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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 TiO2 support and the first application of sol-gel technology for 
coating of expanded clay granules with TiO2. 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 TiO2, that is activated by light 
radiation. Since the studies on TiO2 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 TiO2 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 (݁஼஻

ି ) and its migration from valence band (VB) 
to the conduction band (CB) and leaving a positive hole (݄௏஻

ା ) in the valence band 
(Eq. 1.1) [5, 6].  

ܱܶ݅ଶ ൅ ݒ݄ → ݁஼஻
ି ሺܱܶ݅ଶሻ ൅ ݄௏஻

ା ሺܱܶ݅ଶሻ	 (1.1) 

Generated electron ݁஼஻
ି   can react with electron acceptors, such as oxygen, 

forming superoxide radical (Eq. 1.2).  

݁஼஻
ି ൅	ܱଶ → ܱଶ

•ି (1.2) 

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

ܱଶ
•ି ൅	ܪା → ଶܱܪ

• (1.3) 
 
ଶܱܪ2

• → ଶܱଶܪ ൅ ܱଶ (1.4) 
 
ܱଶ
•ି ൅ ݁஼஻

ି 	→ ܱଶ
•ଶି (1.5) 

 
ܱଶ
•ଶି ൅ ାܪ2 →   (1.6)	ଶܱଶܪ

 
ଶܱଶܪ ൅ ݁஼஻

ି → •ܱܪ ൅  (1.7) 	ିܪܱ
 
ଶܱଶܪ ൅ •ܱܪ → ଶܱܪ ൅ ܱଶ

•ି ൅  ା (1.8)ܪ
 
ଶܱଶܪ ൅ ܱଶ

•ି → 	ܱଶ ൅ ିܪܱ ൅   (1.9) •ܱܪ
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Generated in the valence band hole, ݄௏஻
ା , that owns oxidation potential of ca. 

3 V, participates in direct oxidation of organic compounds resulting in the 
formation of CO2 and H2O 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): 

݄௏஻
ା ൅ R → intermediates → ଶܱܥ ൅  ଶܱ (1.10)ܪ

 
ଶܱܪ ൅	݄௏஻

ା → •ܱܪ ൅  ା (1.11)ܪ
 
•ܱܪ ൅ ܴ → intermediates → ଶܱܥ ൅  ଶܱ (1.12)ܪ

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

Besides TiO2, various metal oxides and sulfides, such as ZnO, WO3, Nb2O5, 
Bi2O3, SnO2, CdS, ZnS, SrTiO3, BiVO4, CeO2 and Fe2O3 [10-13], were also 
studied for photocatalytic purposes, however TiO2 is the most widely applied due 
to its relatively high photocatalytic activity, chemical stability, availability and 
reasonable price [3, 14, 15]. TiO2 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 TiO2 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 SOWΛRLΛ 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 TiO2 coatings. For example, during thermal treatment 
step in sol-gel synthesis, sodium or other alkali metal cations can diffuse from the 
substrate to the TiO2 film leading to a detrimental effect on the photocatalytic 
activity [42]. In [43] it was concluded that sodium content influences TiO2 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 TiO2 film is the main reason for its lower photocatalytic activity 
if compared to that of the TiO2 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 TiO2 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 TiO2 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-1 up to several μg L-1 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 µg L-1 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-1 

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 obliquus [85]. Additionally, tetracyclines were reported to inhibit 
mitochondrial function across different species already at the concentration range 
of 0.5 to 25 mg L-1 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 µg L-1) 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 “to 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-1 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. 

AOPs 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 TiO2 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 TiO2 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 TiO2 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. 

TiO2 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 TiO2 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 TiO2 photocatalyst attachment 
to expanded clay granules used as support material to be applied in 
suspended-bed photocatalytic reactor 

 to optimize the procedure of TiO2 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 TiO2 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 TiO2 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 TiO2 
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 TiO2 nanoparticles (Evonik) while 
in TBOT- and TTIP-based methods additionally to P25, TiO2 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: TiO2 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-1, heat treatment temperature from 400 to 600oC 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 II. 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-1 and 
volume of 0.2 L was treated under irradiation intensity of 15 W m-2 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-1. The conditions in suspended-bed reactors were as 
follows: DC initial concentration and volume of 25 mg L-1 and of 0.2 L, 
respectively, irradiation intensity of ca. 9 W m-2, temperature 25±2oC, duration 
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of 3 h, expanded clay loading of 3.5 g (bed loading of 17.5 g L-1). Photocatalytic 
activity was characterized by photocatalytic efficiency E, mg W-1 h-1, 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).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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-1 and TiO2-coated bed 

Adsorption  

Sol-gel 

TiO2 suspension in isopropanol (Paper I) 

TiO2 suspension in water (Paper I) 

S5-300A (Paper II) 

Hombikat XXS 100 (Paper II) 

TBOT-based sol (Paper II) 

TEOS-based sol (Paper I) 

TTIP-based sol (Paper II and III) 

Adsorption 
and sol-gel 

TiO2 suspension in isopropanol and 
TEOS-based sol (Paper I) 

TiO2 suspension in water and TEOS-
based sol (Paper I) 
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loading in the range of 7 to 23 g L-1. AMO, DC, PNL and SMZ were selected as 
model water pollutants (Table 2.1) and were used at initial concentration of 25 
mg L-1 separately and at 10 mg L-1 each in a mixture. Model solutions were treated 
under irradiation of ca. 29 W m-2 at 20±4oC 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 III.  

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 III).  

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-1 at previously optimized reactor operating conditions 
of 5 cm s-1 air velocity and 19 g L-1 bed loading (Paper III). In run B the initial 
concentration of DC was lowered to 10 mg L-1 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, Na2HPO4, NaCl, CaCl2, MgSO4, 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 mgO2 L-1 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 1st stage 138 and 55 days, the 2nd stage 39 and 24 
days, and the 3rd 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 TiO2-coated LECA was measured 
by Areameter. The deposition of TiO2 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, BOD7, 
COD, NH4-N, NO3-N, NO2-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-III. 
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Table 2.2. Analytical methods applied in the study. 

Parameter/ Analysis Analytical method/ 
Equipment 

Paper 

Crystallinity XRD unpublished 
Surface morphology FE-SEM I-II 
Depth profile SNMS unpublished 
Specific surface area Areameter II 
DOC TOC/TN analyzer II-III 
AMO, DC, PNL, SMZ Spectrophotometer, 

HPLC-PDA 
HPLC-PDA-MS 

I-III 

Turbidity Spectrophotometric method I-III 
Toxicity Growth inhibition assay III 
TC TOC/TN analyzer III 
TN TOC/TN analyzer III 
NH4-N Spectrophotometric method III 
NO2-N, NO3-N IC-SCD III 
SVI Standard Method 2710C III 
COD Standard Method 5220D III 
BOD7 Standard Method 5210B III 
MLSS Standard Method 2540B III 
MLVSS Standard Method 2540E III 
sOUR Standard Method 2710B III 
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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 m2 g-1 

while the external area with no pores taken into account is 0.004 m2 g-1. 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-³ [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.  

 

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

Expanded clay granules consist mainly of SiO2, Al2O3, Fe2O3, CaO, MgO, 
K2O and Na2O [139-141]. Content of sodium, that is known for negative effects 
on TiO2 photocatalytic performance (see section 1.2 Photocatalytic coatings and 
reactors) is lower than 2 wt% of Na2O, 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 TiO2 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 
SiO2 layer was deposited via TEOS-based sol-gel method on the surface of 
expanded clay with previously deposited TiO2 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-1 h-1 for titania 
adsorbed from its isopropanol and aqueous slurries, respectively.  

TEOS-based coatings 

The immobilization of P25 TiO2 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 TiO2 
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 0.75 mg W-1 h -1 .  

With the preliminary substrate surface acidification (in 1 M HNO3) the 
stability of coatings was significantly improved resulting in decreased turbidity 
levels (from 60 to 20 FAU), though lowering slightly the coatings’ activity from 
0.75 to 0.5 mg W-1 h -1.  

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-1 h -1 (Paper I, Fig. 3, middle). 
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Coatings prepared from TBOT, S5-300A 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-1 h -1 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 II, 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-1 h -1) and coating washout (up to 28 FAU) (Paper II, 
Table 1, series of exp. I). The addition of TiO2 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 TiO2 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 II, 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-1 h -
1 while the increase in isopropanol amount resulted in thinner coating with 
lowered activity of 1.4 mg W-1 h -1 (Paper II, 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. III). Higher withdrawal speed (2 mm s-

1) resulted in thicker coatings with efficiency of 1.9 mg W-1 h -1 and speed 
reduction (to 0.5 mm s-1) led to the decrease in layer thickness and photocatalytic 
efficiency to 1.6 mg W-1 h -1 (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-1 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 TiO2 
crystallization (Paper II, Table 1, series of exp. IV and V). The results revealed 
lower photocatalytic activity of the coatings, when heat treatment at 400oC was 
applied, that can be explained by the insufficient temperature for the 
crystallization of amorphous TiO2 to anatase (Paper II, 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 TiO2 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 
II, 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 III, Fig. 1).  

The bed loading also determines the minimal fluidizing air velocity (υmg) that 
allows to fluidize and uniformly distribute the granules in the treated solution. In 
experiments at velocities lower than υmg, 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 III, 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 III, Fig. 3). A 
similar tendency for the adsorption of these model pollutants onto TiO2-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 TiO2. Thus, compounds having lower adsorption affinity 
towards TiO2/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 III, 
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 Al3+, Ca2+, Fe2+/3+ and Mg2+, 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-1 resulted in decrease in DC concentration 
up to 10±2 mg L-1 while the DOC decrease was 20% and COD was 26%. 

After the introduction of photocatalytically pre-treated DC solution to the 
acclimated activated sludge (3rd stage), sludge settleability became poor, with 
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sudden increase in SVI to over 300 mL g-1 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 3rd 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 3rd 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 -1, 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-1 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 III). 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-1.  

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 bio-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 III). 

The concentration of DC on sludge by the end of the experimental run reached 
approx. 3.4 and 10.5 mg g-1 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 TiO2 support and the first application of 
sol-gel technology for coating of expanded clay granules with TiO2. 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 TiO2 deposition for the 
application in suspended-bed photocatalytic reactor demonstrated high 
potential due to beneficial properties of expanded clay granules.  

 Among TiO2 immobilization methods studied, sol-gel method based on 
P25-modified TTIP-sol allowed to prepare TiO2 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 TiO2 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 TiO2-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 TiO2 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 TiO2 
deposition via adsorption, tetraethyl 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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KOKKUVÕTE 

Püsivate mikrosaasteainete lagundamine keevkihtreaktoris 
fotokatalüütilise oksüdatsiooniga ning bioloogilise oksüdatsiooni 
kombineerimine fotokatalüüsiga 

Ravimite olemasolu looduslikes veekogudes on oluline keskkonnaprobleem 
selliste ainete negatiivse mõju tõttu tervisele ja keskkonnale. Ravimid pärinevad 
erinevatest allikatest, nagu näiteks põllumajandus-, tööstus- ja olmereoveest, 
sattudes keskkonda läbi tavapärase reoveepuhasti. Üks võimalikest lahendustest 
selliste bioloogiliselt püsivate saasteainete kõrvaldamiseks on kasutada 
süvaoksüdatsiooniprotsesse nagu fotokatalüüs. Vaatamata fotokatalüüsi ilmsele 
võimele püsivaid veesaasteaineid tõhusalt lagundada, on fotokatalüütilise 
töötluse rakendamine vee puhastamiseks praegu piiratud, peamiselt seetõttu, et 
katalüsaatori eraldamine peale töötlust on kulukas. Seega tuleb täiustada 
fotokatalüsaatori kinnitamismeetodit, et  rakendada seda kihi materjalina 
fotoreaktoris, milles saab saasteaineid efektiivselt viia UV-A kiiritatud 
katalüsaatori pinna lähedusse. 

Käesolev uurimistöö keskendub katalüsaatori kandjale kinnitamismeetodi 
leidmisele, et seda rakendada keevkihi põhimõttel töötavas reovee 
töötlemissüsteemis. Uurimistöö eesmärgiks on ka selle süsteemi toime hindamine 
ravimite eemaldamiseks ja antud süsteemi biooksüdatsiooniga kombineerimise 
võimalikkuse hindamine keskkonnas esilekerkivate mikrosaasteainete tõhustatud 
ärastamiseks. 

Katalüsaatori kinnitamiseks kasutati adsorptsiooni ja sool-geel meetodit. 
Sool-geel meetodi rakendamisel katete valmistamiseks kasutati erineva 
koostisega lahuseid ja tingimusi. Kõrgeima fotokatalüütilise aktiivsuse ja 
mehaanilise stabiilsusega katteid kasutati püsivate ravimite fotokatalüütiliseks 
lagundamiseks suuremõõtmelises kolmefaasilises keevkihtreaktoris; uuritavate 
ainetena kasutati amoksitsilliini, doksütsükliini, prednisolooni ja sulfametisooli 
eraldi ning segus. Uuriti toksilisuse vähenemist fotokatalüütilise töötlemise ajal 
valitud bakteritüvede vastu ja võimalust fotokatalüütilise eeltöötluse 
kombineerimiseks bioloogilise aktiivmudaprotsessiga. 

Titaandioksiidi kinnitamine sool-geel meetodiga kaubanduslikult saadavale 
kergkruusale vee fotokatalüütiliseks puhastamiseks saasteainetest on uudne 
lähenemine, mis lihtsustab katalüsaatori eemaldamist, alandab töötlemise hinda 
ja seega soodustab laialdast fotokatalüüsi kasutuselevõttu. Titaandioksiidi 
süntees ja kinnitamine keramsiidi pinnale kasutades titaan tetraisopropoksiidil 
põhinevat sool-geel meetodit võimaldas valmistada stabiilseid ja 
fotokatalüütiliselt aktiivseid katteid. Katted, mis moodustusid TiO2 kinnitamisel 
adsorptsiooni teel, tetraetüül ortosilikaatil ja titaan butoksiidil baseeruva sool-
geel meetodi abil, ning kasutades Hombikat XXS 100 ja S5-300A lahuseid, olid 
kehvade mehaaniliste ja fotokatalüütiliste omadustega. Ravimid, mis on altid 
TiO2 katetel  adsorbeeruma, omavad suuremat fotokatalüütilise oksüdatsiooni 
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reaktsiooni tõenäosust, st kõrgemat lagunemise efektiivsust. Fotokatalüütilise 
oksüdatsiooniga kaasnes oluline toksilisuse langemine mitmete bakteritüvede 
vastu, võimaldades protsessi rakendust enne bioloogilist töötlust. 
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PAPER I 

 

 

Klauson, D., Poljakova, A., Pronina, N., Krichevskaya, M., Moiseev, A., 
Dedova, T., Preis, S. Aqueous photocatalytic oxidation of doxycycline. - Journal 
of Advanced Oxidation Technologies, 2013, 16 (2), 234−243. 

Reproduced with permission from De Gruyter.
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PAPER II 

 

 

Pronina, N., Klauson, D., Moiseev, A., Deubener, J., Krichevskaya, M. Titanium 
dioxide sol-gel-coated expanded clay granules for use in photocatalytic fluidized-
bed reactor. - Applied Catalysis B: Environmental, 2015, 178, 117−123. 

Reproduced with permission from Elsevier. 
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Pronina, N., Klauson, D., Rudenko, T., Künnis-Beres, K., Kamenev, I., 
Kamenev, S., Moiseev, A., Deubener, J., Krichevskaya, M. Elimination of 
persistent emerging micropollutants in suspended-bed photocatalytic reactor: 
influence of operating conditions and combination with aerobic biological 
treatment. - Photochemical and Photobiological Sciences, 2016, 12, 1492−1502. 

Reproduced with permission from the European Society for Photobiology, the 
European Photochemistry Association, and the Royal Society of Chemistry. 
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