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Abstract 

The degradation of pharmaceutically active compounds (PhACs) under controlled and natural solar 

irradiation using immobilized TiO2 was studied in model solution and real urban wastewater effluents. 

The TiO2 coatings were prepared via the sol-gel method with two different configurations, using simple 

(thin films) and the "sandwich" approach. Prepared coatings were characterized employing X-ray 

diffraction (XRD), scanning electron microscopy (SEM), ellipsometry and UV-Vis diffuse reflectance 

spectroscopy. Decomposition of PhACs detected in urban wastewater effluents (diclofenac, 

carbamazepine, atenolol, propranolol, albuterol, ofloxacin, ciprofloxacin, azithromycin, erythromycin, 

hydrochlorothiazide, and furosemide) was monitored using Ultra Performance Liquid Chromatography-

Triple Quadrupole Mass Spectrometry (UPLC-QqQ-MS/MS). Among detected PhACs three are 

included in the Watch List (EU Decision 2018/840). The "sandwich" coatings (deposited on frosted 

support) with the following structure: anatase layer, TiO2 P25 nanoparticles and anatase layer (sealing 

film) demonstrated the highest photocatalytic activity among all tested TiO2 coatings and were used for 

elimination of PhACs from real urban wastewater effluents. Photocatalytic treatment of urban 
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wastewater effluents under controlled and natural solar irradiation led to moderate and high removal 

(>40%) of all detected PhACs except carbamazepine and atenolol, for which poor removal efficiency 

was observed (~20%). Some of the PhACs compounds present in wastewater effluents, such as 

diclofenac, ofloxacin, ciprofloxacin, hydrochlorothiazide and furosemide were sensitive to solar 

photolysis. The efficiency of solar photocatalytic inactivation of Escherichia coli present in urban 

wastewater effluent was similar to that of solar disinfection (SODIS). 

 

1. Introduction 

In recent decades, wastewater treatment has become an important issue for the international community 

due to its economic, environmental and human health implications (Baresel et al., 2015). Various 

regulations for wastewater treatment have been adopted by different governments (Blöch, 2005, EPA 

2002). Most of these regulations focus on traditional effluent limitations such as Biochemical Oxygen 

Demand (BOD5), Total Suspended Solids (TSS), Chemical Oxygen Demand (COD), nutrients 

(phosphorus and nitrogen), etc. However, other potentially toxic compounds are present in wastewaters 

(Roberts and Thomas, 2006). Among these, pharmaceutically active compounds (PhACs) are getting 

special attention due to their capacity to cause biological effects at very low concentrations (Suárez et 

al., 2008). Thus, continuous discharge of PhACs to the aquatic environment through urban wastewater 

treatment plants effluents may seriously affect the aquatic ecosystems (François et al., 2015, Quinn et 

al., 2009, Quinn et al., 2011). Environmental risks associated with presence of PhACs in secondary 

wastewater effluent were evaluated (Verlicchi et al., 2012). Such PhACs as antibiotics (erythromycin, 

ofloxacin, sulfamethoxazole, clarithromycin, amoxicillin, tetracycline and azithromycin), 

analgesics/anti-inflammatories (ibuprofen and mefenamic acid), psychiatric drugs (fluoxetine, 

diazepam) and lipid regulators (fenofibric acid, fenofibrate, gemfibrozil) were reported to pose high 
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environmental risk (Verlicchi et al., 2012). In another study it was demonstrated that mixture of 13 

drugs (atenolol, bezafibrate, carbamazepine, cyclophosphamide, ciprofloxacin, furosemide, 

hydrochlorothiazide, ibuprofen, lincomycin, ofloxacin, ranitidine, salbutamol, and sulfamethoxazole) at 

ng/L level could inhibit growth of human embryonic cells (Pomati et al., 2006). 

The issue of unregulated discharge of contaminants of emerging concern (CECs) was addressed by 

series of decisions taken by European Union (Directive 2013/39/EU, EU Decision 2015/495, EU 

Decision 2018/840). Thus, the first Watch List (EU Decision 2015/495) was created and included 

pollutants, which pose potential risk to aquatic environment and should be monitored in all EU Member 

States (Sousa et al., 2019). The second Watch List (EU Decision 2018/840) was published in 2018, in 

which majority of compounds remained, while five substances were eliminated and three added. 

Compounds included in Watch List are monitored in freshwater.   However, urban Wastewater 

Treatment Plants (UWWTP), which normally operate with a biological treatment, usually do not 

represent an effective barrier to most PhACs and other emerging pollutants (Suárez et al., 2008). Hence, 

additional treatment is required to control the release of PhACs and other pollutants present in 

wastewater effluents to an aquatic environment. Moreover, there is an increasing demand for water reuse 

for different purposes, such as agricultural irrigation, industrial processes, urbane services, etc. The 

reuse of biologically treated wastewater requires a tertiary treatment, which strongly depends on the 

purpose of use. In the best case, governmental legislations have been introduced with a goal to avoid 

presence or pathogens, hazardous substances and to ensure the biological and chemical security of the 

user from a direct exposure risk. 

Tertiary treatment methods suitable for removal of pathogens and PhACs from urban wastewater 

effluents including but not limited to adsorption, electrochemical oxidation, membrane filtration, 

ozonation, advanced oxidation processes (AOPs), etc. (Suárez et al., 2008, Snyder et al., 2007, 
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Rasalingam et al., 2014). Advanced Oxidation Processes (AOPs) are based on the production of 

hydroxyl radicals that can inactivate pathogens and oxidize organic pollutants. Among various AOPs, 

photocatalytic water treatment has gained extensive attention in the last decades as a promising option 

for the development of environmentally friendly technologies. Solar photocatalysis is an especially 

attractive option in places like the South of Europe or North America (Mexico and USA), where 

conditions of high solar irradiation may contribute to efficient wastewater treatment. Theoretical aspects 

of photocatalysis can be found in excellent scientific works (Ohtani, 2010, Herrmann, 2010, Herrmann, 

1999).The most commonly used photocatalyst for removal of harmful compounds from the aqueous 

environment under UV and solar irradiation is titanium dioxide (in a form of slurry) (Prieto-Rodríguez 

et al., 2013, Malesic-Eleftheriadou et al., 2019, Moreira et al., 2018, Malato et al., 2016). The 

advantages of titanium dioxide include its chemical non-toxicity, relatively low cost and high 

photocatalytic activity. Despite all the advantages, this method has not found many practical 

applications in real wastewater and water treatment due to difficulties arising when the powder 

photocatalyst should be separated from treated water. Therefore, immobilizing of photocatalyst on 

substrates in the form of thin films could significantly simplify the separation procedure and enhance the 

photocatalytic process.  

The goal of this work was to explore the efficiency of immobilized TiO2 for removal of PhACs from 

model solutions and real wastewater effluents under simulated and natural solar irradiation. The effect of 

film thickness and type of support on photocatalytic activity of prepared coatings was studied. 

Moreover, inactivation of Escherichia coli in urban wastewater effluents under solar irradiation was 

performed.  
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2. Materials and Methods 

2.1. Chemicals  

The N-(-4 Hydroxyphenyl) ethanamide was purchased from Sigma Aldrich. The n-butoxide 

(TBOT) C16H36O4Ti (98%) and TiO2 (P25, 99.5%) were obtained from Sigma-Aldrich. The 

acetylacetone C5H8O2 (99.5%) was received from MERK. Ethanol C2H6O (99.5%) was purchased from 

Panreac (ITW companies). Methanol (HPLC grade) was received from Scharlau. The solid phase 

cartridges (Oasis HLB 200 mg) were purchased from Waters Chromatography Europe BV. Analytical 

standards of measured PhACs were received from suppliers listed elsewhere (Baena-Nogueras et al., 

2016).  

2.2. Deposition of TiO2 thin films and ʺsandwichʺ structure films on glass tubes 

The TiO2 coatings were prepared with two different configurations using simple (thin films) and the 

"sandwich" approach. In the simple one, a layer of TiO2 was deposited on the external side of glass 

tubes, according to the methodology described in (Blanco et al., 2015, Blanco et al., 2018). Briefly, TiO2 

precursor sol was prepared by hydrolysis of titanium n-butoxide (TBOT) in a solution containing 

acetylacetone, used as a chelating agent to reduce titanium alkoxide functionality and reactivity, and 

ethanol, as a solvent. For that purpose, acidified water (HNO3, pH = 1) was added drop wise to this 

solution under stirring and finally, the solution was diluted with ethanol leading to final molar ratio 

TBOT:acetylacetone:H2O:EtOH of 1:0.5:2:35. After stirring for one hour at room temperature, sol was 

kept for ageing for 100 h before to deposition. Sols were kept in the fridge at 4C and were stable for 

several months. 

In the simple approach, thin films of TiO2 were deposited on high-quality borosilicate glass 

(BOROFLOAT
®
33) cylindrical tubes, with a smooth or frosted surface, with 0.03 m external diameter 
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and 0.25 m length, which were previously cleaned with a surfactant solution in an ultrasonic bath. Dip 

coating was performed from the precursor sol at precisely controlled withdrawal speed. Fresh films were 

subsequently dried at 150C for 30 min. This procedure was repeated until the desired number of layers 

was reached. Finally, samples were annealed at various temperatures for the period of 1-2 h. The 

coatings used for photocatalytic experiments were annealed at 500C as it was found to be optimal. The 

oven was programmed to raise the temperature of 1C each min until the desired temperature (500C) 

was achieved. In previous papers (Blanco et al., 2015, Blanco et al., 2018) we showed that annealing at 

this temperature leads to a high degree of anatase crystallization while preserving some porosity and, 

then, high surface area. Thus, the film obtained by this procedure was called anatase film.  

The structure of the coatings prepared according to the "sandwich" approach is shown in Figure 1.  The 

"sandwich" coatings were prepared as follows. Firstly, the external side of the glass tube was coated 

with TiO2 film (5 layers), prepared as described above (simple configuration). After that, TiO2 P25 

nanoparticles (NPs) dispersed in acetylacetone-ethanol solution (4:1 volume ratio, 40 g/L) by high 

power ultrasonic probe (20KHz) were deposited on the top of anatase thin film. Finally, the coating was 

sealed with anatase thin film (simple configuration). The TiO2 P25 NPs are a mixture of anatase and 

rutile phases, so it is expected to be unmodified at applied annealing temperatures. Rutile NPs were 

prepared by thermal treatment of TiO2 P25 at 900C. 

2.3. Characterization of coatings 

Morphology of prepared coatings was followed by scanning electron microscopy (SEM) using NOVA 

NANOSEM 450 scanning microscope. The crystallization process was followed by X-Ray diffraction 

(XRD) in a Bruker model D8 Advanced Diffractometer using Cu Kα radiation (λ=0.154nm) in the range 

of 2θ from 15 to 60° with a 0.02°step size. Samples were analyzed at grazing incidence (0.5) geometry, 
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for an optimum polycrystalline thin film diffraction, which allows a better resolution of the titania phase 

peaks above the amorphous substrate halo. For the evaluation of full-width at half-maximum (FWHM), 

values were corrected for instrument broadening by using the curve registered for a standard reference 

material (NIST LaB6 660a). Thickness of coatings prepared on glass tubes was extrapolated from values 

measured for films prepared similarly on flat support. For estimation of the thickness of prepared 

coatings reflection ellipsometry (PLASMOS SD-2300) was used. Measurements were performed at 

room temperature and Brewster conditions using a spot size of 2 mm
2
 and wavelength 632.8 nm. 

An optical method for the band gap energy determination is based on UV-Vis diffuse reflectance 

spectroscopy by applying the Kubelka-Munk (K-M) function (López and Gómez, 2012). The K-M 

function, F(R), establishes a relationship between absorbed, scattered and diffused reflected light by the 

sample, and is defined as: 

           (1) 

where R is the sample diffuse reflectance. These experiments were performed in a Cary 5000 UV-Vis-

NIR spectrophotometer equipped with an integrating sphere for the determination of the diffuse 

reflectance spectra. 

2.4. Experimental procedures for photocatalytic decomposition of PhACs  

2.4.1. Decomposition of acetaminophen in model solution under controlled irradiation 

Photocatalytic activity of prepared TiO2 films deposited on glass tubes (fixed photocatalyst) was 

evaluated using the solar simulator Suntest CPS+ (Atlas Material Testing Technology LLC) equipped 

with a xenon lamp (Atlas Xe 1500 B-56001794 E2, Figure 2). It should be mentioned that solar 

simulator was equipped with the optical filter "coated quartz disk" and an additional filter known as "UV 
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special glass" (Ref. 56052371, Atlas), which was used to filter the excess of UVC radiation and achieve 

the simulation of solar global radiation (daylight). The total intensity (including UVA and UVB) used in 

the experiments was 30 W/m
2
. The annular Pyrex glass reactor (0.20 m length and 0.044 m inner 

diameter) was used in batch mode with recirculation. Glass tube (0.03 m external diameter and 0.25 m 

length) coated with photocatalyst was located inside the Pyrex reactor. The irradiated volume and total 

volume of water in photocatalytic tests were 97 ml and 400 ml, respectively. The ratio of geometrical 

surface area of TiO2 deposited on glass tubes and illuminated volume of treated water was 1.94 cm
2
/ml. 

Samples were taken at time intervals of 0, 30, 60, 120, 180, 240, 300 and 360 min.  

Photocatalytic activity of different coatings were evaluated using a model solution of the N-(-4 

Hydroxyphenyl) ethanamide (acetaminophen) with the initial concentration of 15 mg/L. The model 

solution was prepared using ultrapure water (Milli-Q). The concentration of acetaminophen was 

determined utilizing a Jenway 7315 UV-Visible spectrophotometer (λmax = 243 nm). To confirm the 

degradation of acetaminophen, the chemical oxygen demand (COD) was measured following standard 

methods (APHA, 2008) with heating block (J. P. Selecta 7471200) and Thermo Scientific Genesys 10 S 

UV-Visible spectrophotometer. 

2.4.2. Photocatalytic decomposition of PhACs in urban wastewater effluent under controlled and natural 

solar irradiation 

The photocatalytic coating with the highest activity was chosen based on experimental results obtained 

with a model solution under controlled irradiation and used for subsequent experiments with urban 

wastewater effluent.  

The urban wastewater effluent was received from the wastewater treatment plant (WWTP) "El Torno" 

located in Chiclana de la Frontera (Cádiz, Spain). The current treatment of "El Torno" wastewater 
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treatment plant consists in physic-chemical process follow by biological treatment (activated sludge). 

The wastewater effluent is discharged after settling. Considering that transmittance is a critical 

parameter for photocatalysis process, suspended solids were removed prior to experiments with real 

wastewater effluent (glass microfiber filters Whatman GF/A, 1.6 µm size pore, 47 mm diameter). 

Removal of suspended solids (filtration) was applied before all experiments except photocatalytic 

disinfection test. The pH and conductivity of wastewater was measured using Crison GLP21 pH meter 

and Crison GLP32 conductimeter, respectively. The concentration of PhACs present in urban 

wastewater effluent was measured before and after photocatalytic tests as well as SODIS experiment. 

Samples pre-treatment and analysis were conducted in duplicate following methods reported earlier 

(Baena-Nogueras et al., 2016). Briefly, Oasis HLB cartridges (200 mg) were used for solid-phase 

extraction (SPE). The cartridges were conditioned by consequent use of methanol (8 ml) and Milli-Q 

water (8 ml). After that, fresh samples of wastewater (aliquots of 100 ml) were passed through HLB 

cartridges at an average speed of 1 ml/min. Subsequent washing (Milli-Q water, 10 ml) and air drying 

(30 min) of HLB cartridges were performed. After the evaporation of extracts under a nitrogen stream, 

these were reconstituted in a mixture of methanol and water and filtered through 0.22 µm PTEF filters. 

The concentration of PhACs in wastewater samples was measured with Bruker EVOQ Elite (Bruker, 

Billerica, MA) Ultra Performance Liquid Chromatography-Triple Quadrupole Mass Spectrometry 

(UPLC-QqQ-MS/MS) equipped with C-18 column (100 x 2.1 mm; particle size 2 µm) and electrospray 

interface. For both, positive and negative, ionization modes the injection volume was 10 µL and a flow 

rate of 0.4 mL/min. The aqueous mobile phase used for measurements conducted in positive ionization 

mode was a mixture of 10 mM formic acid and ammonium formate (pH 3.2), while 100% methanol was 

used as organic mobile phase. The aqueous mobile phase applied for analysis performed in negative 

ionization mode was 5 mM ammonium acetate/ammonia (pH 8), while the organic mobile phase 
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consisted of 100% methanol. Multiple reaction monitoring (MRM) was used for data acquisition. 

Obtained data were processed with Bruker MS Workstation 8.1 Software. More details can be found in 

(Baena-Nogueras et al., 2016). 

Escherichia coli was monitored on the course of the photocatalytic tests under natural solar irradiation 

using the membrane filtration method (APHA, 2008). Wastewater samples were filtered through gridded 

membranes (0.45 µm, Pall Corporation, NY, USA), plated in Petri dishes containing selective medium 

and incubated at 37°C for 24 h. Chromogenic Colinstant Agar (Scharlau) was used as a selective agar-

based medium for Escherichia coli determination. Results were expressed as colony-forming unit (CFU) 

per 100 ml of water. It should be noted that each sample was analysed in quadruplicate and variation 

coefficients of mean values were below 30%. A log-linear approach for description of microbial 

inactivation curves (N=N0·e-k·UVDose) was applied for E.coli inactivation by SODIS and solar 

photocatalysis. Experimental results were fitted to log-linear approach using GinaFit (Geeraerd et al., 

2005) and validated using a coefficient of determination (R
2
 ≥ 0.95) and Root Mean Sum of Squared 

Error (RMSE, which varied between 0.22 and 0.36). 

Experiments with real wastewater effluent were conducted under controlled irradiation conditions and 

natural solar light. All experiments conducted in controlled irradiation (using model solution or real 

wastewater effluent) were performed in equipment shows in Figure 2. Characterization of urban 

wastewater effluent is shown in Table 1. 

Figure 3 shows the experimental set up applied for photocatalytic tests with urban wastewater effluent 

under natural solar irradiation. Experiments were conducted at the University of Cadiz, Campus of 

Puerto Real (Spain, local latitude 36°31’ N) on sunny days. A Compound Parabolic Collector (CPC) 

with a reflective surface of 0.08 m
2
 specifically designed for use of an immobilized photocatalyst on 

tubular support (Glass Type 3.3, Schott-Duran, 0.4 m length, 0.045 m inner diameter) was used. The 
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CPC was facing south and inclined 36° (in accordance with the latitude of the location of the 

experiments). Assays were performed by recirculating the water in continuous batch mode for 360 

minutes, using a centrifuge pump (20W, Iwaki, Mod.MD-20R-220N). The irradiated volume inside the 

reactor was 450 ml, while the total initial volume used for this experiment was 2200 ml. The intensity of 

solar radiation (UVA and UVB) was measured by employing a radiometer UV34, PCE Iberica, Spain. 

Cumulative UV dose and normalized time (Malato et al., 2002) were calculated as shown in equations 

(2) and (3), respectively. 

𝑄𝑈𝑉,𝑛 = 𝑄𝑈𝑉,𝑛−1 + ∑(𝑈𝑉𝑛 · ∆𝑡) ·
𝑉𝑖

𝑉𝑇
                                                                                                     (2) 

where 𝑄𝑈𝑉 - cumulative UV dose at each instant (Wh/m
2
), 𝑈𝑉𝑛 - the UV irradiance recorded for each 

time interval (W/m
2
), ∆𝑡 - time interval between measurements (h), 𝑉𝑖 – illuminated volume (L) of the 

reactor, 𝑉𝑇 – total volume (L) of the reactor. 

𝑡30W,𝑛 = 𝑡30W,𝑛−1 + ∆𝑡𝑛
𝑈𝑉

30

𝑉𝑖

𝑉𝑇
                                                                                                  (3) 

where 𝑡𝑛- experimental time for each sample, UV – average ultraviolet irradiance measured during the 

interval ∆𝑡𝑛, 𝑉𝑖 – illuminated volume (L) of the reactor, 𝑉𝑇 – total volume (L) of the reactor. 

3. Results and Discussion 

3.1. Characterization of prepared coatings 

The annealing temperature for anatase thin films processing was chosen according to two criteria: (i) the 

elimination of the organic residues after the formation of the oxide gel layer (thermogravimetric analysis 

and infrared absorption spectra reveal that most of remaining organics are evolved under 500C as 

shown in (Blanco et al., 2015) Figures 2 and 3) and (ii) the preservation of the porous structure to 

increase the surface area (according to Figure 12 in (Blanco et al., 2015, Blanco et al., 2018), Table 3 in 
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(Blanco et al., 2018) and Figure 6.1 in (Ramirez-del-Solar and Blanco, 2017). The anatase top layer 

plays a dual role as part of the photocatalyst and as a sealing layer for the lower P25 layer. For this 

purpose, it is important to clean and preserve the porous network of the gel. In a previous work (Blanco 

et al., 2015) we have showed that after annealing at 500°C chemical residua from gel synthesis have 

been removed from the pores and high porosity of the anatase film was preserved. Thus, this cleaning 

step allows to obtain an active and stable photocatalytic material free from organic groups.  Moreover, 

high porosity allows efficient interaction between the photocatalyst and the adsorbed pollutants 

(Ramirez-del-Solar and Blanco, 2017).   

Figure 4 shows the XRD profiles, registered under grazing incidence, for one layer (thickness approx. 50 

nm) of gel deposited on a flat microscope glass and treated at 500C and 550C. The characteristic 

anatase (1,0,1) peak at 25.4° appears very intense and narrow, while other anatase peaks, like (2,0,0) and 

(0,0,4) can also be distinguished. In fact, it was showed (Blanco et al., 2018) that anatase is the only 

phase visible for any film treated below 750C and evaluation of the crystallites size from the (1,0,1) 

peak broadening and position indicates that annealing at 500 - 550C leads to average crystallite sizes 

close to 20 nm.  

Scanning electron micrographs of anatase thin films and "sandwich" coatings are shown in Figure 5. 

From Figure 5 (A), a 40 nm anatase film on the bottom (indicated using an arrow) and a larger (>2m) 

P25 layer can be distinguished.  

For the "sandwich" approach an important requirement for the sealant layer is that it does not hinder the 

P25 photocatalytic activity by absorbing suitable radiation. Thus, the optical bandgap energy of the 

anatase gel layer was evaluated and compared with that of P25 film. Figure 6 shows F(R) functions 

obtained for sol-gel TiO2 annealed at different temperatures in the range 400 - 800ºC, measured directly 
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from the diffuse reflectance detected with the spectrophotometer integrating sphere. Although this 

method has been frequently applied to highly light scattering materials and absorbing particles in a 

matrix, it is also possible to apply it to particulate coatings that both scatters and absorbs light (Murphy, 

2007). Thus, the basic K–M model assumes the diffuse illumination of the granular structure where 

surfaces are optically rough as it is shown by our TiO2 thin films and evidenced by AFM and SEM 

results (Blanco et al., 2018). A modification of the K–M model allows its application in the case of 

collimated illumination (Murphy, 2006). Thus, if E is the photon energy, the Tauc method can be 

applied to the function (𝐹(𝑅) ∙ 𝐸)𝑛 versus E, with n=1/2 for indirect semiconductors (López and Gómez, 

2012), will presents a linear region where the relationship (𝐹(𝑅) ∙ 𝐸)
1

2⁄ = 𝑘 ∙ (𝐸 − 𝐸𝑔) applies. In this 

way, the bandgap energy of semiconductor nanocrystals,𝐸𝑔, can be obtained from the extrapolation to 

zero of the linear regions of the plots (Figure 6, inset).  

The 𝐸𝑔-KM values obtained in this way are plotted in Figure 7, they are smaller values than those 

obtained from a Tauc-Lorentz model applied to spectroscopy ellipsometry results (Blanco et al., 2018) 

but they follow the same trend with the annealing temperature. The imaginary part of the Tauc-Lorentz 

dielectric function is established through multiplying the equation of the classical Lorentz oscillator by 

the expression of the Tauc joint density of states (Jellison and Modine, 1996): 

         (4) 

            (5) 

where A is the amplitude, En0 is the peak position, C is the broadening parameter, and Eg is the TL 

optical gap. 
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The equation for the real part, 1, can be derived using the Kramers-Kronig integration. It should be 

noted that the TL model includes only interband transitions; any defect absorption, intraband absorption, 

or Urbach tail absorption is explicitly ignored in it. Although, due to the empirical nature of the TL 

model, usually reproduces the experimental data very well even below the optical band gap, the 

compromise between the two components of the TL model results in the modification of the nominal 

band gap (TL gap) relative to the true optical band gap Eg, when the TL model fits to real data. The TL 

gap is in this sense a mathematical gap rather than a real physical one. Kubelka-Munk method based 

on diffuse reflectance measurements allows to obtain the value of the optical band gap from an equation 

similar to the Tauc relation. It has been already reported that the band gap retrieved from the Kubelka-

Munk method showed lower values than that obtained from SE analysis through the TL model but they 

follow a similar trend in both cases (Goswami and Sharma, 2019). 

In Figure 7 three regions can be distinguished: bellow 350°C, where the film is mainly amorphous and 

only very small crystallites would exist, if any (amorphous region); the region in the range 350 - 800°C, 

where mainly anatase crystal are present (anatase region); and, finally, above 800°C where some rutile 

crystals are detected (rutile region). If we focus on the anatase region, we can see how the gap energy 

decreases when the annealed temperature increases, for all used procedures to determine 𝐸𝑔. The upper 

anatase layer, with a higher energy gap than the P25 layer underlying it, is transparent in the lower 

energy region, corresponding to the P25 gap. It can be expected that the radiation of 3.3 - 3.1 eV would 

be transmitted through the small thickness of the anatase film and reach the P25 layer.  A transmittance 

of P25 layer compared with that of an anatase layer is shown in Figure 8.  

3.2. Photocatalytic decomposition of acetaminophen under controlled irradiation 

3.2.1. Effect of thin film thickness on photocatalytic activity 
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It is well documented that as the mass of photocatalyst increase so does the photocatalytic activity up to 

a certain point, which is strongly dependant on operational conditions and reactor geometry (Kowalska 

et al., 2010). Usually, the loading of photocatalytic material increases proportionally as the thickness of 

the film increases (Gregori et al., 2014). Therefore, it is important to study the effect of film thickness on 

photocatalytic reaction rates. This was performed using anatase thin films with different thickness and 

photocatalytic decomposition of acetaminophen from model solution was evaluated. In order to estimate 

the degradation of acetaminophen by photolysis, a blank glass substrate was set instead of thin film and 

experiments were conducted in a defined order. No significant changes in acetaminophen concentration 

as a result of adsorption were observed during experiments conducted without irradiation for 360 min. 

The results of photocatalytic acetaminophen decomposition by anatase thin films deposited on smooth 

glass tubes with different thickness are presented in Figure 9.  

As shown in Figure 9 and Table 2, the lowest values of acetaminophen removal were achieved by 

photolysis. The removal efficiency of acetaminophen was increased when photocatalytic thin films were 

used. As the thickness of the film increases (up to 180 nm) so does photocatalytic activity. Thus, initial 

reaction rate was 2 times higher when coating with thickness 180 nm was used in comparison with 100 

nm. This can be attributed to the fact that with increase of film thickness higher amount of TiO2 is 

available for generation of free radicals. Taking into consideration porosity of prepared anatase films, 

water can be in contact with inner surface of the gel, thus increasing the photocatalytic activity. Further 

increase of film thickness (from 180 to 290 nm) leads to decrease of photocatalytic activity. Thus, initial 

reaction rate of anatase films (270 and 290 nm) was about 20% lower than that of optimal thickness (180 

nm). This can be explained by the fact that once an optimal thickness is reached, the process may begin 

to be mass-transfer limited, so that the useful surface of the photocatalyst does not increase even though 

the thickness of the layer growths. Obtained results are in agreement with the study of Gregori et al. 
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(Gregori et al., 2014), in which authors reported that photocatalytic activity of TiO2/SiO2 thin films 

strongly increased with the increase of film thickness up to 300 nm, while in the interval from 300 to 

900 nm only slight increase was observed. It should be noted that in the study of Gregori et al. the 

surface morphology was similar for thin films with different thickness (Gregori et al., 2014).  However, 

when surface properties (roughness, grain size, morphology, etc.) of thin films with different thickness 

varies significantly the thickness of the coating is not playing a crucial role on the photocatalytic activity 

as reported in earlier studies  (Singh et al., 2017).   

Several studies were conducted in order to determine the dependence between film thickness and 

photocatalytic activity (Vilhunen and Sillanpää, 2009, Tada and Tanaka, 1997, Jung et al., 2005, Fallet 

et al., 2006, Langlet et al., 2003). In some of these studies critical film thickness, the value after which 

an increase of thickness will not lead to the increase of photocatalytic activity was reported. For 

instance, in (Eufinger et al., 2008) effect of TiO2 thin film thickness on photocatalytic activity was 

described and critical thickness was evaluated as 350 nm. In (Jung et al., 2005) the highest 

photocatalytic activity was detected at film thickness between 1 and 5 μm, further increase in thickness 

did not enhance photodecomposition of methylene blue. However, considering results presented in (Jung 

et al., 2005) one should take into account that surface morphology of thin films is varying with different 

thickness, thus not only thickness of films possibly affects changes in photocatalytic activity.  

3.2.2. Effect of substrate on photocatalytic activity 

Thin films of anatase with thickness of 270 and 290 nm were deposited on smooth and frosted glass 

tubes in order to check the effect of substrate on photocatalytic properties of coatings.  The results are 

shown in Figure 10A and Table 2.  
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As shown in Figure 10A, the initial reaction rates of anatase thin films deposited on a frosted substrate 

were higher than that of similar coatings deposited on smooth glass. Thus, the initial degradation rate of 

acetaminophen was about 1.8 times higher when anatase thin films with a thickness of 270 and 290 nm 

were deposited on frosted glass. The increase of photocatalytic activity of anatase thin films deposited 

on frosted glass can be attributed to a higher surface roughness of frosted glass in comparison with the 

smooth one. This allows increasing the surface roughness of the thin films (Figure 5C), which leads to 

an increase of photocatalytic activity. Roughness of frosted glass is also expected to improve the gel 

film adherence. Obtained results are in an agreement with a few studies showing an increase of thin film 

photocatalytic activity with the rise of surface roughness (Lee et al., 2010, Medina-Valtierra et al., 

2007). 

As indicated in Figure 10B and Table 2, a significant increase of photocatalytic activity was observed 

when "sandwich" TiO2 coatings (except for rutile) were used in comparison with anatase thin films. 

Thus, initial reaction rate of ʺsandwichʺ coating (P25) deposited on smooth glass was about 2.8 times 

higher in comparison with optimal anatase coating (180 nm) deposited on smooth glass. These results 

can possibly be explained by different morphology of the film and higher thickness of "sandwich" TiO2 

coatings (˃ 1µm, P25). In ʺsandwichʺ approach, the NPs of P25 were fixed and sealed by a porous 

anatase film that can contribute to photocatalytic activity while preserving the P25 layer and allowing 

water to its interior through the porous network. Moreover, Degussa (Evonik) P25 NPs are well known 

for relatively high photocatalytic activity and it is often used as ʺstandardʺ photocatalyst. TiO2 P25 

contains anatase and rutile crystallites, some authors reported presence of amorphous phase (Ohno et al., 

2001, Ohtani et al., 2010). For instance, in excellent work of Ohtani et al. the ratio 

anatase:rutile:amorphous of P25 was found to be 78:14:8 (Ohtani et al., 2010).  The question of high 

photocatalytic activity of TiO2 P25 was addressed by a few studies (Ohno et al., 2001, Ohtani et al., 
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2010, Bickley et al., 1991, Martin et al., 1994, Emilio et al., 2006). Bickley et al. (Bickley et al., 1991) 

suggested that rutile forms thin overlayer on some anatase particles of P25, which leads to enhanced 

photocatalytic activity. Later Datye et al. (Datye et al., 1995) reported separate presence of single crystal 

particles of anatase and rutile in P25. Results obtained by Onho et al. (Ohno et al., 2001) were not in 

agreement with (Bickley et al., 1991), which was attributed to different sample preparation.  Onho et al. 

(Ohno et al., 2001) observed separate existence of anatase and rutile phases were in P25, which is in 

agreement with (Datye et al., 1995), and suggested that high photocatalytic activity of P25 can be 

attributed contact of anatase and rutile particles under practical operational conditions (when 

agglomerates of anatase and rutile are decomposed). Hurum et el. (Hurum et al., 2003) reported that 

presence of small rutile crystallites in P25 creates a structure where rapid electron transfer from rutile to 

lower energy anatase lattice trapping sites under visible illumination leads to a more stable charge 

separation. However, Ohtani et el. (Ohtani et al., 2010) reported that anatase, rutile and amorphous 

phase of Degussa P25 work independently and effect of inert-particle interaction on photocatalytic 

activity of P25 (if any) was insignificant. These results (Ohtani et al., 2010) suggest absence of 

synergetic effect due to co-presense of anatase and rutile in Degussa P25.  

The "sandwich" TiO2 coatings (P25) deposited on smooth and frosted glass tubes were tested for 

decomposition of acetaminophen. The "sandwich" TiO2 coatings were prepared using rutile and P25 (a 

combination of anatase and rutile) NPs. As it can be seen from Figure 10B and Table 2, the 

photocatalytic activity of rutile was about six times lower than that of "sandwich" coating containing 

P25 NPs. This observation is in agreement with a general understanding and supported by an excellent 

study (Prieto-Mahaney et al., 2009).  

 Judging from Figure 10B, it appears that the initial decomposition rate of acetaminophen (estimated for 

UV dose 24.9 Wh/m
2
) was about 1.5 times higher for the "sandwich" TiO2 (P25) coating deposited on 
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frosted glass tube as compared to one deposited on smooth glass. Thus, the highest photocatalytic 

activity was observed for the "sandwich" TiO2 coatings (P25) deposited on frosted glass. The 

decomposition of organic pollutants present in model solution was confirmed by monitoring of COD 

values during the photocatalytic test with "sandwich" TiO2 coatings (P25) deposited on frosted glass 

(Figure 11). Thus, about 50% of COD removal was observed for acetaminophen model solution and 

more than 60% of COD removal for urban wastewater effluent under controlled irradiation. 

3.3. Photocatalytic decomposition of PhACs in urban wastewater effluent under controlled and natural 

solar radiation 

The "sandwich" TiO2 (P25) coating deposited on frosted glass tube was used for the photocatalytic 

treatment of urban wastewater effluents due to higher photocatalytic activity among all tested coatings. 

Concentrations of PhACs present in urban wastewater effluents, namely, diclofenac, carbamazepine, 

atenolol, propranolol, albuterol, ofloxacin, ciprofloxacin, azithromycin, erythromycin, 

hydrochlorothiazide and furosemide were measured before and after photocatalytic tests conducted both 

under natural sunlight and controlled irradiation. It should be noted that PhACs present in wastewater 

and/or natural waters might be sensitive to photodegradation (photolysis) under solar radiation (Baena-

Nogueras et al., 2017). Hence, the concentration of PhACs was also measured after the reference test 

(photolysis under natural solar light). The initial concentration of PhACs in urban wastewater effluents 

used for photocatalytic tests under controlled and natural solar irradiation varied (Table 1). Thus, higher 

initial concentration of almost all PhACs (except azithromycin) was detected in effluent treated under 

controlled irradiation (suntest equipment). The efficiency of photocatalytic treatment for removal of 

PhACs from urban wastewater effluents is presented in Figure 12.  
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PhACs, such as carbamazepine, atenolol, propanolol, albuterol, azithromycin and erythromycin, were 

removed by photocatalysis under controlled or natural solar irradiation to different degrees (21.5 – 

99.5%), while no degradation was detected for all abovementioned compounds under solar photolysis. 

Measured concentrations of carbamazepine in urban wastewater effluent were higher than those reported 

earlier (Moreira et al., 2015, Prieto-Rodríguez et al., 2013, Prieto-Rodriguez et al., 2012). A rather low 

removal efficacy of carbamazepine was obtained by photocatalysis under controlled (26.8%; 55 Wh/m
2
; 

t30W 110 min) and natural solar (21.5%; 33 Wh/m
2
; t30W 66 min) irradiation. Such poor removal 

efficiency of carbamazepine can possibly be attributed to low sorption capacity of carbamazepine as 

relatively polar, neutrally charged compound (Clara et al., 2004, Scheytt et al., 2006, Ternes et al., 

2002). Thus, no sorption of carbamazepine on the surface of N-doped TiO2 was reported after 60 min of 

contact time (Avisar et al., 2013). Moreover, negative effect of wastewater matrix on elimination of 

carbamazepine was reported in scientific literature. For, instance, complete suppression of photocatalytic 

carbamazepine removal in comparison with groundwater and surface water was reported (Avisar et al., 

2013), which was attributed to relatively high concentration of natural organic matter and alkalinity (as 

CaCO3) of wastewater effluent. Resistance of carbamazepine to solar photocatalysis was reported by 

(Miranda-García et al., 2011). Complete degradation of carbamazepine was not achieved after t30W 

above 120 min (Miranda-García et al., 2011), which is in agreement with our results. It should be 

mentioned that almost complete removal of carbamazepine (initial concentration 417 ng/L) was reported 

when TiO2 (P25 Degussa; 0.2 g/L) was used for solar photocatalytic treatment of wastewater effluent 

when amount of accumulated UV energy was 32 kJ/L (Sousa et al., 2012). Taking into consideration 

that in our study the amount of UV energy (experiments conducted under natural solar irradiation) was 

about 8 times lower than that in (Sousa et al., 2012), it can be expected that it was not sufficient for 

complete decomposition of carbamazepine. Thus, roughly 37% of carbamazepine was removed from 
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wastewater effluent in work of (Sousa et al., 2012) when accumulated UV energy was similar to that in 

our study (experiments conducted under natural solar irradiation). Interestingly, carbamazepine was 

persistent under solar photolysis (0% of removal; 75 Wh/m
2
), which agrees with an earlier study (Baena-

Nogueras et al., 2017). About 67 – 74% of carbamazepine (initial concentration varied between 151 and 

391 ng/L) elimination from wastewater effluents was reported to be reached after solar photolysis during 

five consecutive days (mean irradiance 25 – 32 W/m
2
). 

Atenolol (β-blocker) is one of the most widely used compounds against cardiovascular diseases (Arvand 

et al., 2008). Atenolol concentrations detected in wastewater effluents subjected to solar photocatalysis 

were similar to those reported in (Prieto-Rodríguez et al., 2013). At applied doses, photocatalytic 

reduction of atenolol concentration was relatively low under controlled (25.7%; 55 Wh/m
2
; t30W 110 

min) and natural (20.3%; 33 Wh/m
2
; t30W 66 min) solar irradiation. It should be mentioned that reactive 

sites of atenolol are an activated aromatic ring and secondary amine-moiety. Among reactive sites of 

atenolol, reaction of amine-moiety (pKa 9.6) depends on pH (7.46) of the solution (Hapeshi et al., 2010). 

Hence, it can be expected that amino group could be protonated. The point of zero charge of TiO2 

usually varies from 5 to 6.6 (Kosmulski, 2002). Thus, in case if water pH is higher than point of zero 

charge, the surface of TiO2 becomes negatively charged (Hapeshi et al., 2010). As a result, electrostatic 

attraction between surface of photocatalyst and atenolol should theoretically lead to high conversion of 

atenolol by photocatalysis, which is opposite to observed results.  There might be a few possible reasons 

for that. It should be taken into account that wastewater effluent is complex matrix, containing natural 

organic carbon and various species that may act as radical scavengers. Thus, it was demonstrated in the 

literature (Hapeshi et al., 2010) that decomposition of atenolol significantly decrease when performed in 

wastewater matrix in comparison with ultrapure water. Another important parameter which should be 

taken into consideration is UV dose. Thus, the UV dose was relatively low in experiments under 
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controlled (55 Wh/m
2
; t30W 110 min) and natural solar irradiation (33 Wh/m

2
, t30W 66 min). Consulting 

the scientific literature (Prieto-Rodríguez et al., 2013), when similar initial concentration of atenolol in 

wastewater effluents was detected, solar heterogeneous photocatalysis with TiO2 was not efficient for 

degradation of atenolol even after t30W 475 min, which is in agreement with our results. It can be 

expected that atenolol decomposition by photocatalysis requires higher UV dose. The solar photolysis 

did not cause a decrease of atenolol concentration, which is in agreement with (Baena-Nogueras et al., 

2017). Obtained results are in agreement with earlier studies (Prieto-Rodriguez et al., 2012), in which 

atenolol present in urban wastewater effluent was not decomposed completely by solar photocatalysis 

with TiO2 (slurry, 0.2 g/L) even after t30W 475 min.  

Relatively low initial concentrations of propanolol were observed in tested wastewater effluents (10.3 – 

14.7 ng/L), which is in agreement with (Prieto-Rodriguez et al., 2012). The removal efficiency of 

propanolol by photocatalysis was relatively high under both, controlled (79.6%; 55 Wh/m
2
; t30W 110 

min) and natural solar irradiation (63.1%; 33 Wh/m
2
; t30W 66 min), while no degradation was observed 

by solar photolysis. Similar behaviour was observed in the case of albuterol. Thus, high removal 

efficiencies were observed for albuterol for solar photocatalysis (77.4 – 88.7%), while no elimination 

was detected during photolysis, which is in agreement with (Baena-Nogueras et al., 2017).  

Higher removal of azithromycin and erythromycin, compounds included in Watch List by EU Decision 

2018/840, was observed in case of solar photocatalysis (87.2% and 99.4%, respectively; 33 Wh/m
2
; t30W 

66 min) as compared to photocatalysis under controlled irradiation (51.8% and 43.1%, respectively; 55 

Wh/m
2
; t30W 110 min), while the initial concentrations were very similar for both wastewater effluents. 

Taking into account that in case of photocatalysis under controlled irradiation the cumulative UV dose 

was higher than for solar photocatalysis, the removal of azithromycin and erythromycin was lower, 

which can be possibly attributed to differences in the solar emission spectra and that of Xenon lamp.   
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Concentrations of azithromycin and erythromycin were not decreased after solar photolysis. According 

to the literature (Tong et al., 2011), about 70% of azithromycin (initial concentration 20 µg/L) in a river 

water matrix was degraded by day nine under natural solar irradiation. The half-life of three–ten days 

weas reported for macrolides, including erythromycin, under simulated solar light in natural waters 

(Batchu et al., 2014).  

Removal efficiencies obtained during photocatalysis under both simulated and natural solar irradiations 

for diclofenac, ofloxacin, ciprofloxacin, hydrochlorothiazide, and furosemide were rather high (61.4 – 

100%). However, it should be stressed that these compounds were susceptible to decomposition under 

solar irradiation in the absence of photocatalyst although at a lower speed. Diclofenac concentrations 

detected in wastewater effluents were similar to those reported by (Villar-Navarro et al., 2018) for urban 

wastewater effluents. Almost complete elimination of diclofenac was achieved by photocatalysis 

performed under controlled (97.6%; 55 Wh/m
2
; t30W 110 min) and natural (100%; 33 Wh/m

2
; t30W 66 

min) solar irradiation. Immobilized TiO2 was successfully applied for photocatalytic removal of 

diclofenac and other pollutants from real wastewaters under solar irradiation and lead to 90% of removal 

at t30W 32.80 min (Miranda-García et al., 2011). Prieto-Rodriguez et al. (Prieto-Rodriguez et al., 2012) 

reported that t30W required for an almost complete elimination of diclofenac (4425 ng/L) from 

wastewater effluents by TiO2 (slurry, 0.02 g/L) under natural solar light was below 300 min, which is in 

agreement with results obtained in our study. However, in another study (Prieto-Rodríguez et al., 2013) 

even higher t30W was reported for the elimination of diclofenac from urban wastewater effluents by solar 

TiO2 photocatalysis (slurry, 0.02 g/L). Interestingly, very high removal efficiency (90%; 75 Wh/m
2
) of 

diclofenac was achieved by photolysis under natural solar radiation, which is in agreement with earlier 

studies (Pérez-Estrada et al., 2005). Thus, almost complete (99%) decomposition of diclofenac in model 

solution (initial concentration 100 ng/L) was reported (Baena-Nogueras et al., 2017) under simulated 
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solar irradiation (suntest) during 24 h, which can be possibly explained by significantly higher UV dose. 

Some studies demonstrated that the elimination rate of diclofenac increased during photocatalysis as 

compared to photolysis (Salaeh et al., 2016). However, it should be noted that these studies were 

conducted with concentrations of diclofenac significantly higher than concentrations usually found in 

real urban wastewater effluents (Salaeh et al., 2016).  

High removal efficiency of ofloxacin and ciprofloxacin was achieved by solar photolysis (78.6 and 

89.3%, respectively; 75 Wh/m
2
; t30W 150 min) as well as photocatalysis under controlled (69.1 and 

61.4%, respectively; 55 Wh/m
2
; t30W 110 min) and natural solar irradiation (84.8 and 93.5%, 

respectively; 33 Wh/m
2
; t30W 66 min). It should be noted that ciprofloxacin is included in Watch List by 

EU Decision 2018/840. According to the literature, 90% of ofloxacin (initial concentration 100 µg/L in 

real wastewater effluent) was achieved by solar photocatalysis (immobilized TiO2) after t30W 22.72 min, 

which increased up to 32.36 min after five cycles (Miranda-García et al., 2011). Hydrochlorothiazide 

was detected at the highest concentrations (4005.4 – 5049.9 ng/L) among all studied PhACs in 

wastewater effluents and it was about 4 - 5 times higher than reported earlier (Prieto-Rodríguez et al., 

2013). Very high levels of hydrochlorothiazide removal were achieved after photocatalysis under natural 

(96.6%; 33 Wh/m
2
; t30W 66 min) and controlled irradiation (82.3%; 55 Wh/m

2
; t30W 110 min), which is in 

agreement with results reported earlier (Prieto-Rodríguez et al., 2013, Moreira et al., 2015, Prieto-

Rodriguez et al., 2012, Sousa et al., 2012). It should be noticed that solar photolysis was very efficient 

for hydrochlorothiazide decomposition (95%; 75 Wh/m
2
; t30W 150 min) as well, which is in agreement 

with (Baena-Nogueras et al., 2017). Similar results were observed for furosemide. It should be noticed 

that as shown in Figure 11B, the COD significantly decreases in the case of photocatalysis, while it is 

not the case during photolysis as it was demonstrated in earlier studies (Levchuk et al., 2015).  

3.4. Solar photocatalytic inactivation of E.coli in urban wastewater effluents  
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Photocatalytic solar disinfection experiments were performed using "sandwich" TiO2 (P25) coating 

deposited on frosted glass tube as it demonstrated the highest photocatalytic activity for removal of the 

organic pollutants from model water. Inactivation of E.coli, which is often used as an indicator 

microorganism, was monitored on the course of the experiments. Initial concentration of E.coli in 

wastewater (not filtered) was 3·10
5
 CFU/100 mL. Solar disinfection (in absence of photocatalyst) and 

so-called dark test (in absence of solar radiation and in the presence of photocatalyst) was performed as 

a reference tests. Results of E.coli inactivation are shown as Log (N/N0) vs Dose (Wh/m
2
) in Figure 13.  

As it can be seen from Figure 13, inactivation of E.coli using "sandwich" TiO2 (P25) coating under solar 

irradiation (kmax = 0.23 ± 0.03 m
2
/Wh; R

2
 = 0.95; RMSE = 0.3592) was very similar to SODIS (kmax = 

0.27 ± 0.02 m
2
/Wh; R

2
 = 0.98; RMSE = 0.2219), while no inactivation was observed in dark test. 

Obtained results are in agreement with earlier studies (Levchuk et al., 2018), in which photocatalytic 

thin films were used for E.coli inactivation under natural solar light. However, for TiO2 in form of slurry 

(Helali et al., 2014), significant increase of E.coli inactivation was reported as compared to SODIS. 

Moreover, often when photocatalyst is used bacteria regrowth can be avoided (Fernández et al., 2005). 

Conclusions 

In this study photocatalytic activity of immobilized TiO2 coatings (thin anatase and "sandwich" films) 

was tested under controlled and natural solar irradiation in model solution and real urban wastewater 

effluents. Photocatalytic inactivation of E.coli under natural solar irradiation was also studied. The main 

outcomes of this study are presented below. 

 Coatings (thin anatase and "sandwich" films) deposited on frosted substrates led to higher 

photocatalytic activity. 



26 

 

 The "sandwich" coatings (deposited on frosted support) with the following structure: anatase 

layer, TiO2 P25 nanoparticles and anatase layer (sealing film) demonstrated the highest 

photocatalytic activity among all tested TiO2 coatings and were used for elimination of PhACs 

from real urban wastewater effluents.  

 Photocatalytic treatment of urban wastewater effluents under controlled and natural solar 

irradiation led to significant removal of all detected PhACs except carbamazepine and atenolol. 

Some of the PhACs present in wastewater effluents, such as diclofenac, ofloxacin, ciprofloxacin, 

hydrochlorothiazide and furosemide were sensitive to solar photolysis. However, the use of 

photocatalyst allowed to increase the number of PhACs that can be decomposed (in comparison 

with solar irradiation without photocatalyst) and to reach significant COD reduction of 

wastewater effluent, which indicates greater degradation of PhACs and not only loss of the 

original structure. 

 The efficiency of solar photocatalytic inactivation of Escherichia coli present in urban 

wastewater effluent was similar to that of solar disinfection (SODIS). However, regrowth 

prevention and inactivation of microorganisms with lower sensitivity to solar irradiance are 

among main advantages of introducing photocatalytic materials to solar water disinfection.  
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Figure 1. Schematic presentation of TiO2 coatings with "sandwich" structure 
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Figure 2. Schematic representation (A) and photo (B) of the experimental set up for photocatalytic experiments 

under controlled irradiation. 1 - solar simulator; 2 - peristaltic pump; 3 – reservoir; 4 – tubular reactor; 5 – tube 

coated with photocatalyst  
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Figure 3. Scheme (A) and photo (B) of experimental set up for solar photocatalytic experiments with urban 

wastewater. 1 - Compound Parabolic Collector (CPC); 2 - peristaltic pump; 3 – reservoir; 4 – photocatalyst.  
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Figure 4. XRD profiles of anatase thin films annealed at 500ºC and 550 ºC 
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Figure 5.  Scanning electron microscopic (SEM) micrograph of the "sandwich" type coating (A), anatase thin film (B) and surface of frosted glass 

used as support for the photocatalytic thin films (C) 
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Figure 6. F(R) functions obtained for anatase thin films annealed at different temperatures in the range 

400 - 800ºC 
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Figure 7. Band gap energy of TiO2 coatings annealed at different temperatures. Band gap energy was determined 

using Kubelka-Munk function (KM) and Tauc-Lorentz model (TL)  
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Figure 8. Comparison of transmittance of anatase film (red) and P25 film 
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Figure 9. Effect of thickness of TiO2 thin films deposited on smooth glass on removal of acetaminophen from 

model solution (UV dose 55 Wh/m
2
) 
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Figure 10. A. Degradation of acetaminophen using anatase thin films deposited on smooth and frosted glass tubes 

B. Degradation of acetaminophen using "sandwich" structure thin films deposited on smooth and frosted glass 

tubes 
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Figure 11. A. COD values during photocatalytic removal of acetaminophen from model solution under controlled 

irradiation conditions; B. COD values during photocatalytic removal of PhACs from urban wastewater effluent 

under controlled irradiation conditions 
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Figure 12.  Efficiency of solar photocatalytic treatment for removal of PhACs from urban wastewater effluent 

under controlled irradiation (suntest, accumulated UV dose 55 Wh/m
2
) and under natural solar irradiation 

(accumulated UV dose 33 Wh/m
2
) 
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Figure 13. Inactivation of E.coli in wastewater effluents by solar disinfection (SODIS), solar photocatalysis and 

dark test (in absence of solar light and presence of photocatalyst) 
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Table 1. Characteristics of urban wastewater effluent (after filtration). Mean concentration of PhACs was 

measured in effluents used in experiments under controlled and natural solar irradiation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Parameter Value 

pH 7.46 

Conductivity, µS/cm 1394 

COD, mg/L 526.12 

Pharmaceuticals (suntest/solar) 

Diclofenac, ng/L 792.4/ 611.3 

Carbamazepine, ng/L 381.1/ 248.8 

Atenolol, ng/L 1289.1/ 871.9 

Propanolol, ng/L 14.7/ 10.3 

Albuterol, ng/L 32.7/ 28.3 

Ofloxacin, ng/L 316.3/ 155.5 

Ciprofloxacin, ng/L 4862.6/ 3312.2 

Azithromycin, ng/L 227.1/ 250 

Erythromycin, ng/L 185.3/ 179.9 

Hydrochlorothiazide, ng/L 5049.9/ 4005.4 

Furosemide, ng/L 1369.7/ 870.6 
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Table 2. Initial disappearance rate of acetaminophen under controlled irradiation 

Type of photocatalyst kmax (mg L
-1

 m
2 
Wh

-1
) R

2
 

photolysis 0.036 0.98 

anatase thin films deposited on smooth tubes 

100 nm  0.089 0.79 

180 nm 0.179 0.99 

270 nm 0.149 0.99 

290 nm  0.128 0.99 

anatase thin films deposited on frosted tubes 

270 nm 0.264 0.99 

290 nm 0.227 0.98 

ʺsandwichʺ structure films 

rutile 0.083 0.97 

P25 on smooth tube 0.505 0.98 

P25 on frosted tube 0.767 0.98 
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