to 20 h).
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The antimicrobial effects of doxycycline solution after 4-h
dark adsorption on the photocatalyst-coated expanded clay
granules remained almost unchanged (Fig. 5, right).

Combination of photocatalytic oxidation with biological
treatment

The 4.5 h oxidation of 10 mg L™ doxycycline solution in the
suspended-bed photocatalytic reactor resulted in 18% and
35% removal of DOC and COD, respectively, while the concen-
tration of doxycycline did not exceed 1 mg L™ at the end of
the pretreatment. No changes in AOS were observed after 3 h
of photocatalytic treatment; meanwhile, after 4.5 h, an overall
increase of AOS from —0.1 to 0.7 was observed, suggesting the
formation of more oxidized organic intermediates. The inhi-
bition of the growth of the mixed bacterial colonies by the
initial doxycycline solution was 93% compared to the blank
samples; the inhibition decreased to 84% and 63% after 3 and
4.5 h of photocatalytic pretreatment, respectively.

During biotreatment combined with photocatalytic oxi-
dation, up to 98% of doxycycline was removed from the liquid
phase; no increases in SVI or the turbidity of the effluent were
observed. In the reference bio-reactor, however, only 88% of
doxycycline was eliminated in the first weeks of the experi-
mental run, with a slow decrease to 76% by the end of the
experiment. The sOUR of the activated sludge did not reveal
significant changes in the course of the experimental run.
Likewise, the initial concentration of activated sludge in the
active reactor remained stable throughout the experiment at
2.3 g L™". No significant impact of doxycycline addition on
BOD; removal was observed; thus, the process remained sus-
tainable for a DOC removal efficiency of ca. 90%. In the refer-
ence reactor, decreases in the activated sludge concentration
(to 1.8 g L™") and sOUR (by 40%) were observed by the end of
the experimental run; however, the BOD, and DOC removal
remained unchanged (99% and 90%, respectively). In both
cases, the main doxycycline removal route during biotreatment
was adsorption on the activated sludge; by this method, the
doxycycline concentrations on activated sludge reached
3.4 and 10.5 mg g~ " for the active and reference bio-reactors,
respectively.

Discussion

The specific requirements for the operation of a suspended-
bed photocatalytic reactor are the adhesion and attrition pro-
perties of the bed materials; these determine the choice of
process operating parameters that provide low levels of turbid-
ity of the treated solutions along with maximized doxycycline
degradation rates. Furthermore, the compromise between the
abrasion resistance of the TiO, coatings (i.e. low turbidity after
3 h of fluidization) and their photocatalytic activity influenced
the choice of the coating preparation procedure in our pre-
vious study; different coated-bed preparation methods
resulted in turbidity variations from 0 to 160 FAU and photo-
catalytic efficiency variations from negligible values to
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2.3 mg W' h™.* In this study, the application of previously
optimized TTIP-based sol-gel titania-coated expanded clay
granules enabled narrowing of the accepted turbidity range to
0 to 20 FAU.

During suspended-bed reactor operation, the bed loading
determines the minimum fluidization velocity, v, whereas
an increase in v, over vy, decreases the overall photocatalytic
efficiency. The increase in shear force results in enhanced
attrition of the coatings. Thus, elevated turbidity levels, along
with an increased amount of fluidization medium (air
bubbles) in the solution, lead to shielding of UV-A irradiation,
reducing the overall efficiency of photocatalytic oxidation.
Under a range of operating conditions, the photocatalytic
efficiency decreased proportionally to the increase in turbidity
of the solutions (Fig. 1); UV-A shielding due to abrasion of the
coated granules is believed to be the dominant factor.

In a similar manner, increasing the bed loading, the other
defining operating parameter of the process performance,
improves the photocatalytic efficiency by intensifying the mass
transfer up to a specific bed-loading value. Further increase in
the bed loading deteriorates the photocatalytic oxidation per-
formance because of higher mechanical stress on the coatings,
resulting in higher turbidity levels of the treated solutions.

Further improvement of the abrasion resistance of the
coating should facilitate the overall performance of suspended-
or fluidized-bed photocatalytic reactors, allowing higher bed
loadings to be applied.

The solution turbidity caused by the attrition of non-coated
expanded clay granules did not exceed 18 FAU; thus, solution
turbidities surpassing this value during operation with coated
bed materials (Fig. 1 lower) should be attributed to attrition of
the sol-gel coating.

When studying the preparation of the coatings,” the
addition of P25 to the sol-gel improved the photocatalytic
activity of the coatings; however, the turbidity increased. The
importance of the ability to reuse catalytic materials is directly
related to the mechanical stability of the coatings. To improve
this, we investigated the reuse potential of the coatings with
previously optimized compositions in comparison with that of
the coatings without P25, which previously demonstrated zero
turbidity levels. The difference in shear forces applied in the
course of bed fluidization in small (0.2 L) and larger-scale (2 L)
laboratory reactors determines the attrition between the coat-
ings prepared by previously optimized (with P25) and modified
(without P25) methods.

The abrasion resistance of the coatings was not influenced
by changes in the drying and calcination preparation step,
where nitrogen atmosphere was applied instead of air.
Calcination in nitrogen atmosphere, however, slightly
increased the photocatalytic activity of the coatings, probably
due to the different interactions of expanded clay, a complex
material of natural origin, with sol-gel under inert and oxi-
dative conditions. However, the lower adsorption capacity of
the coated bed toward doxycycline, resulting from these
changes in chemism, deteriorated the overall performance of
the coatings.
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In experimental runs with repeated use of the sol-gel-
coated expanded clay granules, a more profound decrease in
solution turbidity was obtained with the P25-containing coat-
ings in three cycles (Fig. 2). The addition of P25 to the sol-gel
affects the viscosity of the coating solution, thus presumably
influencing the permeability of the sol-gel into the porous
support material (specific surface area of ca. 0.8 m* g™, exter-
nal surface area of ca. 4 x 10~* m? g™').*® Therefore, the
abrasion of granules containing higher amounts of sol-gel
coating may cause the higher level of turbidity observed in the
third cycle of the experimental run.

The decreases in photocatalytic activity observed in the
study of the reuse of coated granules prepared with and
without P25 powder can be attributed to both attrition of the
support material and abrasion of the coatings. However, the
changes in the solution matrix due to the presence of
expanded clay were examined earlier by monitoring changes in
the pH of distilled water after addition of the granules. In the
experimental runs, the pH increased from 4.1 to 6.8 due to the
elution of inorganic compounds into the solution (also due to
some extent to doxycycline degradation and adsorption on the
bed material); thus, the accumulation of these inorganic ions
at the support material surface could decrease the photo-
catalytic activity of the coatings. However, the photocatalytic
activity of coatings containing higher amounts of titanium
dioxide, i.e. with added P25 powder, maintained higher photo-
catalytic efficiency during the reuse cycles.

The photocatalytic oxidation efficiency of doxycycline, pre-
dnisolone, amoxicillin and sulfamethizole as single pollutants
correlated with their adsorption onto the sol-gel-coated
expanded clay granules. The results are also in agreement with
the data on photocatalytic oxidation of these pharmaceuticals
in P25 slurry, where doxycycline and prednisolone were
degraded faster than amoxicillin and sulfamethizole due to
their different molecular structures and higher adsorption
affinities to TiO,.°® Higher adsorption affinities of the pollu-
tants were accompanied by higher photocatalytic oxidation
efficiencies, presumably due to direct reactions on the surface
of TiO,. Higher adsorption on the coated-bed materials is a
prerequisite for superior elimination of pollutants by the com-
bination of photocatalytic oxidation and adsorptive removal
processes. Consequently, pharmaceuticals less prone to
adsorption have lower reaction probabilities and thus demon-
strate lower degradation efficiencies and lower overall removal.
In the case of simultaneous photocatalytic oxidation, the
sequence of the oxidation efficiencies of the individual com-
pounds remains the same: under the conditions of competitive
adsorption and oxidation, doxycycline, which has the highest
adsorption on the coated expanded clay granules, has also the
highest oxidation efficiency.

The lower toxicity of photocatalytically treated doxycycline
solution compared to that of a solution treated in the dark can
be explained by partial decomposition of doxycycline and the
absence of toxic by-products (Fig. 5).

The concentrations of doxycycline decreased during adsorp-
tion and photocatalytic oxidation; however, they still exceeded
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Fig. 6 The growth inhibition of E. coli by model doxycycline solutions.

the MIC concentrations measured for the studied bacterial
strains. The antimicrobial activity (toxicity) of model doxy-
cycline solutions with concentrations equal to those in samples
that were photocatalytically pretreated for 0, 0.5, 1, 1.5, 2, 2.5,
3 and 4 h (11.3 to 3.2 mg L™, respectively) was measured with
E. coli (Fig. 6), S. aureus, P. putida and Dev3 (not shown).

In contrast, model doxycycline solutions with concen-
trations identical to those of the photocatalytically pretreated
samples exhibited no decrease in toxicity.

When comparing the antimicrobial properties of the photo-
catalytically pretreated solution, where antimicrobial activity
decreased, and the model solution, with a doxycycline concen-
tration corresponding to that in the photocatalytically
pretreated solution, the antimicrobial activity remained
unchanged; this may be due to the net effects of the change in
PpH and the presence of multivalent cations in the solution. In
aqueous medium, leaching from the expanded clay bed
material leads to the accumulation of metal ions in the solu-
tion. At the same time, it has been reported that the presence
of multivalent cations, such as Fe*”*", Mg®", AI** and Ca®",
markedly suppresses the antimicrobial activity of tetracyclines
due to the formation of chelate complexes.*

The combination of the photocatalytic pretreatment of doxy-
cycline solution with biological oxidation has been demonstrated
to result in both the accumulation of antibiotics on the activated
sludge and their removal from the water; the operation of the
biological system was not considerably affected by the presence
of partially photocatalytically degraded pharmaceuticals.

Experimental
Photocatalytic oxidation

Suspended catalyst bed reactor setup. A photocatalytic
suspended-bed 2 L reactor composed of UV-A-transmitting
Plexiglas® XT (Evonik) with an inner diameter of 144 mm was
the basis of the experimental setup, as shown in Fig. 7. The
bed was fluidized by pressurized air supplied through a
diffuser installed in the bottom of the reactor.

The pressurized air was humidified in a pre-column in
order to minimize water losses in the treated solution during
operation. Four 24-W low-pressure UV-A lamps (Philips PL-L)
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*

Fig. 7 Experimental setup: 1 — rotameter, 2 — air humidifier, 3 —
reactor, 4 — UV-A-lamps, 5 — sample port.

with maximum emission at 365 nm placed around the reactor
were used as the UV source; the average UV-A light intensity of
ca. 2.9 mW cm™ inside the reactor was measured by a fibre-
optic spectrometer (USB-2000 + UV-VIS-ES, Ocean Optics Inc.).
Periodic measurements of the UV-A transmittance of the
reactor walls showed that it remained virtually unchanged
during the reactor operation.

The influence of the operating parameters on the reactor
performance was studied by varying the air superficial velocity,
Vg, in the range of 4 to 8 cm s~ (corresponding to a volumetric
airflow range of 2.5 to 4.5 m® h™") and by varying the coated
bed loading from 7 to 23 g L™". The temperature of the solu-
tion in the reactor was not additionally regulated; equilibrium
was reached between the surrounding temperature, heating by
the UV-A lamps, and cooling by the air fluidizing of the bed,
resulting in temperatures 20 + 4 °C. The experimental runs
lasted from 3 to 4 hours (for details, see the Results section).
To account for the effects of adsorption of the pollutants onto
the coated bed, all the experimental runs were repeated under
the same process conditions in the dark (reference experi-
ments), with the reactor shielded from UV-A irradiation to
maintain the same temperature range.

Materials and analysis. Doxycycline hyclate (AppliChem
Panreac), sulfamethizole, amoxicillin and prednisolone
21-hemisuccinate sodium salt (Sigma) were used as model
water micropollutants at initial concentrations of 25 mg L™" as
single compounds and at 10 mg L™" each in a mixture.

The concentrations of amoxicillin, doxycycline, predniso-
lone and sulfamethizole were analyzed by high-performance
liquid chromatography combined with a diode array detector
and mass spectrometer (HPLC-PDA-MS, Shimadzu LC-MS
2020). A Phenomenex Gemini-NX 5u C18 110A 150 x 2.0 mm
column, inner diameter 1.7 um, was used with two eluents,
0.1% acetic acid aqueous solution (eluent A) and acetonitrile
(eluent B), with a total eluent flow of 0.3 mL min~"; the start-
ing concentration of eluent B was 5%, increased to 48.5% over
23 minutes with a linear gradient, maintained at that concen-
tration for two minutes, and then decreased to 5% over
30 minutes, during a 30-minute analysis. Mass spectra were

This journal is © The Royal Society of Chemistry and Owner Societies 2016

Paper

acquired in full scan mode; the MS was operated in positive
ionization mode with an interface voltage of 4.5 kV and a
detector voltage of 1.1 kV. A diode array detector was set to
scan samples at 190 to 800 nm. The instrument was operated
and the results obtained from the MS and PDA detectors were
processed using Shimadzu LabSolutions software.

To express the micropollutant degradation results, the
photocatalytic oxidation efficiency £, mg W~ h™", was used;
this is defined as the decrease in the amount of the pollutant
in mg divided by the product of UV-A radiation intensity in
W m™2, the surface of the treated solution, in m? and the
irradiation time, in h.*> The photocatalytically oxidized
amount of micropollutant was calculated as the difference
between the quantities removed in the photocatalytic and
reference experiments. The first number accounts for the
removal of the compound by the net effects of oxidation and
adsorption, and the second number accounts for the removal
in the course of dark adsorption. Thus, the effect of adsorp-
tion is subtracted from the E.

Preparation of titania coatings. The titania coatings were de-
posited on lightweight expanded clay aggregates (Saint-Gobain
Leca) 2 to 3 mm in diameter. The catalyst was attached onto
these granules via a sol-gel method using a dip coating tech-
nique, as described in our previous study.>’ The titanium tetra-
isopropoxide-based (TTIP-based) coating was prepared accord-
ing to a procedure optimized earlier.”> Two procedure modifi-
cations were also used in the present research: (a) the coating
was prepared without the addition of P25 TiO, (Evonic)
powder; (b) the drying and the calcination of the coating were
carried out in an atmosphere of nitrogen instead of air.

The structural stability and abrasion resistance of the
coatings were monitored by turbidity measurements of the
treated solutions at 860 nm in Formazin Attenuation Units
(FAU turbidity, Hach DR2800).

To study the potential reuse of the catalysts, expanded clay
coated granules used in an experimental run were collected
and regenerated for 5 hours in water under UV-A irradiation.
Two 15 W low-pressure mercury lamps (Philips) with
maximum emission at 365 nm were applied in this procedure.
The losses of bed material during three cycles of granule reuse
were negligible.

Evaluation of the antibacterial activity of doxycycline solutions

Single bacterial strain colonies. In order to evaluate the anti-
bacterial properties (toxicity) of the samples, growth inhibition
assays of bacteria with different origins were applied.
Escherichia coli 1655 (E. coli K12BW30270; intestinal bacter-
ium, Gram~), Staphylococcus aureus RN4220 (opportunistic
pathogenic bacterium, Gram®), Pseudomonas putida KT2440
(environmental ~ bacterium, Gram®’), and a bacterial
strain freshly isolated from the activated sludge (Dev3; Fig. S1
in the ESIt) were used as the test bacteria. The initial concen-
trations of the bacteria, measured by the conventional
plate counting method, in the tests were as follows: E. coli -
5 x 10° bacterial cells mL™", S. aureus — 4 x 10’ bacterial
cells mL™", P. putida and strain Dev3 - 1 x 10° bacterial

Photochem. Photobiol. Sci, 2016, 15, 1492-1502 | 1499



Paper

cells mL™". The pure cultures of bacteria, stored frozen in 15%
glycerol at —70 °C, were pre-grown overnight in 3 mL of
Mueller-Hinton (M-H) broth (Sigma-Aldrich Inc.; compo-
sition, g L™": beef infusion solids - 2.0, casein hydrolysate,
17.5 g, starch - 1.5 g) at a temperature of 30 °C on a rotary
shaker (200 rpm). After overnight incubation, a second transfer
was performed from the tubes into 30 mL of fresh M-H broth
(with 1:50 dilution). These second cultures were grown for
2 to 3 h to attain the exponential growth stage; the optical
density 0.30 at 600 nm (ODgy, = 0.30) was detected by a
Multiskan Spectrum microplate spectrophotometer (Thermo
Electron Corporation, Finland). The bacterial cultures
were then harvested by centrifugation at 3500g for 7 min
(Sigma 3-16PK, Germany) and washed twice with fresh
M-H broth. The washed cells were suspended and diluted with
the same broth to optical density ODggo = 0.10. The assay was
performed in 96-well polypropylene microplates (Falcon) with
a 200 pL final volume per well. Each well contained 100 pL of
the serially diluted sample and 100 pL of the test bacteria
culture (ODggo = 0.10) in M—H broth. The ODg, of the bacterial
and test sample mixtures (the model antibiotic solution and
solutions treated in either photocatalytic or dark adsorption
(reference) experimental runs) in the wells was recorded
initially and then after 1, 2, 3, 16, 18, 20 and/or 24 h of
incubation at 30 °C on a microplate shaker (Titramax 1000,
Heidolph). The minimal inhibitory concentrations (MICs)
were determined as the lowest concentration of the antibiotic
doxycycline at which no turbidity from microbial growth could
be observed.

The Mueller-Hinton (M-H) medium used for the time-
dependent growth study of test bacteria is recommended by
the Food and Drug Administration, the World Health
Organization and the Clinical Laboratory Standard Institute
for testing the most commonly encountered aerobic and facul-
tative anaerobic bacteria in food and clinical materials. This
medium shows good batch-to-batch reproducibility; it is low in
sulfonamide, trimethoprim, and tetracycline inhibitors and
yields satisfactory growth of heterotrophic bacteria.

Mixed bacterial colonies from activated sludge. The growth
inhibition activities of photocatalytically pretreated doxycycline
solutions were also evaluated using the traditional plate colony
counting method of aerobic sludge bacteria. Activated sludge
was diluted 100 times in physiological saline (0.9% NacCl) to
obtain a reasonable number of colonizing bacteria on plates;
200 pL of this bacterial solution were mixed with 5 mL of
sample containing an antibacterial agent. After 24 h, the 50 puL
were transferred to and spread on a plate containing
Plate Count Agar (Vegitone, Sigma-Aldrich) and immediately
incubated at 21 + 1 °C for 72 h. Control plates were produced
identically, using deionized water instead of antibiotic solu-
tion; the tests were performed in triplicate. All plates
were counted, and the inhibition 7 in% was calculated as I =
((No — N)/Ny) % 100%, where N, and N are the mean numbers
of counted colonies on the non-exposed and antimicrobial-
treated agar plates at the end of the incubation period,
respectively.*?
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Reactor setup and procedure. Two continuous flow stirred-
tank reactors (CSTR; aeration basin 7.5 L, clarifier 2.5 L) with
automatically controlled supporting equipment were colonized
by activated sludge obtained from a municipal wastewater
treatment plant (Paljassaare WWTP, Tallinn, Estonia). On the
basis of preliminary experimental runs (not described in this
manuscript for the sake of brevity), the following combination
of photocatalytic and biological processes was studied: 4.5 h
photocatalytic treatment of 10 mg L™ of doxycycline solution
(air velocity in photocatalytic reactor: 5 cm s™*, catalyst coated
bed loading: 19 g L™") followed by biological treatment. The
hydraulic retention time (HTR) in the CSTR reactor was 24 h.
The activated sludge used in the experiments was acclimated
for 55 days to model wastewater and for another 24 days to
wastewater containing doxycycline. Subsequently, the photo-
catalytically pretreated model doxycycline solution was
directed to one of two reactors for 42 days, while another
reactor was operated as a reference with untreated model solu-
tion to acquire conventional aerobic biological treatment data.
The model wastewater (bacteriological peptone 0.16 g L7,
beef extract 0.11 g L7', urea 0.03 g L™, Na,HPO,12H,0
0.057 g L™', NaCl 0.007 g L™', CaCl, 0.003 g L™', MgSO,-7H,0
0.002 g L™', CH;COONa 0.06 g L") was continually directed to
both bio-reactors;** the streams were not mixed with anti-
biotic-containing solution to prevent loss of the target com-
pound due to its (target compound) adsorption on the
materials of the model wastewater delivery system. The reac-
tors were operated at room temperature (20 + 1 °C), and the
dissolved oxygen levels remained between 2 and 4 mgO, L™".
The concentration ratio of mixed liquor suspended solids to
mixed liquor volatile suspended solids (MLVSS/MLSS)
remained in the range of 0.79 to 0.91. The CSTR reactors were
operated with organic loadings, expressed as chemical oxygen
demand (COD), of 210 + 15 mg COD day " L™".

Analysis. The 7-day biochemical oxygen demand (BOD,),
COD, turbidity, MLSS, MLVSS, sludge volume index (SVI), and
specific oxygen uptake rate (SOUR) were determined according
to standard methods for water and wastewater analysis.*”

The turbidity, NH,-N, NO;-N, NO,-N, total nitrogen (TN)
and dissolved organic carbon (DOC) concentration were also
measured in the effluent and influent samples. The DOC and
TN were measured by a total organic carbon (TOC/TN) analyzer
(Multi N/C 3100, Analytik Jena); the lowest calibration value of
the respective methods was 0.5 mg L™". The concentrations of
total ammonia were measured spectrophotometrically by
ammonium cuvette tests (Hach Lange DR 2800, LCK 302).
NO,-N and NO;-N were determined by ion chromatography
(Metrohm 761 Compact IC).

The effluent average oxidation state (AOS) was calculated as
AOS = 4 x (DOC-COD)/DOC, where DOC and COD are
expressed in molar concentration.>®

Determination of doxycycline in the effluent. The samples
were purified and concentrated before analysis using Strata
WC-XL (500 mg per 6 mL) extraction cartridges. Prior to
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sample loading, the cartridges were activated with 6 ml metha-
nol followed by 6 ml deionized water. After loading the sample
with 0.005 g L™" dissolved Na,EDTA and adjusting the pH to
5 to 6 using H,S0,, the cartridges were washed with 6 mL of
deionized water and 6 mL of methanol. The cartridges were
dried under vacuum for 25 min; then, the cartridge was eluted
using 5% formic acid in methanol. The eluate was evaporated
to dryness on a water bath under a moderate stream of nitro-
gen and re-diluted in the initial mobile phase for HPLC ana-
lysis (0.3% formic acid, 5% acetonitrile in deionized water).
Matrix-matched standards were used for calibration (detector —
MS). Linear calibration ranged from 0.01 to 0.5 mg L™". All
calibration curves were essentially linear, with determination
coefficients greater than 0.99.

Determination of doxycycline adsorbed on activated sludge.
80 mL of sample from the bioreactor were centrifuged
(2600 rpm); the liquid was then separated, and 15 mL of
Mcllvaine/EDTA extraction solution (pH 5) were added.
Extraction was performed for 20 min in an ultrasound bath.
After ultrasonication, the samples were centrifuged for 30 min
(2600 rpm). After the extract was separated, the extraction cycle
was repeated (up to 8 times). The extract was collected and
filtered through an Express Plus® Membrane. The concen-
trations were measured using HPLC with a previously cali-
brated PDA detector for quantification (an MS detector was
used for the m/z control). Linear calibration ranged from 0.5 to
50 mg L™, with determination coefficients greater than 0.99;
the recovery ratio of the described method was 81 + 6%.

HPLC-PDA-MS (section 2.1.2) settings. Eluent A - 0.3%
formic acid aqueous solution, eluent B - 0.3% formic acid in
acetonitrile; a binary gradient was used with a flow rate of
0.30 mL min~", where the starting concentration of eluent B
was 5% for the first 3 min, increased to 95% by 12 min, held
for 2 min and then decreased to 5% by 20 min, followed by
3 min for re-equilibration. Mass spectra were acquired in full
scan mode and selected ion mode (SIM) by positive ion electro-
spray ionization (ESI). The nebulizing and the drying gas flow
rates were set to 1.1 and 20 L min™', respectively; the heat
block and desolvation line temperatures were 100 °C and
250 °C, respectively; the interface voltage was 3.1 kV.

Conclusions

A photocatalytic suspended-bed reactor utilizing TiO,-coated
expanded clay granules as bed material for the degradative
removal of pharmaceuticals was successfully scaled up by an
order of magnitude in comparison to the authors’ previous
studies. The efficiency of photocatalytic pretreatment is related
to the adsorption affinities of the drug molecules towards the
coated expanded clay, and the following sequence was
obtained for the studied compounds: doxycycline > predniso-
lone > amoxicillin > sulfamethizole.

Despite the considerable shear forces typical of a fluidized-
bed regime, the choice of operating parameters can
provide satisfactory pollutant removal, ensuring the effective
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performance of photocatalytic coatings. These sol-gel-coated
expanded clay granules could be a good basis for the further
development of coating preparation procedures, resulting in
coatings with improved abrasion resistance and photocatalytic
properties.

The toxicity of antibiotics, using doxycycline as an example,
to model and environmental bacterial strains noticeably
decreased during the photocatalytic pretreatment in the fol-
lowing order: E. coli > P. putida > Dev3 (activated sludge bacter-
ium strain) > S. aureus, indicating that no toxic oxidation by-
products formed.

The decrease in antimicrobial activity is an essential pre-
requisite for the implementation of photocatalytic processes
as a pretreatment stage prior to biological treatment of water
polluted by drug molecules, or as a post-treatment; this
implementation would substantially decrease the micropollu-
tant load in the environment.
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