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The continues presence of pharmaceuticals in aquatic environments is a serious concern due 

to their persistence and adverse ecological effects. Among them, Diclofenac (DCF), a widely 

used non-steroidal anti-inflammatory drug (NSAID), is frequently detected at concentrations 

above safe thresholds in surface water and treated wastewater. Conventional wastewater 

treatment plants (WWTPs) are ineffective in removing DCF, highlighting the need for 

advanced technologies. This study investigates the photocatalytic degradation of DCF using 

a 3D-printed polylactic acid (PLA) structure coated with TiO2 under UV-A irradiation. The 

aim of this study is to overcome the limitations of using TiO2 in powder form in slurry 

systems and eliminate the need for nanoparticle recovery by immobilizing them on a 3D-

printed PLA reactor. Surface treatment with acetone increased the porosity and roughness 

of the PLA and enhanced the adhesion of nanoparticles. The TiO2 loading and photocatalytic 

efficiency was evaluated and reusability test showed the objects are practically reliable for 

several consecutive runs. A single dip with surface treatment selected as the optimized 

coating strategy and ICP analysis confirmed successful TiO2 immobilization with minimal 

leaching of nanoparticles. Control experiments validated that TiO2 acts as an active 

photocatalyst, and the effect of key parameters of the photocatalytic reaction, including time, 

pH, and initial DCF concentration and catalyst dose, was investigated. Increasing the surface 

area by changing the structure from mesh to lattice had a significant impact on the possibility 

of higher catalyst loading and shortening the reaction time. These findings indicate that TiO2 

coated 3D-printed filters are a sustainable and promising solution for removing 

pharmaceutical contaminants from wastewater, and their potential use in municipal WWTPs 

and landfill effluents is promising. 
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1  Introduction 

Today, pharmaceuticals are recognized as the most important group of emerging 

contaminants, and their widespread occurrence in aquatic environments, even in very small 

concentrations, is a major concern (Zhou et al., 2019). Diclofenac (DCF), a non-steroidal 

anti-inflammatory drug (NSAID), is well-known painkiller and widely consumed in 

northern and central Europe and has been frequently detected at highest concentrations in 

influent, effluent and surface waters in Europe (Aus Der Beek et al., 2015; UNESCO and 

HELCOM, 2017). Conventional wastewater treatment plants (CWWTPs) are inadequate in 

removing micropollutants such as DCF and in fact act as a gateway for the continuous 

overflow of these pollutants into surface waters. Continuous exposure to these pollutants 

causes drug resistance and poses chronic risks for aquatic life (An et al., 2025; Couto et al., 

2019; Gómez-Oliván, 2020; Lindholm-Lehto, 2016).  

Recent studies have identified AOPs as the most suitable techniques for removing various 

drug categories (Roslan et al., 2024). Among them, UV/TiO2 photocatalysis has been 

considered as an effective method due to the significant advantages of TiO2, including low 

cost, high photocatalytic activity, and no need for expensive chemicals (Hashimoto et al., 

2005). However, using TiO2 in a suspended form, particularly in slurry systems, necessitates 

an additional recovery stage due to the accumulation of nanoparticles and the risk of 

secondary contamination (Chen et al., 2020). 

To overcome this challenge, immobilization of TiO2 on a solid substrate is proposed as a 

suitable solution. Accordingly, the use of 3D-printer technology and the fabrication of 3D- 

structures made of PLA (biodegradable and UV-resistant polymer) and its integration with 

the photocatalytic method can be promising (Ainali et al., 2021; Dell’Edera et al., 2021; Tian 

et al., 2023). 

This study investigates the development and optimization of a 3D-printed PLA structure 

coated with TiO2 for removal of DCF from water and wastewater. Accordingly, the effect of 

several factors was investigated, including PLA surface treatment with acetone for better 

TiO2 adhesion, optimization of the coating process, the number of coating layers, and the 

effect of changing the geometry of the structure and increasing the surface area on the 

catalyst loading rate and improving the removal efficiency. Moreover, the effect of key 
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parameters of the photocatalytic process, including reaction time, pH, catalyst loading rate, 

and initial DCF concentration, were also investigated. 
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2  Literature review 

2.1 Pharmaceuticals in aquatic environment  

Pharmaceuticals have therapeutic benefits, but their presence in wastewater has recently 

become a major concern for water bodies. Many studies have reported pharmaceuticals as 

one of the most important and notable emerging pollutants due to their wide presence in the 

aquatic environment worldwide and in Europe (Zhou et al., 2019). This chapter covers their 

occurrence and detection in surface waters and WWTPs, sources and pathways, 

environmental risks and toxicity, challenges in removal, and diclofenac (DCF) as an 

emerging contaminant.  

2.1.1  Occurrence and detection in surface water and wastewater treatment plants 

(WWTPs) 

Pharmaceuticals are frequently found in surface waters, even in places like Europe that have 

well developed wastewater treatment systems (Aus Der Beek et al., 2015). Global spread of 

pharmaceutical residues has been highlighted by studies that found them in drinking water, 

groundwater, and surface water, among other environmental matrices (Wilkinson et al., 

2022). These pollutants, which come from human excretion and inappropriate disposal or 

expired drugs, remain in wastewater because of their different chemical characteristics, 

which causes WWTPs to remove them inadequately (Finnish Water Utilities Association, 

2018; Kumar et al., 2023). 

According to a global comprehensive study, 631 pharmaceutical compounds have been 

found in surface waters in 71 countries worldwide (Aus Der Beek et al., 2015), with 477 of 

those findings occurring in Europe (Zhou et al., 2019). Despite the vast amount of data 

available on the concentrations of APIs in surface waters, Wilkinson et al. (2022) notes that 

global exposure knowledge is still incomplete because the focus of the data collected has 

been primarily on Europe and North America, which Wilkinson et al. (2022) refers to as the 

“tip of the iceberg.” In fact, API concentrations in unstudied regions, given more restrictive 

regulations and weaker treatment infrastructure, are expected to be higher. One of the largest 
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recent studies on the presence of APIs in the world’s rivers (61 APIs across 1,052 sites in 

258 rivers in 104 countries) was conducted by Wilkinson et al. (2022), which found that up 

to 10 APIs were detected at most sites worldwide (Fig. 1).  

 

Fig. 1 Global occurrence of pharmaceuticals in river catchments (as mean cumulative concentration of APIs). 

Cumulative concentration = Sum of all quantifiable API concentrations at each sampling site, averaged across 

all sites in a catchment. Percentiles = Divisions that rank sites from highest to lowest concentrations (e.g., 90th 

percentile = top 10%). (Wilkinson et al., 2022). 
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According to Wilkinson et al. (2022), mean cumulative concentrations (average of the total 

API concentrations, above LOQ) of pharmaceuticals with highest levels of contamination 

were found in South America (12,800 ng/L), Asia (11,000 ng/L), Africa (8,980 ng/L), North 

America (3,430 ng/L), Europe (2,780 ng/L), and Oceania (221 ng/L). At the country level, 

the highest mean cumulative concentration was observed in Pakistan (Asia) with 70,800 

ng/L. The mean cumulative concentration in Finland (sampling campaign in Helsinki) was 

633 ng/L (Fig. 1). The results indicate the widespread and varied presence of 

pharmaceuticals worldwide.  

 

 

Fig. 2 Maximum reported DCF Levels in Surface Waters Worldwide (Aus Der Beek et al., 2015). 

 

Aus Der Beek et al. (2015) reported DCF, a non-steroidal anti-inflammatory drug (NSAID), 

as the most frequently detected pharmaceutical in environmental samples worldwide with 

highest detected levels (>1 µg/L) in Brazil, India, and several parts of Europe (Fig. 2). As a 

regional investigation in Finland, Lindholm-Lehto (2016) reported anti-inflammatory and 

antiepileptic medications are still present in surface waters, such as Lake Päijänne, and 

municipal wastewater. WWTPs are a main source of pharmaceuticals, particularly in nearby 

of discharge sites, and plants that receive industrial wastewater have considerably higher 

amounts of pharmaceuticals (Larsson et al., 2007; Raateoja and Setälä, 2016).  
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Fig. 3 Number of pharmaceutical substances detected in sewage, WWTP influent, effluent, and sludge by 

country (Aus Der Beek et al., 2015, Supplement 7). 

 

Pharmaceuticals cannot be effectively removed by CWWTPs, which are known as 

significant point sources. Instead, they act as entry points for other pollutants and enable 

their constant discharge into the environment (Couto et al., 2019; Lindholm-Lehto, 2016). 

The highest number of pharmaceuticals (over 100) in influent and effluent of WWTPs were 

reported in Canada, China, Germany, and Australia (Fig. 3). NSAIDs, such as ibuprofen and 

DCF, are among the most common pollutants found in sediments, effluents, and aquatic life 

(Brozinski et al., 2013a; Zhou et al., 2019). Infrastructure for wastewater treatment, 

population density, and consumption patterns all affect the number of pharmaceuticals in 

wastewater. Concentrations of pharmaceutical residues are frequently higher in low-to-

middle-income nations with poor treatment systems (Wilkinson et al., 2022). Enhancing 

wastewater monitoring and treatment is crucial to reducing their negative environmental 

effects (Finnish Water Utilities Association, 2018). 

2.1.2  Sources and pathways of pharmaceuticals in water bodies 

When used for therapeutic purposes, many medications are not completely metabolized and 

are excreted as active ingredients through urine and feces (up to 90% in humans and 75% in 

animals) (BIO Intelligence Service, 2013). In the United States, 35% of respondents flushed 

medications into wastewater systems, and more than 54% disposed of them in household 

waste (Bound and Voulvoulis, 2005). Leachate from landfills also pollutes groundwater 

(OECD, 2019). There is not enough data to support the widely held belief that industrial 

discharges in developed countries are negligible (Raateoja and Setälä, 2016). However, 
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compared to WWTPs that solely treat municipal wastewater, those that receive influents 

from pharmaceutical production companies show noticeably greater pharmaceutical 

concentrations (Larsson, 2014). Antimicrobial resistance is a danger (OECD, 2019) because 

some pharmaceutical manufacturing facilities produce APIs at levels higher than 

recommended doses (Larsson, 2014). 

Pharmaceuticals persist in sewage sludge, agricultural biosolids, and WWTP effluents, 

contaminating them through leaching and runoff (Boxall et al., 2012; Li, 2014). Aquatic 

contamination is also caused by veterinary medications used in livestock and aquaculture 

(OECD, 2019; Zhou et al., 2019). Fig. 4 depicts these pathways, demonstrating how 

pharmaceuticals enter and persist in wastewater, landfills, and surface waterways before 

reaching humans through drinking water, food, and aquatic species (OECD, 2019). 

 

Fig. 4 The pathway of pharmaceuticals in the water (OECD, 2019) 
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2.1.3  Environmental risks and toxicity 

Despite legislations, pharmaceutical pollution continues to exist and poses long-term 

ecological concerns through inappropriate disposal and wastewater effluents (Dos Santos et 

al., 2021; OECD, 2019; Pereira et al., 2020). Even at low concentrations, pharmaceuticals 

have an effect on aquatic species (including algae, crustaceans, and fish), affecting 

reproduction, growth, and survival (microalgae) (Dos Santos et al., 2021; Khan, 2020; 

Pereira et al., 2020).  

Pharmaceuticals accumulate in fish tissues and enter the food chain, which increases the risk 

of bioaccumulation and biomagnification, especially for animals at higher trophic levels. As 

a result, there is a potential health risk to humans through consumption of contaminated food 

(Pereira et al., 2020). 

Kidney and liver functions of fish are affected by NSAIDs like DCF (OECD, 2019), and 

male fish are feminized by endocrine disruptors like 17α-ethinylestradiol (EE2), which 

lowers the success of reproduction (Pereira et al., 2020). Among the reported harms of DCF 

on animals are the catastrophic death (95%) of vultures due to kidney failure in Pakistan 

(Pereira et al., 2020), damage to the gills and kidneys in rainbow trout (Khan, 2020), delayed 

hatching of zebrafish, and DNA damage in Mussels (P. perna) (Dos Santos et al., 2021).  

Given the large number of APIs available on the market, the need to identify and assess their 

risks is essential. These assessments include comparing the measured concentration with 

predicted no-effect concentration (PNEC). Prioritization is also carried out at the global and 

national levels, for example, Sweden has listed DCF as a river basin specific pollutant under 

the EU Water Framework Directive (WFD). Identifying and assessing the risk of high-risk 

APIs is a valuable aid in guiding the reduction of high-risk pharmaceutical pollutants. (Äystö 

et al., 2023). 

Based on the Risk Quotient (RQ) methodology, many of the tested pharmaceutically active 

compounds (PhAC) exhibit both high acute and chronic toxicity, such as DCF, naproxen, 

erythromycin, roxithromycin, and 17β-estradiol. But among them, DCF and 17β-estradiol 

were reported as a priority (Li et al., 2021), and showed the highest risk levels across all 

matrices including surface water (SW), treated wastewater (TWW), and raw wastewater 

(Fig. 5) (RWW) (Dos Santos et al., 2021). 
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Fig. 5 Acute (a) and chronic (b) environmental risks of selected pharmaceuticals in RWW, TWW, and SW 

based on Risk Quotient (RQ). Risk levels are categorized as negligible (blue), low (yellow), medium 

(orange), and high (red) (Dos Santos et al., 2021). 

 

Table 1 lists medications according to their log Kow (octanol–water partition coefficient 

reflecting how likely a compound is to accumulate in organisms and resist breakdown in 

water) and environmental risk quotient (RQf). DCF is listed as a high-risk pollutant with log 
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Kow of 4.51. It has F (%) = 62%, where F (%) represents the frequency of measured 

environmental concentrations (MECs) that exceeded (PNEC), indicating 62% of the 

detected samples exceeded the safety threshold. This contributes to its high RQf of 153.65. 

(Dos Santos et al., 2021; Zhou et al., 2019). 

 

Table 1 Prioritized pharmaceuticals according to the RQf values in descending order (only high-risk 

pharmaceuticals is selected) (Adapted from Zhou et al., 2019). 

High Risks 

Name Therapeutic groups Log Kow *F (%) RQf 

Diclofenac Anti-inflammatories 4.51 62 153.65 

Ethinylestradiol Hormones 3.67 2 109.89 

Paraxanthine Metabolites -0.22 92 23.35 

Ibuprofen Anti-inflammatories 3.97 47 15.73 

Atorvastatin Lipid-lowering agent 6.36 14 14.54 

Carbamazepine Anticonvulsants 2.45 55 10.13 

Estriol Hormones 2.45 17 6.75 

Venlafaxine Antidepressants 0.43 44 6.67 

Ranitidine Antihistamines 0.27 42 2.85 

Spiramycin Antibiotics 1.87 40 2.46 

Zidovudine Antiviral drugs 0.05 73 2.07 

Amoxicillin Antibiotics 0.87 31 1.7 
*F (%) stands for frequency (%) of MECs that exceeded the PNECs across sampling sites in Europe. 

 

The EU Watch List monitoring indicates the widespread presence of pharmaceuticals 

exceeding PNEC. A total of 45 of the pharmaceuticals had RQf values above zero (Fig. 6). 

Spain had the highest number (26), while countries such as Finland, Greece and Ukraine had 

only a few. However, this does not mean that the risk is lower in these countries, because 

comprehensive monitoring is limited, and the results are limited to the sites where samples 

were collected (Zhou et al., 2019). Zhou et al. (2019) also reported caffeine, ibuprofen, DCF, 

and carbamazepine as the most frequently detected compounds in European surface water. 

Among them, DCF concentration exceeded the PNEC level in European countries at about 

85% of the countries where it was found (28 out of 33 countries). 
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Fig. 6 The total number of pharmaceuticals with RQf above zero in each country (Zhou et al., 2019). 

 

In the RQ method, the toxicity of drugs is examined based on their concentration, but some 

pharmaceuticals are present in water sources for a long time, which increases the possibility 

of their risk. It can be interpreted that chronic toxicity resulting from long-term exposure is 

more important than acute toxicity, in which organisms are exposed to the drug for a shorter 

period. This is why frequency of  observation of pharmaceuticals in aquatic environments is 

important. (Brausch and Rand, 2011; OECD, 2019; Zhou et al., 2019).  

2.1.4  Challenges in removing of pharmaceuticals in CWWTPs 

The consumption of pharmaceuticals is increasing globally (Skalska-Tuomi et al., 2025). 

Due to factors, such as human and animal excretion and improper disposal, they find their 

way into water bodies (Kumar et al., 2023). Many pharmaceuticals are designed to be stable 

as possible to avoid their degradation (Ferreira De Souza, 2020), allowing them to remain 

even in treated water (Lindholm-Lehto, 2016). As a result, conventional WWTPs are not 

able to efficiently remove them and serve as a pathway for their release into surface waters 

and the spread of pollution, which is a threat to aquatic ecosystems and human health (Wang 

and Wang, 2016). 
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Fig. 7 Mean concentrations of pharmaceuticals in influent and effluents of (a) Jyväskylä WWTP (b) 

municipal WWTPs I-IV in central Finland. (Adapted from Lindholm-Lehto, 2016). 

 

The average concentration of PhACs in the effluent of five WWTPs in Finland reveal an 

interesting trend and are examples of limitations of CWWTPs in removing PhACs from 

wastewater (Fig. 7). In the Jyväskylä plant, despite the treatment, the concentration of 

compounds such as DCF has increased (Fig. 7a). Depending on the compound’s metabolism 

in human body, negative removal rate might occur when the metabolites are reformed back 

into the parent compound during wastewater treatment process. Similarly, in all four 

WWTPs (I - IV), DCF is the only compound that has shown the highest persistent and its 

concentration has increased significantly after treatment (Fig. 7b). These results, reported by 

Lindholm-Lehto (2016), confirm the ineffectiveness of the CWWTPs in removing 

recalcitrant compounds such as DCF, and the need for more effective removal strategies. 

2.1.5  Diclofenac as an emerging contaminant 

Diclofenac is the most common pharmaceutical found in environmental samples worldwide 

(Aus Der Beek et al., 2015). Moreover, it is the most extensively used NSAID and most 

well-known painkiller in the world. At more than 1000 tons per year, DCF is consumed 

worldwide in excess of ibuprofen, mefenamic acid, and naproxen (Acuña et al., 2015; An et 

al., 2025; Zhang et al., 2008). According to UNESCO and HELCOM (2017), DCF is 

recognized as one of the top 20 pharmaceuticals marketed in Northern and Central Europe, 

with an annual sales volume of 12,062 kilograms. Moreover, data collected from municipal 

WWTPs located in Denmark, Estonia, Finland, Germany, Russia (St. Petersburg), and 

Sweden identified DCF among the top 20 pharmaceuticals detected at the highest 
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concentrations in influent, effluent, and river waters. Finland reports consuming 0.9 t of 

defined daily dose (DDD) annually. The consumption of DCF in multiple countries (Table 

2), highlighting that Germany had the highest consumption in 2001, consuming about 86 

tons of DCF per year.  

 

Table 2 Consumption of DCF in different countries (adapted from Lindholm-Lehto, 2016). 

Country  Consumption (t Year -1) References 

Australia 1998 4.4 (Tambosi et al., 2010) 

England 2000 26 (Jones et al., 2002) 

Finland 2014 0.9 (Finnish Medicines Agency Fimea, 2014). 

Germany 2001 86 (Nikolaou et al., 2007) 

Swizerland 2004 4.5 (Fent et al., 2006) 

 

According to DCF physicochemical characteristics (Table 3), it is persistent, weakly 

biodegradable, and is commonly found in groundwater, surface water, and WWTP effluents, 

usually beyond safety thresholds (Lindholm-Lehto, 2016; Fig. 7). Its complicated structure, 

high octanol/water partition coefficient, and hydrophilic character all help to explain its 

limited sorption onto sediments and resistance to biodegradation (An et al., 2025; Shamsudin 

et al., 2022). 

 

Table 3 Physicochemical properties of DCF. 

Property Value Reference 

Generic Name Diclofenac 

(PubChem, 2025) 

IUPAC Name: [2-(2,6-Dichloroanilino)phenyl]acetic acid 

Chemical Formula C14H11Cl2NO2 

CAS Number 15307-86-5 

Structure 

 
Molecular weight 296.16 g mol -1 

Water solubility 2.37 mg/L (25 C̄) 
1pKa 4.15 

2Log KOw 4.51 

Therapeutic 

Categories 

Non-Steroidal Anti-Inflammatory Drug 

(NSAID) 
(DrugBank, 2025) 

1Indicating it is more soluble at higher pH levels. 2Suggesting a high potential for bioaccumulation 
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Due to its environmental persistence and partial elimination in WWTPs, DCF was included 

to the EU Watch List (WL) in 2015 under the Water Framework Directive (WFD) (Gómez-

Oliván, 2020; Nosek and Zhao, 2024). However, it was removed from the list in 2018 after 

a risk assessment found that there was enough monitoring data and that it met the 

requirements for removal (Loos et al., 2018). Nevertheless, its extensive discovery and 

harmful impacts on the environment remain reasons for more restrictive regulations and 

better monitoring systems (UNESCO and HELCOM, 2017). Finnish WL screening (2015-

2018) also conducted at nine sites, and DCF was detected in 78% of samples (Cmax=90 ng/L). 

14% of samples were above PNEC (0.05 µg/L), showing occurrence of DCF in Finnish 

surface water (Siimes and Junttila, 2019). 

Diclofenac causes acute and chronic toxicity (Fig. 5) in aquatic creatures, resulting in 

oxidative stress, enzyme disruption, and organ destruction (An et al., 2025; Gómez-Oliván, 

2020). Potential dangers to humans are increased by bioaccumulation in fish bile and higher 

trophic levels (Zhou et al., 2019). Its environmental risk quotient (RQ) and STE scores 

increased in 2018 as a result of PNEC values being lowered from 0.1 to 0.05 µg/L, indicating 

greater environmental risk (Loos et al., 2018). With high STE (Spatial, Temporal, Extent) 

ratings (0.645–0.990) in scenario-based evaluations and risk quotients (2.6–6.8), DCF 

showed considerable persistence in surface waters, highlighting environmental issues (Loos 

et al., 2018). DCF surpasses PNEC limits in WWTP effluents, making it a top European 

water pollutant (RQf = 153.65) (Äystö et al., 2023; Zhou et al., 2019). 

Risks are increased by DCF transformation products (TPs), which make up more than 57% 

of wastewater influents (about 60% of effluent and 30% of surface waters), and which retain 

toxicity longer than the parent component (Nosek and Zhao, 2024). 

With an anticipated yearly discharge of about 400 kg into the Gulf of Finland (GOF), DCF 

concentrations in the St. Petersburg WWTP effluent varied from 355 ng/L in the summer to 

550 ng/L in the winter (Raateoja and Setälä, 2016). In Pakistan, the highest DCF surface 

water concentration ever recorded is 8,500 ng/L (An et al., 2025). According to Aus Der 

Beek et al. (2015) the highest maximum concentration of DCF was reported in Western 

Europe (18.74 µg/L) (Table 4). 
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Table 4 Average and maximum concentration of DCF in surface waters from different regions worldwide 

(adapted from Aus Der Beek et al., 2015, p. 828). 

Region Average (mg L-1) Maximum (mg L-1) 

Global 0.032 (7017) 18.74 

WEOG 0.020 (6301) 18.74 

GRULAC 0.239 (130) 6.0 

EEG 0.111 (420) 4.2 

Asian-Pacific 0.090 (152) 4.4 

Africa 0.273 (14) 1.52 
*Values in parentheses describe the number of samples. 

EEG = eastern Europe; GRULAC = Latin America and Caribbean; WEOG = western Europe and others. 

 

Major contamination sources include wastewater discharge, pharmaceutical industries, 

hospitals, and farming of livestock. Industrial wastewater concentrations can reach 836 μg/L 

(An et al., 2025; Shamsudin et al., 2022). According to Table 5, a wide range of removal 

efficiencies are achieved in different WWTPs in different countries highlighting the need for 

improvement in current technologies. 

Table 5 Concentrations of DCF in influents and effluents of WWTPs, including removals (%) in different 

WWTPs, and different contries. 

Location 
Type of 

wastewater 

Influent  

(mg/L) 

Effluent  

(mg/L) 

Removal 

(%)  
Reference 

Spain 
Municipal 

WWTP 
0.398 0.186 53.76% 

(Gros et al., 

2012) 

Spain 
Municipal 

WWTP 
0.436 0.376 13.76% 

(Gros et al., 

2012) 

Sweden 
Municipal 

WWTP 
0.19-0.54 0.22-0.23 

-15.8% - 

57.4% 

(Remberger et 

al., 2009) 

Spain, La Hoya 
Conventional 

STPs1 
1.660 0.430 74% 

(Fernández-

López et al., 

2016) 

Spain, Murcia 
Conventional 

STPs1 
0.65 0.28 57% 

(Fernández-

López et al., 

2016) 

Greece, Volos 
Conventional 

STPs1 
4.869 2.668 45% 

(Papageorgiou et 

al., 2016) 

Finland 

Viikinmäki 

WWTP 

discharge site 

- 

0.025 ± 8 (0.8 

km) 

0.033 ± 1 (1.1 

km) 

- 
Turja et al. 

(2015) 

Finland Municipal STP 0.46 0.32 30.4 % (Vieno, 2007) 

Finland (Lappeenranta) 
Municipal 

WWTP 
- 1.7 - 2.6 <10% 

(Skalska-Tuomi 

et al., 2025) 

Brazil (Rio de Janeiro) Settling, AcS - - 75 
(Lindholm-

Lehto, 2016) 

Finland 

(Aura/Tampere/Harjavalta) 
AcS, P removal - - 23-60 

(Lindholm-

Lehto, 2016) 

Finland 

(Helsinki/Seinäjoki/Turku) 

AcS/N/DeN/P 

removal 
- - 9-25 

(Lindholm-

Lehto, 2016) 

Germany (Berlin) CWWTP - - 17 
(Lindholm-

Lehto, 2016) 
STPs -Sewage Treatment Plants; AcS -activated sludge; N/DeN -nitrification and denitrification; P removal -phosphorous removal 
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Different concentrations of DCF in surface water in Finland and some European countries, 

show the difference in widespread of DCF contamination in these regions. The highest level 

found in Germany and Poland (>1300 ng/L). Finnish surface waters show lower levels, while 

still considerable (Table 6). 

 

Table 6 Concentration of DCF detected in surface waters in Finland and some European countries. 

Location Type of wastewater 
Surface Water 

(ng L-1) 
Reference 

Finland Lake Päijänne 470 ng/L (Lindholm-Lehto, 2016) 

Finland Lake Kuhnamo 21.4 ng/L (Lindholm-Lehto, 2016) 

Finland Kapeenkoski Rapids/river 16.1 ng/L (Lindholm-Lehto, 2016) 

Finland Lake Haapajärvi 22-302 ng/L (Brozinski et al., 2013) 

Finland Haapakoski Rapids/ river 115 ng/L (Lindholm-Lehto, 2016) 

Finland River Emajõgi 6 ng/L (Loos et al., 2009) 

Finland River Purtse <1 ng/L (Loos et al., 2009) 

Finland River Narva 3 ng/L (Loos et al., 2009) 

Finland River Vantaa <1 ng/L (Loos et al., 2009) 

Finland Aurajoki (AUJ) River 
6 ng/L (Upstream), 

3 ng/L (Downstream) 
(Lindqvist et al., 2005) 

Finland, (Espoo, 

Turku, Lappeenranta) 
Hospital wastewater 510 ng/L (mean) (Äystö et al., 2023) 

Finland (Helsinki, 

Vanta, Ylöjärvi) 
household wastewater 2400 ng/L (mean) (Äystö et al., 2023) 

Finland River 2-3 ng/L (Lindqvist et al., 2005) 

Baltic Sea (Multiple 

Countries) 

Coastal Water 

(322 sample locations) 
54 ng/L 

(UNESCO and HELCOM, 

2017) 

Baltic Sea (Multiple 

Countries) 

River water in Baltic sea 

countries 
2.71 ng/L (max) 

(UNESCO and HELCOM, 

2017) 

Croatia and Slovenia Sava River ND-4.62 ng/L (Česen et al., 2019) 

Czech Republic Vltava, Elbe and Ohře ND-1070.28 ng/L (Marsik et al., 2017) 

France River Doubs and River Loue ND-300.5 ng/L (Chiffre et al., 2016) 

Germany River Gründlach 
52-1400 

ng/L 
(Kunkel and Radke, 2012) 

Greece Aisonas River ND-1043 ng/L (Stasinakis et al., 2012) 

Italy Lambro River Basin 60.1-694.4 ng/L (Riva et al., 2019) 

Poland Baltic Sea ND-606.1 ng/L (Szymczycha et al., 2020) 

Poland Drwina and Wisla Rivers 123.2-1352.6 ng/L (Styszko et al., 2021) 

Portugual Fervença River 0.05-398.35 ng/L 
(Canle and Antão-Geraldes, 

2023) 

Sweden 
Fyris River, Lake Ekoln and 

Lake Gorvaln 
6.5-31 ng/L (Tröger et al., 2018) 

 

A review of multiple sources showed that, the percentage of DCF removal in WWTPs varies 

greatly, probably due to differences in available facilities and employed treatment 

technologies. For instance, DCF removal rate in CWWTPs is reported 30-70% (Lonappan 
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et al., 2016), with some studies claiming as little as 5-50% efficiency, primarily due to poor 

adsorption to activated sludge (Finnish Water Utilities Association, 2018; Vieno and 

Sillanpää, 2014). In contrast, data reported from a STP in Spain showed a removal of 74%, 

and it was 75% for another one in Brazil (Settling, AcS processes) (Table 5).  

2.2  Removal technologies for pharmaceuticals 

Today, different techniques are used to remove pharmaceutical contaminants from water and 

wastewater. This section briefly discusses these techniques.  

 
Table 7 Comparison of key methods for removal of DCF from wastewater. 

Treatment 

Method 
Examples Efficiency Advantages Limitations  

Nature-Based 

(CWs1) 

HFCW2, VFCW3, 

HCW4, CW-MFC 

Varies  

(48%-99%) for DCF5 

Eco-friendly, low-

cost, sustainable 

Ineffective for 

some PhACs or in 

cold climates, slow, 

land-intensive 

Membrane 

separation 

techniques 

RO, NF, MBR 

RO (96-99.9%)6 

NF (>93%)7 

MBRs (>80%)8 

High removal 

efficiency 

High cost, 

membrane fouling, 

energy-intensive 

Adsorption 

technologies 
AC, Biochar 

GAC (~78%)9 

PAC (90%)9 

Simple, low energy, 

high PhAC removal 

Regeneration costs, 

challenges in large-

scale application 

Advanced 

Oxidation 

Processes (AOPs) 

AOPs (O₃, 

UV/H₂O₂, Fenton, 

TiO2/UV) 

TiO2/UV (78-100%)10 

Photo-Fenton (UV) 

(>80%)11 

Complete removal, 

effective for 

recalcitrant PhACs 

High operating 

cost, toxic by-

products 

1constructed wetlands, 2horizontal flow CW (HFCW), 3vertical flow CW (VFCW), 4hybrid CW (HCW), 5(Ilyas and Van 

Hullebusch, 2020), 6(Rodríguez-Serin et al., 2022), 7(Loganathan et al., 2023), 8(Taoufik et al., 2020), 9(Shamsudin et al., 

2022), 10(Duranoğlu, 2024; Kanakaraju et al., 2014; Murgolo et al., 2018; Tbessi et al., 2019),  11(Conte et al., 2024) 

 

 

As already mention in section 2.1.4, CWWTPs can only moderately remove pharmaceuticals 

and are limited, and according to Table 5, at most, 75% of DCF can be removed using 

traditional treatment plants, involving a bit of biological, and some chemical processes. 

According to the new update of the Urban Wastewater Treatment Directive (91/271/EEC) it 

is crucial to control the load of micropollutants (Nagy-Mezei et al., 2024; Skalska-Tuomi et 

al., 2025). That’s why there is a demand for quaternary treatment (or fourth stage) to the 

WWTPs. The main quaternary technologies include different types of activated carbon, 

membrane technologies and AOPs (Nagy-Mezei et al., 2024) (Table 7). 
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2.2.1  Nature-based treatment (constructed wetlands) 

Constructed wetlands (CWs) remove PhACs through plant uptake and microbial activity. 

Their efficiency varies greatly depending on the conditions and design (Ilyas and Van 

Hullebusch, 2020). The removal rate for DCF was ~48%, 68% and ~99% in HFCW, VFCW, 

HCW, respectively (Table 7). CW-Microbial Fuel Cell (CW-MFC) remove about 84.1% of 

DCF in 60 days (Qin et al., 2023). They are eco-friendly, cost-efficient, but limited by long 

treatment time, large land area, and are less effective for more resistant PhACs, and in cold 

climates (Karki, 2024). 

2.2.2  Membrane separation techniques 

Membrane filtration, is commonly used for pharmaceutical elimination, but its efficiency 

dependents on pollutant properties (Rivera-Utrilla et al., 2013; Wang and Wang, 2016). The 

efficiency varies: reverse osmosis (RO) (96-99.9% for DCF), and nanofiltration (NF) (35–

>98% for PhACs, >93% for DCF) (Loganathan et al., 2023) (Table 7). Fouling is a major 

drawback of membranes which can be lessened by pre-treatments such as coagulation 

(Ghazal et al., 2022).  

2.2.3  Adsorption technologies 

Adsorption, a widely used technique, is a simple solution with low energy demand and high 

removal efficiency. In this technique, adsorbents such as activated carbon, zeolite or clay are 

used, and the performance depends on factors such as adsorbent dose, pH and contact time 

(Adeoye et al., 2024). The use of adsorbent powder (PAC) or granular activated carbon 

(GAC) can provide up to 80-90% removal for many PhACs (Rizzo et al., 2019), but one of 

its disadvantages is the need for its regeneration, which is expensive (Wang, 2023). The 

removal rate of DCF using PAC and GAC reported to be 90% and ~78%, respectively 

(Shamsudin et al., 2022). Membrane bioreactors (MBRs) are combination of membrane and 

biological treatment and provide >80% of DCF removal (Taoufik et al., 2020).  



26 
 

2.2.4  Advanced oxidation processes (AOPs) 

Advanced oxidation processes (AOPs) refer to any process that mainly uses hydroxyl 

radicals ( OH) to degrade recalcitrant and toxic organic pollutants into more biodegradable 

compounds (Klavarioti et al., 2009; Wang and Xu, 2012). Several AOP methods have been 

reported to be effective in degrading organic pollutants, and each method results in the 

production of different types of reactive oxygen species (ROS) (Iqbal et al., 2024) (Fig. 8). 

These methods include UV/H₂O₂ photolysis, electrochemical AOPs, Fenton reaction, 

sonolysis, photocatalysis, activated persulfate, and ozonolysis. 

 

Fig. 8 Types of AOPs and their associated oxidizing radicals (Rayaroth et al., 2022). 

 

AOPs are attractive and highly investigated due to their potential to remove a wide range of 

emerging contaminants, such as pharmaceuticals, from water & wastewater (Kanakaraju et 

al., 2018). The main advantages that made AOPs suitable approaches to degrade PhACs 

include being easy to combine with biological processes, providing complete mineralization, 

and removing recalcitrant pollutants (Date and Jaspal, 2023; Iqbal et al., 2024). While, they 

are limited by high capital and operation costs, high energy costs, and generation of toxic 

intermediates which necessitate the need for by-product monitoring (Ameta, 2018; Spencer 

and Ragout Spencer, 2001). Each AOP has different performance, for example TiO2/UV is 

one of the promising AOPs, which can degrade 78 - 100% of DCF (Duranoğlu, 2024; 

Kanakaraju et al., 2014; Murgolo et al., 2018; Tbessi et al., 2019), and photo-Fenton (UV-

assisted) achieved above 80% of DCF degradation after 2h (Table 7) (Conte et al., 2024).  
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2.3  Photocatalysis and the role of TiO2 nanoparticles in DCF removal  

In the light-driven process known as photocatalysis, photons are absorbed by a 

semiconductor, creating electron-hole pairs that initiate redox reactions (Ameta, 2018). The 

discovery of the photocatalytic water splitting on TiO2 electrodes by Fujishima and Honda 

(1972) was the starting point for extensive research in the field of heterogeneous 

photocatalysis. (Linsebigler et al., 1995). Following this discovery, photocatalysis was 

recognized for its potential in water treatment (Loeb et al., 2019).  

2.3.1  Photocatalysis process and basic mechanism of TiO2 photocatalysis 

Depending on the phase of the photocatalyst and reactants, photocatalysis can be divided 

into homogeneous and heterogeneous systems. In a homogeneous system, the reactant and 

photocatalyst phases are usually the same (usually liquid). In contrast, in a heterogeneous 

system, the reactant phase is usually gas or liquid and the photocatalyst is typically in solid  

phase (e.g., TiO2) (Ameta, 2018). Currently, TiO2 is the most widely used semiconductor in 

heterogeneous photocatalysis (Wu et al.). In TiO2-based photocatalysis, electrons are excited 

from the valence band (VB) to the conduction band (CB) by photons with energy equivalent 

to or greater than its band gap 3.0–3.2 eV, leaving behind positively charged holes (Ὤ ) in 

the VB and electron in CB (Ὡ ) (Guo et al., 2019). Redox processes are started by this charge 

separation, which speeds up the removal of pollutants. Meanwhile, created holes (Ὤ ) can 

oxidize H2O molecules or ὕὌ, forming reactive hydroxyl radicals ( OH) which have a 

strong oxidation potential. (Loeb et al., 2019). Charge carrier recombination, which releases 

energy as heat or photon emissions, restricts photocatalytic efficiency (Guo et al., 2019). 

The photocatalytic removal of organic contaminants depends heavily on reactive oxygen 

species (ROS). Superoxide radicals (O₂ ⁻), singlet oxygen (¹O₂), hydroxyl radicals ( OH), 

and hydrogen peroxide (H₂O₂) are produced when charge carriers and adsorbed molecules 

interact, and these compounds contribute in oxidative destruction. Among these, hydroxyl 

radicals are especially useful in decomposing organic pollutants because of their high 

oxidation potential (E°=2.80 V) (Wang, 2023). 

The photocatalytic process involves numerous stages, including photon absorption, charge 

carrier separation and transport, ROS generation, organic pollutant degradation, and 
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mineralization of pollutant into CO₂ and H₂O (Guo et al., 2019) (Fig. 9). As demonstrated, 

photocatalytic efficiency is determined by hole-induced oxidation and electron-induced 

reduction, with recombination serving as a limiting factor. 

 

Fig. 9 Important processes in TiO2 Photocatalysis (Guo et al., 2019). 

 

2.3.2  Properties and advantages of TiO2 

Titanium dioxide (TiO2) has become the world's most popular and widely used 

photocatalytic semiconductor for the photodegradation of contaminants due to its properties 

such as very high photocatalytic activity, low cost, high efficiency, and high biological and 

chemical stability (Loeb et al., 2019; Rengifo-Herrera and Pulgarin, 2023; Wu et al., 2023). 

Moreover, as reported by Loeb et al. (2019), TiO2 has been the subject of research in about 

8000 scientific publications since 2000, indicating its high research interest.  

TiO2 can be found in nature in three mineral forms, rutile, anatase, and brookite, but its 

commercial forms are usually a mixture of the two more reactive forms, anatase and rutile, 

in a ratio ranging between 80:20 and 70:30 (Guo et al., 2019; Krakowiak et al., 2021). Due 

to effective charge separation, the commercial forms of TiO2 (such as P-25) have high 

photocatalytic performance. Brookite, due to its lower photo-reactivity, has fewer 

applications than the other two forms (Krakowiak et al., 2021). Its efficiency is further 

increased by structural modifications such as metal or non-metal doping and heterojunctions 

(junction with other semiconductors), which improve its absorption range and charge carrier 

separation (Ameta, 2018; Krakowiak et al., 2021). The reason for using two phases, rutile 
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and anatase, in polymorphic form is the synergy that these two phases create. This synergy 

increases the efficiency of the photocatalytic reaction, as the rutile phase, having a smaller 

band gap, facilitates the transfer of electrons to the anatase phase, which has a longer 

electron-hole lifetime (Chen et al., 2020). 

The main advantages of TiO2 such as high photocatalytic activity, low cost (~$1/kg), 

excellent adsorption behavior, chemical and thermal stability, relatively low toxicity, and 

generating a variety of reactive oxygen species (such as OH, H2O2, 
1O2 and O2 ⁻) made it a 

preferred semiconductor material for environmental applications (Chen et al., 2020; Guo et 

al., 2019; Rengifo-Herrera and Pulgarin, 2023). 

2.3.3  Challenges with TiO2 

Powdered TiO2 has a number of drawbacks in photocatalytic applications, despite its 

extensive use. The efficiency of TiO2 in sunlight-based processes is limited because TiO2 

has a wide band gap (3.0–3.2 eV) that limits its performance mainly to UV light, which 

accounts for only about 4% of sunlight spectrum (Ameta, 2018). TiO2 nanoparticle recovery 

from treated water is still a major problem, and photocatalytic performance is decreased by 

their tendency to agglomerate (Chen et al., 2020). Furthermore, limited affinity for 

hydrophobic organic contaminants slows degradation rates, whereas significant electron-

hole pair recombination inhibits catalytic activity (Rengifo-Herrera and Pulgarin, 2023). 

Performance issues during photocatalytic reactions can also be caused by light scattering 

circumstances (Chen et al., 2020). 

Chen et al. (2020) investigated main drawbacks of TiO2-based photocatalysis for wastewater 

treatment. They found that the most commonly mentioned drawbacks in the literature are 

high band energy, electron-hole transfer limits, scattering effects, nanoparticle aggregation, 

low affinity for organic pollutants, and difficulties with TiO2 recovery and regeneration. 

To enhance TiO2 photocatalysis, a number of techniques have been devised. To increase 

efficiency, surface modifications, heterojunction formation, and metal and non-metal doping 

have all been investigated (Ameta, 2018). Immobilizing TiO2 (e.g., via dip-coating or 

spraying) on solid supports (e.g., 3D-printed structures) addresses recovery concerns, but 

can hinder catalytic effectiveness due to limited interaction with contaminants (Rengifo-

Herrera and Pulgarin, 2023). Furthermore, new heterojunctions and doping techniques have 

been used to increase the application of TiO2 by extending its absorption range into the 
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visible spectrum. The development of effective solar photocatalytic reactors for large-scale 

applications and the optimization of charge carrier transfer kinetics remain the main areas of 

research (Schneider et al., 2014). 

2.3.4  Regulatory concerns and safety aspects of TiO2 

Concerns over TiO2 regulations have grown in the last several years. With effect from 

February 7, 2022, the European Commission formally prohibited TiO2 (E 171) as a food 

additive under Commission Regulation (EU) 2022/63 (European Commission, 2022). After 

expressing concerns about TiO2's genotoxicity, the European Food Safety Authority (EFSA) 

determined that it was no longer suitable for use in food applications (EFSA, 2021). 

Although no immediate health problems were detected, the regulatory prohibition was 

enforced owing to concerns about potential long-term consequences. Although TiO2 is still 

temporarily allowed in pharmaceutical products, continuous evaluations are looking at 

alternatives that preserve pharmaceutical efficacy, safety, and quality. By April 2024, the 

European Medicines Agency (EMA) intends to examine the usage of TiO2 in medications in 

order to identify potential substitutes (European Commission, 2022). Although this specific 

EU regulation targets food additives (and temporarily the use of color in pharmaceutical 

products) and does not mention industrial applications of TiO2 nanoparticles in water and 

wastewater, this increased examination of TiO2 (and if it is banned) may have implications 

for its application in the water and wastewater treatment industry. 

2.3.5  TiO2 for DCF degradation (mechanisms and immobilization aspects) 

UV-TiO2 treatment has shown great promise among AOPs for removing micropollutants 

and medications from wastewater (Arlos et al., 2016). In case of DCF, hydroxyl radicals 

( OH), mainly target the benzylic position because of its higher reactivity than the 

chlorinated aromatic ring. Three primary reaction pathways are responsible for the 

degradation: (1) the formation of radical adducts on the benzene ring; (2) hydrogen transfer 

reactions that result in molecular alterations; and (3) single-electron transfer that leads to 

oxidation (Table 8) (Yang et al., 2022). 
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Table 8 Initial reaction ( OH) pathways for DCF with hydroxyl radicals (Adapted from Yang et al., 2022, p. 

3). 

Step 1: radical adduct 

formation 

Step 2: hydrogen transfer Step 3: single-electron 

transfer 

   
 

A number of operational factors, such as photocatalyst load, initial DCF concentration, pH, 

and UV light intensity, affect how well TiO2-based photocatalysis degrades DCF. The 

suitability of this method for treating pharmaceutical wastewater is confirmed by total 

organic carbon (TOC) tests, which show that TiO2 photocatalysis may mineralize DCF and 

its intermediates by 90% in just six hours of UV irradiation (Moctezuma et al., 2020).  

Immobilized TiO2 support the catalyst on solid substrates such ceramics, molecular sieves, 

or activated carbon, removing the requirement for post-treatment separation and overcoming 

the drawbacks of slurry-based systems (Oluwole et al., 2020). This method encourages 

pollutant adsorption before photocatalytic oxidation and improves TiO2 stability, reusability, 

and mechanical strength (Danfá et al., 2021). Nevertheless, the removal rate is typically 

slower. For example, Manassero et al. (2017) reported a reaction rate of 5.0 × 10-9 mol/s and 

1.6 × 10-9 mol/s for slurry reactor and fixed-bed reactors, respectively. 

When employing porous ceramic supports, degradation efficiency is further increased by 

improved mass transfer and increased light exposure. To maximize TiO2 adherence and 

photocatalytic efficacy, a variety of immobilization approaches have been investigated, such 

as sol-gel processing, dip-coating, and chemical vapor deposition (CVD) (Danfá et al., 

2021).  

2.4  3D-printed structures for water treatment 

3D printing (formally known as additive manufacturing, AM), as defined by the ISO/ASTM 

52900:2015 standard, is a "process of joining materials to make parts from 3D model data, 

usually layer upon layer” (ISO/ASTM, 2015). The use of 3D printing (3DP) in water 

treatment applications has grown in popularity because of its accuracy, affordability, and 

capacity to create complex structures with little waste. 3D-printed materials have adjustable 
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surface area, thickness, and roughness, and when integrated into treatment systems, it 

improves the effectiveness of pollutant removal as compared to traditional treatment 

techniques (Ghosal et al., 2022). New photocatalytic reactors and structured catalysts with 

enhanced performance in water treatment applications are the results of 3DP (Aguirre-Cortés 

et al., 2023). 

 

Fig. 10 Resent advancement of 3d printing in photocatalytic applications from 2016 to 2023 (Khoo et al., 

2024). 

 

Rapid advances in the use of 3D printers in photocatalytic and electrocatalytic applications 

have been made between 2016 and 2023. Among them, the increasing role of this technology 

in the design of functional, stable and tunable catalysts is very prominent. This trend 

demonstrates the great potential of 3D printing technology for applications such as the highly 

scalable degradation of pharmaceutical pollutant from wastewater. The fabrication of PLA- 

TiO2 photocatalysts for microcystin degradation is one of the major turning points (Fig. 10) 

(Khoo et al., 2024). 

AM methods offer a quick, affordable, and adjustable way to build photocatalysts and 

electrocatalysts with exact structural control (Khoo et al., 2024). Accuracy, consistency, 

sustainability, and adaptability are some of 3D printing's benefits, which make it appropriate 

for fabricating complex geometries needed in water treatment applications (Barbosa et al., 

2025; Roy Barman et al., 2023). 
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Lee et al. (2017), divides 3DP into seven groups based on the ISO ASTM 52900:2015 

standard: vat photopolymerization, binder jetting, directed energy deposition, material 

extrusion (ME), material jetting, powder bed fusion, and sheet lamination (Fig. 11). Among 

the different 3D printing technologies, vat photopolymerization and powder bed fusion are 

more precise, while ME is a better choice for wastewater treatment applications, due to its 

affordability and having long list of raw materials available. 

Material extrusion (ME) is a 3D printer process in which a 3D structure is formed layer by 

layer, and each new layer must adhere well to the underlying layer. In this process, the 

material is extruded from the nozzle under a constant pressure and solidifies after extrusion. 

Fused deposition modelling (FDM) is introduced as the most common ME method. Common 

thermoplastic materials (filaments) in FDMs include polylactic acid (PLA), acrylonitrile 

butadiene styrene (ABS), acrylonitrile styrene acrylate (ASA), nylon, which are 

biocompatible and UV resistant, which is why they are widely used in industry (Lee et al., 

2017). 

 

Fig. 11 Comparison of 3D printing techniques and their suitability for photocatalytic applications classified 

under the ISO ASTM 52900:2015 standard (Adapted from Ghosal et al., 2022). 

 

FDM is a popular ME method that incorporates active ingredients into filaments to allow for 

the scalable production of monolithic catalysts at low temperatures (Zhang et al., 2024) (Fig. 

12). The ability for controlling surface characteristics, pore size, and catalyst shape improves 

reactant interactions and increases photocatalytic efficiency (Aguirre-Cortés et al., 2023). 
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One of its main benefits is the flexibility of its design, which enables customized porous 

supports with improved light absorption and mass transfer (Zhang et al., 2024). Due to the 

ability to deposit thermoplastic filaments layer by layer, FDM is a great way to creating 

supports for photocatalyst immobilization with adjustable porosity and mechanical stability 

for water treatment applications (Aguirre-Cortés et al., 2023). 

 

Fig. 12 Fused deposition modelling (FDM) (Adapted from Aguirre-Cortés et al., 2023). 

2.4.1  PLA in TiO2-based photocatalytic applications  

In photocatalytic applications, the immobilization of TiO2 onto solid substrates, is a proper 

and crucial solution to overcome the drawbacks of dispersed nanoparticles and the need for 

filtration and recovery after water/wastewater treatment (Ainali et al., 2021; Dell’Edera et 

al., 2021; Tian et al., 2023). Over the past 20 years, polymeric substrates have drawn a lot 

of interest among supporting materials, because of their unique properties including 

mechanical flexibility, affordability, excellent resistance to UV radiation, broad density 

range (0.9–2 g/cm3) and chemical inertness. Synthetic and natural biodegradable polymers 

such as polylactic acid (PLA), polycaprolactone (PCL), and poly (lactic-co-glycolic acid) 

(PLGA), gained a lot of interest and have been found as a green alternative for petroleum-

derived polymers which are harmful for the environment (Fig. 13) (Ainali et al., 2021).  
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Fig. 13 Biodegradable polymer substrates (Adapted from Ainali et al., 2021). 

 

PLA, as an environmental-friendly and biodegradable thermoplastic made from renewable 

resources (such as starch, corn, wheat and sugar cane), is a versatile and promising synthetic 

polymer in the context of photocatalytic applications (Ainali et al., 2021; Tümer and Erbil, 

2021).  

Ainali et al. (2021) reported several studies (for degradation of pharmaceuticals and dyes) 

presenting successfully enhanced PLA-supported TiO2-based photocatalysts (synthesized 

composites) (Table 9).  

 

Table 9 Summary of the PLA-supported photocatalysts enclosed in the presented literature (adapted from 

Ainali et al., 2021). 

Polymer 

Substrate 

TiO2 

Precursor 

Immobilization 

Technique 

Morphology of 

the Photocatalyst 

Type of (Target) 

Pollutant 
Light Source 

Removal % 

(Time) 
Ref. 

CA 

PCL 

PLA 

Aeroxide® P25 

TiO2 

nanoparticles 

Solution casting 

method 
Composite films 

Methylene blue 

(MB) 

UV-A light system 

fitted with four 40 W 

lamps 

72% 

 (180 min) 

(Xie and 

Hung, 2018) 

CS + PLA 

Titanium 

dioxide 

(Degussa P90) 

Sol-gel method, 

step wise spin-

coating method 

Hybrid Multilayer 

Coated films 
Methyl orange 

UV light radiation 

under a UV 

instrument 

~80%  

(600 min) 

(Zhu et al., 

2012) 

PLLA 

Titanium 

dioxide P25 

(~80% anatase 

and 20% rutile) 

Phase inversion 

method 

GO/TiO2‚ PLLA-

supported 

nanocomposite 

films 

Sulfamethoxazole, 

Sulfadiazine, 

Levofloxacin, 

Norfloxacin, 

Moxifloxacin, 

Isoniazid, 

Metronidazole, 

Lincomycin, 

Trimethoprim 

Simulated solar 

irradiation through 

Suntest Atlas CPS+ 

solar with a xenon 

lamp (1.5 W and 750 

W/m2) 

>90% for 

most of 

antibiotics 

(120–360 

min) 

(Malesic 

Eleftheriadou 

et al., 2020) 

Abbreviations: CS, chitosan; PCL, polycaprolactone; PLA, poly (lactic acid); PLLA, poly (L-lactic acid). 

 

As summarized in Table 9, various PLA-supported photocatalysts showed promising results 

in removing different pollutants. For example, PLLA–GO–TiO2 films (with up to 50wt% 

TiO2) achieved over 90% degradation of nine antibiotics within 120 to 369 min, with the 
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highest and lowest reported rate constants (k) of 0.037 and 0.008 min-1 for metronidazole 

and trimethoprim, respectively (Malesic Eleftheriadou et al., 2020). Meanwhile, the 

composite films reported by Xie and Hung (2018) achieved 72% methylene blue removal in 

180 min under UV light. Similarly, a multilayer coated PLA structure reached 80% of methyl 

orange removal after 600 min (Zhu et al., 2012).  

 

 

Fig. 14 (a) 3D-Printed PLA–TiO2 (34%) Lattice structure (Kennedy et al., 2023), (b) Preparation and extrusion 

of PLA/PEI-TiO2 composite filament (Sangiorgi et al., 2019). 

 

Beside studies reported by Ainali et al. (2021), more recent studies have been found showing 

performance of PLA–TiO2 composites. Kennedy et al. (2023) fabricated 3D-printed lattice 

structures using PLA-TiO2 composites (34 wt% TiO2), achieving 90% degradation of 

microcystin in 150 min (Fig. 14a). In contrast, Sangiorgi et al. (2019) developed extruded 

PLA-TiO2 filaments (30 wt% TiO2) to print scaffold structures by a FDM printer, achieving 

complete degradation of methyl orange in 24 hours (Fig. 14b). Although both approaches 

showed high removal efficiency, the lattice structure presented by Kennedy et al. (2023) 

seems to be more efficient due to its significantly shorter reaction time. This performance 

may be due to the larger surface area provided by the 3D lattice structure. Therefore, the 

choice of method may depend on the target pollutant, the material composition and the 

geometry of the structure used.  
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2.4.2  Immobilization techniques of TiO2 on 3D-printed structures 

There are various techniques for immobilizing TiO2 nanoparticles on solid substrates (Fig. 

15), and choosing the appropriate deposition method is of great importance (Dell’Edera et 

al., 2021; Obregón and Rodríguez-González, 2022; Tian et al., 2023). Commonly used 

methods such as dip coating, spray coating, spin coating, and impregnation can help in 

uniform adhesion of titanium on complex substrates (such as 3D-printed structures) and 

enhance the photocatalytic effect. More advanced methods such as MAPLE (Matrix-

Assisted Pulsed Laser Evaporation), electrospinning, and thermal spraying help in precise 

and controlled distribution of nanoparticles and provide greater durability. 

 

 

Fig. 15 Deposition techniques for immobilizing TiO2 on 3D-printed structures (Adapted from Dell’Edera et 

al., 2021). 

 

Dip-coating is a common, simple and low-cost method for depositing TiO2 nanoparticles on 

different surfaces. This method has three main steps: immersing the support into a 

nanoparticle suspension, removing the support at a controlled speed to allow the particles to 

adhere, and finally drying the substrate by solvent evaporation, leading to a uniform layer 

(Fig. 16). Sol-gel methods are often used to prepare the solutions required for this process, 

which provide a uniform and reproducible result (Tian et al., 2023). Also, treating the 

substrate with plasma or acid before starting ensures better adhesion and longer durability 

of the coating (Tian et al., 2023). 
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Fig. 16 Schematic view of the main steps in dip coating process (Dell’Edera et al., 2021). 

 

The final quality of the coating depends on the immersion time, withdrawal speed, and the 

annealing conditions; these factors directly affect the thickness and crystal structure of the 

TiO2. If the number of immersions is increased, a thicker layer is obtained, but the crystal 

structure of TiO2 changes only when annealed at high temperature (Tian et al., 2023). 

A successful example of TiO2 photocatalyst immobilization on 3D-printed supports is 

provided by Grandcolas and Lind (2022), who coated three fabricated 3D-printed lattice 

structures using a simple impregnation method. They achieved 94.1% removal of methylene 

blue under UV light and in a rotating stage (Fig. 17). 

 

 

Fig. 17 3D-printed polyamide structures coated with TiO2 (Grandcolas and Lind, 2022). 
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3  Thesis objectives  

The thesis aims to develop and evaluate a 3D-printed photocatalytic reactor by coating TiO2 

on PLA objects to investigate the possibility of degrading DCF under UV light. This work 

focused on enhancing photocatalytic performance while addressing the limitations of TiO2 

in powder form.  

The objectives of the thesis can be guided by the following questions:  

Á How can the surface treatment of the 3D-printed PLA structures and the coating 

conditions be effective in achieving a coated structure with strong adhesion and 

uniform TiO2 distribution? 

Á What is the effect of photocatalytic parameters (including the initial concentration of 

DCF, catalyst dosage, pH, and reaction time) on degradation efficiency of DCF? 

Á How reliable and reusable are the TiO2-coated PLA objects over multiple 

photocatalytic runs? 

Á What is the influence of using larger and more complex geometries of 3D-printed 

objects on degradation kinetics? 

4  Materials and methods 

4.1  Chemicals used 

Diclofenac sodium salt (DCF-Na) (C14H10Cl2NNaO2, ≥ 98%) supplied from Sigma-Aldrich 

used as the target pharmaceutical contaminant. Acetone (C3H6O, ≥99.5%) and hydrochloric 

acid (HCl, 37%) were supplied from Merck (EMSURE, Germany). Ethanol (C2H5OH), 

propylene glycol (C3H8O2, ≥99%) and sodium hydroxide (NaOH pellets, 98.6%) were 

purchased from Sigma-Aldrich (Germany). Titanium dioxide nanoparticles (TiO2, 

Aeroxide® P25, 21 nm, ≥99.5%, anatase/ rutile (80:20)) supplied from Aldrich. Polylactic 

Acid (PLA) filament (PLA, 1.75 mm), purchased from Flashforge (China) and acrylonitrile 

butadiene styrene (ABS) filament (ABS, 1.75 mm) supplied from Clas Ohlson (Sweden). 
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All chemicals were in analytical grade and MQ-ultrapure water was used in the experiments 

to prepare the solutions which was produced by Arium® Pro Ultrapure Lab Water Systems 

with a conductivity of 0.055 µS/cm (^= 18.2 MΩ × cm). 

4.2  PLA fabrication using FDM 3D printer 

PLA (black) and ABS (white) filaments were used for fabricating 3D-printed structures in 

this study. Table 10 represents all 3D-printed objects used in this study, including their 

properties. 

 

Table 10 Physical characteristics and material specifications of 3D-printed mesh and lattice objects. 

Parameter 
Black PLA mesh 

(mesh object) 
White ABS mesh 

Lattice cylinder 

(lattice object) 

Shape 

 
 

 

Nominal Diameter 

(mm) 
 

20.0 20.0 37.0 

Thickness (mm) 2.0 2.0 N/A 

Height (mm) N/A N/A 28.0 

Material  
Polylactic Acid 

(PLA) 

Acrylonitrile–Butadiene–

Styrene (ABS) 
Polylactic Acid (PLA) 

Approx. Surface Area 

(cm²) 
17.256 17.256 104.368 

Approx. Volume (cm³) 0.5986 0.5986 1.9142 

 

 

The STL files of mesh and lattice cylinder 3D-printed models were adapted and obtained 

from Printables.com and are licensed under a Creative Commons Attribution-ShareAlike 4.0 

International License (CC BY-SA 4.0) (gskollnau, 2024; Triple G Workshop, 2024). All 

structure fabricated using FDM 3D printer (FlashForge Adventurer 3). FlashPrint 5 was the 

software used for modification, slicing parameters and generating gx files which is the 

acceptable format of the 3D-printer. Filaments were extruded through a 0.4 mm nozzle with 

a temperature of 210 C̄ and with heated bed temperature of 50 C̄. The infill density was 

increased to 100% for all lattice cylinder fabricated objects to prevent floating. The printer 

extruded in a layer-by-layer way with a speed of 50 mm/s. 
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4.3  Surface treatment, immobilization and post-treatment 

This section describes the procedure for surface treatment, coating substrate with TiO2, and 

ultrasonic cleaning as post-treatment step. The step-by-step preparation of TiO2/PLA, from 

surface treatment to final coated object, is illustrated in Fig. 18. 

Surface treatment was performed on a mesh PLA object according to the instructions 

provided by Park et al. (2023). Briefly, a PLA object was immersed in a solution containing 

acetone-water mixture in a 95:5 (v/v) ratio and left for 24 h. 

A suspension of titanium dioxide (5 wt% of TiO2) in acetone 95% was prepared as the 

coating suspension under mechanical stirring. This suspension was sonicated for 20 min in 

an ultrasonic processor (Hielscher model: UP400S) at 60% intensity and cycle 1. The 

original method for preparing this suspension is taken from Grandcolas and Lind (2022) with 

some modifications to adapt it to this study. 

The acetone pretreated substrates (PLA objects) were, immediately immersed into the TiO2 

suspension (5 wt%) under stirring and with the use of a dip-coating unit (Holmarc model: 

HO-TH-02B). According to the literature, the substrates were coated under the following 

conditions: a dipping speed of 5 mm/s, a retrieval speed (withdrawal speed) of 5 mm/s, and 

a dipping duration of 30 minutes (Obregón and Rodríguez-González, 2022; Sarah et al., 

2018; Singh et al., 2011). After this time, the substrate was placed in an oven at 60°C for 

1 h, and then left in room temperature for 30 min to cool. 
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Fig. 18 Stepwise preparation of PLA/ TiO2 (designed using BioRender, (2025), an online scientific illustration 

tool). 

 

As a post-treatment, coated substrates were rinsed with Milli-Q water and placed in a beaker 

containing fresh Milli-Q water, and sonicated for 2 minutes per cycle (6 cycles) in an 

ultrasonic bath to remove weakly adhered TiO2 nanoparticles. These steps were performed 

with some modifications based on the methodologies described in Grandcolas and Lind 

(2022) and Park et al. (2023). Unlike the original method, fresh Milli-Q water was used in 

each sonication cycle to improve the removal of weakly adhered nanoparticles. Finally, the 

substrate was placed in an oven at 60°C for 4 h (final drying) to stabilize the nanoparticles 

on the surface of the substrate.  

4.4  Coating quality tests (mass loading and leaching tests) 

Two sets of tests were conducted to evaluate the quality of PLA/TiO2 lattice structures 

including: 

TiO2 mass loading (PLA digestion and ICP Analysis) test was conducted to determine the 

TiO2 loading on the 3D structures after the coating process using an ICP. The samples used 

for this test consisted of a bare PLA lattice object and two PLA/ TiO2 lattice (according to 

the coating method presented in Fig. 18). In order to decompose the polymer matrix, the 
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samples were digested with Milestone ultraWAVE microwave digestion system and their Ti 

content was used for ICP measurement and the obtained Ti concentration used to calculate 

the TiO2. 

TiO2 leaching test was performed to ensure the stability of the coated structure. For this 

purpose, a PLA/ TiO2 lattice was immersed in Milli-Q (without DCF) and subjected to a 

photocatalytic reaction under the same conditions as the kinetic study, for 7.5 hours. After 

the reaction, the solution in the reaction beaker was examined by ICP, and finally, the TiO2 

concentration was calculated based on the Ti content obtained. 

 

4.5  Experimental design 

Two phases were defined for the experimental procedure including surface treatment and 

coating optimization (phase 1) and photocatalytic parameter optimization (phase 2). Fig. 19 

summarized range of the parameters and selected condition over each phase.  

 

  

Fig. 19 Overview of experimental phases. 

A schematic of the designed reactor setup is depicted in Fig. 20. The reactor system contains 

two blacklight blue fluorescent lamps (Ushio F8T5BLB, Japan), which emits near-
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ultraviolet light suitable for photocatalytic experiments. They operate 8W (totally 16W) and 

with approximate wavelength of 365 nm, which falls within the UV-A range.  

 

 
Fig. 20 Photocatalytic reaction setup (designed using BioRender, (2025), an online scientific illustration 

tool). 

A 40 mL reaction vessel containing an aqueous DCF solution and a PLA/ TiO2 lattice 

substrate was placed on a magnet stirrer, with two UV lamps fixed at distanced of 6 and 4.5 

cm from the reaction vessel to ensure proper irradiation. The reaction vessel was covered 

with a petri dish to minimize the evaporation of the solution during the experiment. The 

solution was under a continues stirring (set at 430 rpm) to ensure the homogenous mixing. 

A ventilation fan also fixed on the top of the chamber to avoid increasing the chamber’s and 

reaction solution’s temperature.  

4.6  Effect of photocatalytic reaction parameters 

To evaluate the effect of key factors on the photocatalytic degradation of DCF, four 

parameters were optimized separately. These parameters include the effect of photocatalyst 

dose (coating layers), reaction time, initial DCF concentration, and pH. Table 11 

summarized the effect of the key parameters investigated on the photocatalytic reaction and 

the conditions considered in each set of experiments. 
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Table 11 Studied photocatalytic parameters and conditions. 

Parameters Variable range Constant conditions 

Effect of photocatalyst 

dose (coating layers) 
1, 2, 3, 4, 5 layers 

10 mg/L DCF, pH 5.75, 33 °C, 40 mL volume, 430 

rpm stirring, 365 nm UV irradiation, 3 h reaction 

time, black PLA mesh object 

Effect of reaction time 
1 min – 12.5 h  

(1 h in dark) 

Optimized coating layers, 10 mg/L DCF, pH 5.75, 33 

°C, 40 mL volume, 430 rpm stirring, 365 nm UV 

irradiation, black PLA mesh object 

Effect of initial DCF 

concentration 
5, 10, 15, 20 mg/L 

Optimized coating and time, pH 5.75, 33 °C, 40 mL 

volume, 430 rpm stirring, 365 nm UV irradiation, 

black PLA mesh object 

Effect of pH 
4, 5, 5.75 (natural), 

8, 10 

Optimized coating, time and initial DCF 

concentration, 33 °C, 40 mL volume, 430 rpm 

stirring, 365 nm UV irradiation, black PLA mesh 

object 

 

4.7  Cyclability tests 

To assess the repeatability test, a black mesh 3D-printed PLA with optimized number of 

coating layers was used. The photocatalytic reaction conducted in 5 consecutive runs, and 

the same substrate used for all runs. The structure rinsed with Milli-Q and dried in room 

temperature, every time before using for the next run.  

4.8  Analytical methods 

Total dissolved carbon was analysed with TOC/TN analyser (multi N/C 2100S, Analytik 

Jena, Germany) equipment according to standard SFS-EN 1484. TiO2 mass loading and 

potential leaching of TiO2 nanoparticles into the reaction solution were analysed according 

to SFS ISO 17294-1 and SFS ISO 17294-2 standards with Agilent 7900 ICP-MS. Before 

analysis samples were digested with Milestone ultraWAVE microwave digestion system. 

The digestion time was 25 minutes at 250 C̄. Digestion solution was reverse aqua regia. 

The quality and morphology of the PLA/ TiO2 substrates were assessed using Field Emission 

Scanning Electron Microscope (FE-SEM, JSM-7900F, JEOL, Japan) imaging. To measure 

the concentrations of DCF in a photocatalytic reaction lmax (276 nm) of DCF was determined 

by UV-Vis-NIR spectrophotometry (Agilent Cary 5000). A calibration curve for DCF was 

obtained using a series of standard solutions with concentrations ranging from 0.1 to 10 

mg/L, resulted an R2 equals to 0.9995 (Fig. 21). 
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Fig. 21 Calibration curve of DCF. 

 

The removal efficiency (R%) of each sample was calculated using following formula 

(Equation 1): 

ὙὩάέὺὥὰ ὉὪὪὭὧὭὩὲὧώ Ϸ ρππ (1) 

Where ὅ stands for initial concentration of DCF solution (mg/L), and ὅ is equilibrium 

DCF concentration  

The reflectance spectra of the TiO2 sample was measured using a UV-Vis-NIR 

spectrophotometer (Agilent Cary 5000) equipped with an integrating sphere to collect 

diffuse reflectance spectra (DRS). The spectral measurements were performed over the 

wavelength range of 200–800 nm to capture the absorption characteristics of the material. A 

high-purity barium sulphate (BaSO4) standard was used as a reference to obtain absolute 

reflectance values and eliminate instrumental artifacts. 

To determine the optical band gap of TiO2, the reflectance data were processed using the 

Tauc plot method applying on Kubelka-Munk (K-M) function (for indirect method) allowed 

transitions, which is widely employed for analysing diffuse reflectance in optically thick 

samples (Makuła et al., 2018). The K-M function, Ὂ Ὑ , is defined as (Equation 2): 

 

Ὂ Ὑ   (2) 
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Where Ὂ Ὑ  represents the Kubelka-Munk function and Ὑ stands for the measured 

reflectance. 

The photon energy corresponding to each measured wavelength was calculated using the 

relation (Equation 3): 

 

Ὤὺ
l

   (3) 

 

where l is the incident light wavelength in nm, and 1240 (eV.nm) is the product of Planck’s 

constant and the speed of light (hc). 

To estimate the band gap energy (Ὁ), the transformed absorption function ὊὙ Ὤὺ Ⱦ  

was plotted against Ὤὺ, following the methodology appropriate for indirect band gap 

semiconductors such as TiO₂. The band gap energy was obtained by extrapolating the linear 

portion of the ὊὙ Ὤὺ Ⱦ  vs. Ὤὺ plot to its intercept with the x-axis, which corresponds 

to the energy at which electronic transitions begin: 

Ὂ Ὑ Ὤὺ Ⱦ ὃὬὺ Ὁ   (4) 

Where ὃ is a proportionality constant. The method provided a reliable estimate of the band 

gap energy, which was determined by linear fitting and extrapolation.  

5  Results and discussion 

This study deals with the degradation of DCF through a photocatalytic process using a TiO2-

coated structure. Topics covered in this section include catalyst efficiency, coating 

optimization, surface treatment, reactor geometry, and operating parameters. 

5.1  Control experiments (assessing photolysis and adsorption on bare PLA) 

Two control experiments were conducted to investigate the effect of the photocatalyst on the 

degradation of DCF.  
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First, the absorbance spectrum of DCF and the light emission profile of UV lamps were 

compared (Fig. 22a). The UV spectrum of the lamps was analysed by a spectrometer 

(StellarNet BLACK-Comet C-50, USA), showed a strong emission peak at 365 nm, located 

in UV-A region. In contrast, DCF shows a maximum light absorbance at 276 nm in water, 

which falls within UV-C region (Bakhoum et al., 2023). Therefore, the possibility of direct 

photolysis is theoretically negligible. To confirm this, a control experiment was conducted 

under UV light, once in the presence of TiO2 (photocatalysis) and once in the absence of 

TiO2 (photolysis) (Fig. 22b), which showed negligible degradation of DCF under 365 nm 

irradiation alone. The results confirm that DCF degradation in photocatalytic system was 

driven by photocatalytic oxidation rather than by direct photolysis, consistent with previous 

reports (Ma et al., 2020; Murgolo et al., 2018). 

The second experiment was performed using uncoated PLA under dark conditions and 

without TiO2 (Fig. 22c), aiming to determine whether DCF removal could happen only 

through adsorption on the surface of a pre-treated, uncoated PLA. The results demonstrated 

that no adsorption occurred onto PLA without photocatalyst after 7.5 h. 
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a) b) 

 
 

c)  

 
Fig. 22 (a) UV lamps emission spectrum and UV-Vis spectra of DCF. (b) Photocatalysis vs. photolysis (under 

UV light, C0 of DCF = 10 ppm, pH = 5.75, temp = 33 C̄, TiO2 = 3-layer coating, UV = 365 nm, time = 11.5 h) 

(c) Bare PLA adsorption under darkness (C0 of DCF = 10 ppm, pH = 5.75, bare pre-treated PLA without 

coating, time = 7.5 h). 

 

Overall, these control experiments confirm that the degradation of DCF is not attributed to 

photolysis or adsorption onto the uncoated neat PLA, but results from the presence of TiO2 

as a photocatalyst. 

5.2  TiO2 band‐gap determination 

Fig. 23 shows the band gap of TiO2 (Aeroxide P25, 80% and 20% Anatase and Rutile, 

respectively (Ishigaki et al., 2020)) used in this study, which is found to be 3.12 eV. This 

value was obtained using the Tauc plot and fitting it to the Kubelka-Munk (K–M) function 

(Makuła et al., 2018). The band gap values reported in the previous literature indicate that 
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the band gap of the anatase phase is approximately ~3.20 eV (with absorption edge of 

approximately 385 nm), and that of the rutile phase is ~3.0 eV (413 nm) (Mi and Weng, 

2015; Scanlon et al., 2013). According to Landi et al. (2022), the band gap of the mixed 

phase (anatase and rutile) is between 3.12 and 3.14 eV, slightly closer to that of anatase (due 

to the higher percentage used). The obtained band gap value (3.123 eV) is consistent with 

the previous literature, as it lies exactly between the two values mentioned in the literature. 

Moreover, the obtained bandgap is identical to the value reported by Cai et al. (2018); Zeng 

et al. (2019). 

 
Fig. 23 Reflectance spectrum of TiO2 (P25) using Tauc plot indirect method. 

 

The determined bandgap (Eg = 3.12 eV) generates an absorption edge of ~ 397 nm, which 

falls well in the UV-A region. As a result, it can be said that the UV lamp used in this study 

with an energy of 365 nm (> 397 nm, in terms of intensity) has the ability to excite electrons 

and produce electron-hole pairs which is suitable for the photocatalytic process. 

5.3  Substrate surface modification 

Fig. 24 shows the photographs of PLA mesh and ABS mesh after 24 h surface treatment in 

acetone 95% and EtOH 90%, respectively. Surface of PLA mesh after acetone treatment 

appears rougher and opaquer, indicating surface modification and softening or partial 

dissolution of the outer layer. Additional side views highlight the slight deformation and 

surface roughness. The shape of the PLA mesh shows that the object still has sufficient 
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strength for subsequent processing despite the acetone treatment. In contrast, ABS mesh 

immersed in 90% ethanol showed minimal visible changes in surface texture or color, 

indicating that ethanol had limited or no significant effect on the surface of ABS mesh under 

the same treatment conditions. 

 

 PLA mesh in Ac95% ABS mesh in EtOH 90%  

Before 

  

After  

  
Fig. 24 Surface morphology of 3D-printed objects before and after 24 h. 

 

Due to the significant changes observed in acetone-treated PLA mesh and the negligible 

effect of EtOH on ABS, SEM analysis was performed only on PLA objects. Before any 

treatment, neat PLA mesh exhibits a smooth and compact surface (Fig. 25a). Significant 

structural changes occurred upon immersion in 95% of acetone. After 3 min (Fig. 25b), the 

surface became rough and started to develop pores. This effect became more evident at 9 

min (Fig. 25c), where deeper and more defined porous structures are observed. At 15 min 

(Fig. 25d), the surface showed significant porosity and a sponge-like structure, indicating 

extensive solvent-induced etching. 
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Fig. 25 SEM images of the surface morphology and cross-sectional structure of PLA mesh after acetone 

treatment at different time intervals. (a) Neat PLA mesh before treatment. (b–d) After immersion in 95% 

acetone for (b) 3 min, (c) 9 min, and (d) 15 min. (e, f) Cross-sectional view of PLA mesh after 3 minutes in 

acetone. (g, h) Cross-sectional images of PLA mesh after 9 minutes in acetone. 

 

Cross-sectional views further illustrate the depth and internal changes caused by acetone 

exposure. After 3 min (Fig. 25e, f), a thin, porous layer forms near the surface while the 

internal bulk remains relatively intact. In contrast, images after 9 min of treatment (Fig. 25g, 

h) show a much thicker, porous layer extending deeper into the material, with a modified 

zone of approximately 16 μm in thickness. These observations demonstrate how acetone 

selectively modifies the surface and near-surface regions of PLA over time, increasing the 

porosity and modification depth with longer exposure. 

In this section, only the surface morphology of PLA objects was evaluated. Due to the 

minimal effect of ethanol on ABS, no results are reported for ABS samples. The observations 

clearly showed that the PLA surface roughness increased, and confirmed that acetone is 

effective for modifying PLA surfaces, which is consistent with the observations and results 

of Park et al. (2023).  

5.4  Optimization of coating condition and catalyst load  

 



53 
 

5.4.1  Preparation of TiO2 suspension 

Two different formulations were tested for preparing the coating suspension. (1) 40 g/L TiO2 

in water/EtOH (1:1) (Hajiesmaili et al., 2010) and (2) 5 wt% of TiO2 in Acetone 95%. To 

prepare both suspensions, first solvent (acetone/water or EtOH/water) was transferred into a 

beaker and then TiO2 (40 g/L and 5 wt% in water/EtOH and acetone/water, respectively) 

was slowly added under constant stirring. The solution was stirred for 10 minutes and then 

sonicated using ultrasonic processor (Hielscher model: UP400S) for 20 minutes at an 

intensity of 60%, to ensure uniform dispersion of the nanoparticles. After coating the mesh 

object with each suspension and drying them in oven, it was found that the suspension 

containing acetone in water showed better performance. In fact, observations showed that 

the nanoparticles coated on objects whose suspension contained ethanol did not adhere well 

to the PLA surface and finally after drying in oven they were separated from the PLA surface 

during the sonication step. Based on this result, the acetone-based suspension was selected 

for further optimization. 

 

Before Sonication After Sonication 

  
Fig. 26 One-layer coated PLA mesh using 10 wt% TiO2 

 suspension in Acetone 95% (before and after sonication). 

 

Next, TiO2 was prepared at two different concentrations (5 wt% and 10 wt%) in acetone 

95% (the selected solvent). The PLA mesh coated with the 10% suspension showed that the 

nanoparticles are agglomerated and poorly adhered (Fig. 26) and they completely separated 

and collapsed during the sonication step. However, TiO2 with 5 wt%, showed good 

dispersion, uniform coating and strong adhesion after drying and sonication. Thus, the 5wt% 

of TiO2 in acetone 95% was selected as the final formulation of coating suspension. It is 
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worth noting that the white colour observed after sonication is not due to TiO2, but rather a 

result of the acetone used in preparing the TiO2 suspension. 

5.4.2  Coating procedure and effect of catalyst loading (number of dips) 

To determine the appropriate catalyst loading on PLA mesh and the effect of surface 

treatment on that, 10 mesh objects were used (Fig. 27). Five of these objects were placed in 

the coating suspension without any pretreatment to PLA mesh and were coated with different 

numbers of dips (from 1 to 5 dips). Meanwhile, the remaining 5 objects were subjected to 

surface pretreatment and then coated from 1 to 5 dips. SEM analysis of PLA mesh without 

surface pretreatment shows that with increasing dips, the amount of nanoparticle coating 

increases up to the third dip (the third dip is the threshold point) but then it experiences a 

decrease again. 

 
Fig. 27 SEM analysis of TiO2 coatings on PLA: effect of number of dip coatings (1–5) with and without 

surface pretreatment. 

 

In order to confirm the SEM analysis, 5 coated objects (without surface pretreatment) were 

subjected to a photocatalytic process and the removal efficiency of these structures was 

evaluated as a function of the TiO2 coating dips (Fig. 28). The results confirm better 

performance of PLA coated three times, reaching a maximum efficiency of 29.44%, after 3 

h (for DCF removal). As the results show, increasing the number of layers (4 and 5) did not 

improve the removal percentage and even reduced the efficiency in the object with 5 times 

coating (10.44%). This might be due to the washing off and leaching of TiO2 from the PLA 

surface into the suspension after several dips. 
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Fig. 28 Effect of TiO2 coating dips (1–5 dips) on DCF degradation efficiency after 3 h of photocatalytic 

treatment initial DCF concentration 10 mg/L. 

 

Accordingly, the objects with three times coating were used for the optimization steps. 

However, after optimizations and examining the SEM images of the acetone-pretreated 

objects, it was found that if the objects underwent a pretreatment step before the coating step, 

only 1 coating gave the required efficiency and was similar to 3 dips of coating (in the 

untreated objects). 

Based on the studies conducted on SEM analysis and the similarity in the performance of 

the 3-dip coated object (without surface pretreatment) and the 1-dip coated object (with 

surface pretreatment), it was concluded that applying a surface pre-treatment followed by a 

single dip is sufficient. This approach reduces coating steps, minimizes error, and ensures 

producing more uniform objects, especially in large numbers. 

5.4.3  TiO2 mass loading and leaching tests 

Table 12 shows the amount of TiO2 coated on two PLA mesh objects coated with the same 

method (the method is depicted in Fig. 18). Given that the ICP showed a Ti content of 11 

μg/g for the bare PLA, this background was subtracted from the two coated structures. The 

result of TiO2 leaching test is depicted in Table 13. 
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Table 12 TiO2 mass loading results. 

Sample Ti (µg/g) TiO 2 (mg/g) TiO2 (mg)**  

Neat PLA 11 0 - 

PLA/ TiO2 lattice no. 1* 498 0.813 2.439 

PLA/ TiO2 lattice no. 2* 430 0.700 2.1 

*The both coated PLAs are prepared by method depicted in Fig. 18. 

**Mass of the neat lattice object = 3 g 

 

Table 13 Result of TiO2 leaching test. 

Sample Ti (µg/L) TiO 2 (mg/L) TiO 2 leached (mg)* % of TiO 2 leached**  

Water collected after 

photocatalytic reaction 
1.8312 0.0030 0.0001222 0.005% 

* Calculated for 0.04 L solution 

** Based on 2.439 mg of total coated TiO2 on a 3 g (mass of neat lattice object) 

 

 

The results of the TiO2 mass loading test show that titanium dioxide is successfully deposited 

on PLA structures. There is a 13.8% difference in the TiO2 loading on the two coated 

structures (No. 1 and 2, 2.439 and 2.1 mg, respectively) (Table 12), which can be attributed 

to the manual (or semi-automatic) coating method, so it can be concluded that the structures 

coated with this method will not be 100% identical and there is a slight difference in the 

TiO2 loading on the 3D structures with the current method, which is within the acceptable 

range.  

The TiO2 leached after the photocatalytic process in the solution was measured to be 0.00012 

mg (Table 13), corresponding to only 0.005% of the total coated TiO2. This negligible 

leaching confirms the strong stability of the coating in an aqueous medium and under the 

same conditions as the original experiment. The test solution in this experiment was 

sonicated before the ICP test, ensuring that any weakly adhered nanoparticles to the reactor 

wall were removed before the test. 

Overall, the results of the qualitative tests confirm that TiO2 is effectively coated on the PLA 

3D structures and that the coating is stable under the photocatalytic test conditions and under 

UV radiation at 33°C, and that TiO2 nanoparticles are not released into the reaction solution. 

5.4.4  Effect of 3D geometry on surface area 

By examining the surface area of PLA mesh and the PLA lattice, the impact of the geometric 

complexity of a 3D structure on the greater capacity for catalyst loading and consequently 
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the increased photocatalytic efficiency compared to simpler structures can be evaluated. For 

example, the surface area of a solid-walled cylindrical structure with a height of 28 mm and 

a diameter of 37 mm is 54.064 cm2, while the lattice cylinder with the same dimensions has 

a surface area of 104.368 cm2 (almost 2 times more than the simpler structure). Similarly, 

the surface area of a simple circular disk with dimensions of 20 ³ 20 mm and a thickness of 

2 mm is 7.54 cm2, but a mesh object with the same dimensions has a surface area of 17.256 

cm2. This increase in surface area resulting from the design and use of more complex 

geometric structures significantly affects the increase in TiO2 loading on the 3D structure 

and subsequently increases the efficiency of the photocatalytic process. The mesh object also 

allows the penetration of UV light and water during the process, which in turn has a 

significant impact on the reaction kinetics. Therefore, choosing a suitable structure is of great 

importance. 

5.5  Photocatalytic performance (preliminary tests) 

5.5.1  Suspended TiO2 vs. immobilized TiO2 

The photocatalytic degradation of DCF using TiO2 was investigated in two systems: slurry 

(suspended TiO2) and fixed-bed (PLA mesh and PLA lattice objects, respectively) (Fig. 29a).  

In the slurry system, the used concentration of TiO2 was 0.05 g/L, it resulted in 94% DCF 

removal in 195 min.  

In the fixed-bed system, TiO2 was immobilized on two different geometries including PLA 

mesh and PLA lattice, with surface areas of 17.256 cm2 and 104.368 cm2, respectively. The 

DCF removal efficiencies for the PLA mesh and PLA lattice objects were 100% (in 750 min) 

and 99.29% (in 450 min), respectively (Table 14, Fig. 29a). 

Table 14 Comparison of suspended and immobilized TiO2 systems in the photocatalytic degradation of DCF. 

System TiO 2 form 
Surface area 

(cm²) 

TiO 2 dose 

(g/L) 

Time/ DCF 

removal 

k ³ 10⁻3  

(min-1) 

Slurry Suspended TiO2 - 0.05 195 min/ 94% 55.1 

Fixed-

bed 

PLA/ TiO2 mesh 17.256 0.00051 750 min/ 100% 14.01 

PLA/ TiO2 lattice 104.368 0.00244 450 min/ 99.29% 12.4 
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The TiO2 doses for the PLA mesh and PLA lattice objects were 0.00051 g/L and 0.00244 

g/L, respectively, calculated based on TiO2 loaded on the PLA mesh (0.547 mg/g) and PLA 

lattice (0.813 mg/g) objects, and mass of the uncoated objects (0.0371 and 3 g, respectively). 

 

 (a)  

 

 

(b) (c) (d) 

  
 

Fig. 29 (a) Photocatalytic degradation of DCF under UV light using suspended TiO2 (0.05 g/L), PLA/TiO2 

mesh, and PLA/TiO2 lattice object. Corresponding pseudo-zero-order plots (C₀–Cₜ vs. time) for (b) suspended 

TiO2 and (c) PLA/TiO2 mesh, and pseudo-first-order plot (ln(C/C0) vs. time) for (d) PLA/TiO2 lattice. 

 

The kinetic behavior of the three different reactions (Fig. 29b-d) reveals a significant 

difference in their reaction mechanisms. For suspended TiO2 and PLA/TiO2 mesh, the 

degradation followed pseudo-zero-order kinetics ((C0-Ct) = kt), yielding constant rates (k0) 

equal to 0.0551 (R2 = 0.9772) and 0.01401 min⁻1 (R2 = 0.9885), respectively (Table 14, Fig. 

29b, c). In these cases, the reaction rate is independent from the DCF concentration and 

remains constant, resulting a linear decline of concentration over time (Fig. 29a). This 

behaviour aligns with the Eley–Rideal mechanism, where either the catalyst surface is 

saturated with DCF molecules or production of active species (such as hydroxyl radicals 

( OH)) is the rate limiting factor (Ollis, 2018). The steeper degradation slope of DCF in the 

suspended TiO2 is much higher than that in the PLA/TiO2 mesh, which can be attributed to 
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the higher availability of TiO2 particles and their larger contact surface with DCF, resulting 

in higher photon absorption. 

In contrast, the PLA/TiO2 lattice followed pseudo-first-order kinetics (ln(C/C0) = −kt) (Ollis, 

2018) with corresponding apparent rate constants of 0.0124 min⁻1 (R2 = 0.9951) (Table 14, 

Fig. 29d). In this case, the degradation rate is dependent on the DCF concentration (Jadaa et 

al., 2021), so that with decreasing DCF, the degradation rate also decreases, leading to a 

nonlinear curved (Fig. 29a). In this system, the pollutant concentration is the rate-limiting 

factor, because fewer DCF molecules are available to occupy active sites on the catalyst 

surface. In fact, the high surface area of the lattice structure increases the initial degradation, 

but with decreasing DCF concentration, the reaction rate decreases. This behavior is 

consistent with the Langmuir-Hinshelwood mechanism. Overall, these differences in 

kinetics can be attributed to the surface area and the DCF-catalyst interaction. 

The results show that the photocatalytic DCF degradation reaction in slurry system occurs 

faster, but looking at the rate constant related to TiO2 dosage in both slurry and with the 

PLA/TiO2 lattice systems, it can be seen that the PLA/TiO2 lattice has a rate constant 

comparable to the slurry, even though its catalyst dosage is approximately 20 times lower 

than the slurry. This is consistent with the studies of Manassero et al. (2017) in which they 

emphasized on higher efficiency of fixed-bed reactors with immobilized TiO2 (FBR in their 

study) compare to the slurry system. They investigated three different reactors including 

slurry (SR), fixed-film reactor (FFR), and fixed-bed reactor (FBR) (Fig. 30). As they 

reported, the slurry system had the highest reaction rate (5.0 × 10⁻9 mol s⁻¹) due to its high 

photon absorption (10.9 × 108 Einstein s⁻¹). However, despite the lower energy absorption 

in the FBR system, the quantum efficiency, or effectiveness of absorbed energy for 

degradation, of this system (2.96%) was reported to be only 1.5 times lower than that of the 

slurry (4.59%). This indicates the high efficiency of the FBR, which Manassero et al. (2017) 

attributed to the uniform light distribution due to the high catalytic surface area in this 

system. 
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Fig. 30 Efficiency evaluation of three different reactors (SR, FFR and FBR). Slurry (SR), fixed film reactor 

(FFR), fixed bed reactor (FBR), photonic efficiency (η), quantum efficiency (ηRxn) (Manassero et al., 2017). 

 

This means that fixed bed systems, similar to those used in this study (PLA/TiO2 lattice 

object) and the Manassero et al. (2017) study (FBR), can provide efficient degradation with 

minimal catalyst usage due to the larger surface area. Therefore, the PLA/TiO2 lattice object 

in this study has better mass transfer and a reaction rate constant close to the slurry system 

despite the lower TiO2 loading. 

By comparing the results summarized in Table 14, it can be found that the increase in surface 

area from the PLA mesh object to the PLA lattice object leads to a significant increase in the 

reaction rate even with a moderate increase in catalyst loading, and difference in their 

mechanisms. This emphasizes the key role of the use of 3D geometric structures that can 

compensate for the problems of the slurry system and reduce the catalyst consumption. 

5.6  Parameter optimization for photocatalytic degradation of DCF 

In this section, the effects of photocatalytic-related parameters including reaction time, initial 

concentration of DCF, and pH are reported and discussed. Effect of catalyst loading is 

already reported under Section 5.4.2 (Fig. 28). 
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(a) (b) 

  
(c) (d) 

  
Fig. 31 (a) Effect of reaction time (-60 to 690 min) at 10 mg/L DCF, pH 5.75; (b) Effect of initial concentration 

of DCF (5-20 mg/L) at pH 5.75, 12.5 h reaction time; (c) Effect of pH (4-10) at 10 mg/L DCF, 12.5 h reaction 

time; (d) Species behaviour of DCF by pH in aqueous solution (Moral-Rodríguez et al., 2019). All above 

optimizations (a, b and c) conducted at 33 C̄, 3 TiO2 coating layers, 40 ml reactor volume and 430 rpm stirring 

speed. 

 

5.6.1  Effect of reaction time 

To investigate the effect of time on the photocatalytic degradation of DCF (Fig. 31a), a mesh 

PLA with optimized 3 layers of TiO2 coating was used. The experiment was conducted for 

60 min in the dark and 690 min under UV light (365 nm) (Fig. 31a).  

According to Fig. 31a, the concentration of DCF experienced a steady decrease over time. 

The first hour with an efficiency of 9.7% is related to the adsorption of DCF under dark 

conditions, and then the photocatalytic reaction started when the UV lamp was turned on. 

The sharp decrease of DCF concentration under UV continued continuously and reached 

100% removal after 12.5 hours. 
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The results obtained show that the removal of DCF occurred in two stages, the initial 

adsorption stage and the photocatalytic reaction. The limited adsorption rate (less than 10%) 

in the first hour highlights the necessity of using TiO2 under UV irradiation for complete 

degradation of DCF and the degradation can be attributed to reactive oxygen species (ROS) 

such as hydroxyl radicals ( OH) and superoxide radicals (O₂ ⁻) which are responsible for the 

degradation of complex molecules such as DCF. The reaction time is relatively long (12.5 

hours), but considering the use of a mesh object (smaller and with a lower surface area) to 

optimize the reaction time in this stage, it looks acceptable. 

5.6.2  Effect of initial DCF concentration 

To evaluate the effect of initial concentration, DCF was prepared at concentrations of 5, 10, 

15 and 20 mg/L and all four concentrations were compared during the photocatalytic process 

under previously optimized conditions (time 12.5 h and 3 coating layers for TiO2).  

With increasing initial DCF concentration, the removal efficiency decreases (Fig. 31b). 

Initial concentrations of 5 and 10 mg had the highest efficiency with removal percentages of 

100 and 98.25%, respectively. In contrast, the removal percentage for concentrations of 15 

(62.7%) and 20 (48.88%) decreased significantly. The findings show that there is an inverse 

relationship between the initial DCF concentration and removal efficiency.  

This trend is consistent with the findings of Boukhatem et al. (2017, Qutob et al. (2023) and 

Sarasidis et al. (2014), who also reported that the degradation efficiency decreases with 

increasing DCF concentration. According to Qutob et al. (2023), the main reason for this is 

that the concentration of reactive species (such as hydroxyl radicals) is relatively constant at 

steady state. So, when the number of DCF molecules increases, these molecules compete 

with these reactive species (which are limited), resulting in a decrease in degradation 

efficiency. 

Moreover, with increasing DCF concentration, the concentration of by-products also 

increases, which can further compete with the parent DCF molecules for the reaction with 

hydroxyl radicals, resulting in a decrease in mineralization (Qutob et al., 2023). 
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Fig. 32 The effect of increasing initial concentration of pollutant on photocatalytic degradation of DCF (Qutob 

et al., 2023). 

 

According to Qutob et al. (2023), excess DCF molecules can occupy active sites on the 

catalyst surface, reducing the efficiency of the catalyst. Although Qutob et al. (2023) showed 

that high concentrations of DCF may prevent UV light penetration to the catalyst surface in 

some systems. In this study, it was shown that DCF does not have significant absorption at 

the 365 nm (Fig. 22a) and therefore does not interfere with light penetration. Consequently, 

the reduction in efficiency can be attributed primarily to surface saturation and competition 

for hydroxyl radicals. 

5.6.3  Effect of pH 

It is very important to investigate the effect of pH on the degradation of DCF using TiO2 in 

a photocatalytic reaction because the degradation of DCF in such a process is highly 

dependent on pH.  In fact, changing the pH, changes the surface charge of TiO2 as a catalyst 

and also causes the formation of different chemical species of diclofenac (DCF/ DCF⁻), 

which are two important factors that affect the adsorption of DCF on TiO2 and its oxidation 

rate in a photocatalytic reaction (Yazdanbakhsh et al., 2024). 

In this experiment, which was conducted at four different pHs (4 to 10) (Fig. 31c), complete 

(100%) degradation of DCF occurred at natural pH (5.75), while at very basic to basic pHs 
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(pH 10 and 8) the degradation was very slight (19.2%) and moderate (approximately 51%), 

respectively. The removal of DCF at pH 4 was about 88%, while about 67% of the 

degradation was done through adsorption (without UV and within 1 hour) and only 21% due 

to the photocatalytic process. 

According to the literature, the point of zero charge (pHpzc) of TiO2 in its various forms 

ranges from 4.5 to 7 (Czech and Rubinowska, 2013; Nguyen et al., 2020). For example, TiO2 

pHpzc for Degussa P25 reported by Xu et al. (2007) is approximately 6.8, meaning that at 

this pH surface charge is zero. At pH below this value the surface charge is positive 

(formation of TiOH2⁺) and at pH above this value the surface charge is negative (formation 

of TiO⁻) (Xu et al., 2007). The surface charge of the catalyst affects the adsorption of DCF, 

which mainly exists in the anionic form at neutral to basic pH, so it interacts more strongly 

with the positively charged catalyst surface. 

Furthermore, DCF, as a weakly acidic compound, can exist in either molecular or anionic 

form at different pHs (Fig. 31d). The pKa of this compound is reported to be 4.15 (Pérez-

Estrada et al., 2005; Yazdanbakhsh et al., 2024), meaning that at pH above this value DCF 

exists in its anionic form (DCF⁻) and at pH below this value DCF exists in its molecular and 

neutral form (DCF) (Tanveer et al., 2022). 

 

Table 15 Relationship between pH, DCF ionization, and TiO2 surface charge. 

pH TiO 2 surface DCF species Interaction  

pH 4 + 
Partially ionized (some 

COO⁻) 
Attraction (strong adsorption) 

pH 5.75 
Slightly + / 

~neutral 
Mostly COO⁻ Attraction (strongest removal observed) 

pH 8 – COO⁻ Repulsion 
pH 10 – COO⁻ Strong repulsion 

pKa of DCF = 4.12 (Pérez-Estrada et al., 2005) (pKa < pH 4.12: mostly neutral DCF (COOH)/ pKa > pH 4.12: mostly anionic DCF⁻ 
(COO⁻) (Yazdanbakhsh et al., 2024), pHpzc of TiO2 ≈ 6.8 (Xu et al., 2007) (pHpzc < pH 6.8: TiO2 surface is positively charged (TiOH₂⁺)/ 
pHpzc > pH 6.8: TiO2 surface is negatively charged (TiO⁻) (Czech and Rubinowska, 2013). 

 

As mentioned, depending on the pH of the solution the surface charge of TiO2 and the 

molecular form of DCF can be varied, so different scenarios can be considered for the 

obtained results (Table 15). According to Fig. 31a, the highest degradation (100% removal) 

occurred near an approximately neutral pH (5.75). This maximum removal obtained is 

consistent with existing studies, such that at this pH the surface charge of TiO2 is nearly 

positive (pH5.75 < pHpzc(6.8)) and DCF might exist in its anionic form (pH5.75 > pKa (4.12)). This 

is consistent with the findings of (Borromeo et al., 2023), such that in their studies the 
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maximum removal of DCF (about 77%) occurred in the presence of TiO2 (alone) as a 

photocatalyst at pH 6 and under UV irradiation (after 40 min). 

5.7  Reusability test 

The reusability test was performed to evaluate the stability of a coated structure (with TiO2 

catalyst) in 5 consecutive runs under optimized conditions, using the synthesized solution 

containing 10 mg/L DCF. A PLA/TiO2 mesh object was used for the test, and before starting 

a new run, the coated object was washed with Milli-Q and dried at room temperature. Fig. 

33a shows the normalized DCF concentration versus time, and Fig. 33b shows the results of 

the DCF removal efficiency (adsorption and photocatalytic) for the 5 runs. 

Observations showed that the DCF removal efficiency in the first and fifth runs was 65.7 

and 58.2%, respectively, which resulted in an excellent retention rate of about 88.6%. This 

reusability rate confirms that TiO2 was not deactivated during the 5 runs and remained stable 

in the transport over the 5 runs with minimal loss in performance. Looking at the percentage 

of removal, it can be said that adsorption contributes only to a small concentration of DCF 

removal and the observed degradation is primarily the result of a photocatalytic reaction. 

 

(a) (b) 

  
Fig. 33 (a) Reusability assessment of PLA/ TiO2 mesh over 5 consecutive runs. (b) Adsorption and 

photocatalytic removal efficiency for each run. 

 

The findings are confirmed by previous studies. For example, in current study, the removal 

rate of the photocatalytic reaction after 5 runs reduced by 7.5%, which is consistent with the 

findings of Ma et al. (2020) who reported a removal rate reduction by 9.8% for DCF (using 
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TiO2 P25 powder and after 5 runs). They attributed this percentage reduction to particle 

agglomeration, blockage of pores and active sites by DCF, and difficult removal of DCF 

from the catalyst surface. Moreover, Grandcolas and Lind (2022) performed a similar 

evaluation on a 3D structure (polyamide) coated with TiO2 for the removal of methylene 

blue, which, similar to the results of this study, showed a very small reduction in the 

efficiency of the coated structure after 5 runs. Grandcolas and Lind (2022) attributed the 

slight decrease in photocatalytic efficiency during these 5 runs to the possibility of minor 

leaching of TiO2 nanoparticles from the 3D structure, during the rinsing step. In the current 

study, however, the leaching percentage of TiO2 was calculated to be as low as 0.005% of 

the total mass of coated TiO2 (Table 13), confirming that the coating remained highly stable. 

However, this leaching value (0.005%) is related to the measurement after one photocatalytic 

reaction cycle, and as Grandcolas and Lind (2022) acknowledged, some leaching may also 

occur during the rinsing process with Milli-Q water. 

Even assuming the sum of the leaching in the reaction and washing steps over 5 cycles, the 

total TiO2 loss due to leaching is less than 1%. This suggests that the 7.5% reduction in 

efficiency after 5 consecutive runs is unlikely to be due to leaching and might be due to 

particle agglomeration, blockage of pores and active sites by DCF, and the challenging 

desorption of DCF from the catalyst surface. 

Overall, it can be said that the results of this study are consistent with existing findings and 

confirm that the TiO2-coated structure can be used for several consecutive runs with minimal 

change in efficiency. 

5.8  Kinetic study on the PLA/TiO2 lattice  

The kinetic study of the photocatalytic process was carried out using the previously 

optimized conditions but on the lattice object and according to the modified coating method 

presented in Section 5.4.2 (i.e. performing surface treatment on PLA and one coat with 

TiO2). 

Fig. 34 shows the concentration and DCF removal efficiency this time with the lattice object 

and for 7.5 hours. The first hour corresponds to the reaction in the dark (absorption) with an 
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efficiency of 29.94%. Then, the reaction continued when the UV lamp turned on and after 

7.5 hours the removal percentage reached 99.29%. 

 
Fig. 34 Kinetic study of DCF removal using PLA/TiO2 lattice (time 7.5 h, UV light 365 nm, C0 (DCF) = 10 ppm, 

1 layer coating, pH 5.75, 33 C̄, reaction volume 40 ml, 430 rpm stirring speed). 

 

The results show that the reaction time is greatly reduced compared to the PLA/TiO2 mesh 

(which succeeded in completely removing DCF in 12.5 hours), indicating a significant 

increase in the efficiency of the lattice object. This higher efficiency could be due to the 

possibility of receiving more light on the photocatalyst surface due to the change in its 

geometry. These observations are consistent with the studies of Grandcolas and Lind (2022), 

as they attributed the high efficiency of the 3D structure coated with TiO2 to the geometric 

structure and the possibility of greater light penetration on the photocatalyst surface. 

In summary, it can be concluded that a PLA/TiO2 lattice reduced the reaction time and 

significantly increased the observed reaction rate constant. Therefore, by changing the 

design and geometry of the structure, it is possible to provide more TiO2 loading and increase 

the efficiency of the photocatalytic process. 

5.9  TOC analysis and by‐product formation 

A TOC analysis was performed to better evaluate the photocatalytic degradation of DCF and 

in particular the mineralization of by-products. 
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Based on the TOC analyser results, the organic carbon increased from 5.3 mg/L to 8 mg/L 

(Fig. 35).  

 

 

Fig. 35 TOC results. (Time 7.5 h, UV light 365 nm, C0 (DCF) = 10 ppm, pre-treated lattice PLA, 1 layer coating, 

pH 5.75, T = 33 C̄, reaction volume 40 ml, 430 rpm stirring speed). 

 

Since TOC shows the total organic carbon in the solution, the increase in TOC cannot be 

related to the formation of by-products derived from DCF degradation, but it might be related 

to a new carbon source. Therefore, the most likely explanation is that increase TOC 

originated from partial degradation or leaching of PLA pretreated with 95% acetone and 

coated with a suspension containing acetone and 5wt% TiO2. Bobirică et al. (2019) points 

out the partial degradation and possible leakage of oligomers or monomers such as lactic 

acid into the solution due to the photocatalytic reaction on the PLA/TiO2 composite. It is 

possible that the effect was intensified by the surface treatment of PLA before coating with 

acetone, causing an increase in TOC.  

Overall, the observations obtained confirm the complete degradation of the parent DCF, but 

the increase in TOC may be attributed to leakage of PLA into the solution. Therefore, future 

studies should focus on the possibility of PLA degradation and investigate the possibility of 

mineralization. 
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6  Conclusions 

This study showed that the complete photocatalytic degradation of DCF using 3D printed 

PLA coated with TiO2 was successful. Surface modification of PLA with acetone 

significantly increased the porosity and roughness, resulting in better adhesion of TiO2 

nanoparticles to PLA during the coating process. The optimized coating strategy involved a 

pretreatment with acetone 95% followed by applying a single layer coating in a 5 wt% TiO2 

suspension prepared in 95% acetone, which was a faster and more reliable strategy. 

Changing the structure from mesh to lattice significantly increased the surface area (from 

17.26 cm2 to 104.37 cm2), allowing for higher catalyst loading on the 3D structure, and 

consequently led to a 60% reduction in reaction time (from 12.5 h to 7.5 h), while achieved 

99.3% DCF removal. ICP analysis confirmed the successful loading of TiO2 on the 3D 

structure and minimal leaching from the structure into the solution after the reaction. Also, 

the coated objects showed high stability and reliability for use in multiple consecutive runs. 

Control experiments evaluated photolysis and adsorption on uncoated PLA, emphasized the 

important role of the catalyst and the necessity of its use in the photocatalytic process, and 

also confirmed the weak role of photolysis in the photocatalytic process. 

Analyses performed by HPLC and UV-Vis confirmed the complete removal of the parent 

DCF molecule, but the increase in TOC indicated the formation of persistent intermediate 

by-products or the possibility of slight leakage of PLA into the reaction solution likely due 

to the initial treatment with acetone. Considering this issue and in order to achieve better 

mineralization, future studies should investigate the changes in TOC over a longer period of 

time (taking into account the catalyst dose) as well as the possibility of PLA degradation in 

the photocatalytic reaction (under UV-A and at 33 C̄). 

With comparisons made on both suspended TiO2 and immobilized TiO2 systems, it appears 

that the coated structure is a very effective and practical alternative for slurry-based systems 

for the removal of pharmaceuticals such as DCF, which can help improve water treatment 

technology. 
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