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PREFACE 

NOWELTIES is a MSCA European Joint Doctorate (EJD) that provides cutting edge training 

opportunities for the education of tomorrow`s water treatment experts. The core activity 

is the research programme (composed of 14 individual research projects) aimed at 

development of inventive water treatment technologies (advanced biological treatments, 

innovative oxidation processes, hybrid systems) that allow catering for the varied 

treatment demands for a plethora of interconnected streams arising from recycling loops.  

The main objective of the Final Conference is to present the results of NOWELTIES’ research 

program, as well as new achievements in the field of the development and application of 

new materials and inventive processes for waste water treatment, with specific emphasis 

on the technologies able to control contamination by organic micropollutants (OMPs) and 

therefore help overcoming barriers for water reclamation. 

Conference will present some recent technological and methodological developments that 

offer a range of opportunities for transitioning to smart water management and adopting 

treatment approaches capable of significantly enhancing the degradation of OMPs, whilst 

exhibiting a low energy footprint and residual stream. 

The Conference is intended to be an informal venue that encourages an exchange of the 

latest information and ideas among scientist and is not limited to NOWELTIES members, 

but it is open for a wide scientific community, industry and end users. 

 

TOPICS COVERED 

Advances in biological treatment of WW 

Biological treatment systems contain a variety of active microorganisms and may operate 

under different redox conditions. Consequently, there is huge versatility of designs and 

operations whose optimization may lead to an improvement in process efficiency. The key 

for optimization lies in the understanding of different biotransformation mechanisms and 

deciphering of the immense number of enzymatic routes involved in the different biological 

wastewater treatments. 

Progress in advanced oxidation processes (AOPs) 

Some oxidative wastewater treatments (i.e., ultraviolet (UV)/hydrogen peroxide (H2O2) 

treatment, ozonation (O3), photo-Fenton) have reached a high level of development and 

have been commercialized. Further improvements are focused on the optimization of 

operational performances, reactor designs and utilization of new technological 

developments to increase their efficiency. On the other hand, some AOPs are still at the 



 
 

stage of laboratory research or are merely proof-of-concept. One of the most promising 

AOPs is based on the use of non-thermal plasma to produce H2O2, molecular oxygen and 

hydrogen, and hydroxyl, hydroperoxyl, atomic hydrogen and oxygen, as well as other 

radicals. Although shown to rapidly and efficiently degrade many organic compounds, little 

is known about the feasibility of plasma treatment for the removal of more recalcitrant 

compounds from wastewater or regarding their degradation kinetics and energy efficiency, 

as well as degradation by-products generated and their toxicity. 

New materials and application of nanotechnology in WW treatment  

Novel (nano)engineered materials, such as (nano)adsorbents, composite membranes 

and(photo)catalysts are very promising candidates for the development of next generation 

treatment technologies. Generally, they exhibit various merits, such as high capacities, fast 

kinetics, specific affinity towards targeted contaminants, enhanced photocatalytic 

response for a broad light spectrum, and strong anti-bacterial activity. The field of their 

application is extremely wide and some examples include carbon tubes, fullerene 

derivatives, graphene-based materials (graphene, graphene oxide and reduced graphene 

oxide), functionalized zeolites, fibers with core shell structure, nano metals or metal oxides. 

Hybrid WW treatments  

Combining biological processes with innovative physico-chemical processes employing 

novel (nano) engineered materials and/or next-generation integrated membrane 

processes establishes multiple barriers towards a wide range of different OMPs that should 

also be effective against microbial contaminants (i.e., viruses, antibiotic resistant bacteria 

or antibiotic resistance genes) as well as remove residual nutrients. Such high performing 

and compact hybrid systems will also offer new opportunities to establish robust concepts 

for decentralized wastewater treatment facilitating local water reclamation and reuse. 

 

 

We would like to thank to all participants and especially to the invited speakers and 

sponsoring organizations for their support in this event, as well as the Inter-University 

Centre Dubrovnik for the excellent facilities.  

Wishing you an enjoyable stay in Dubrovnik! 

Sandra Babić, Dragana Mutavdžić-Pavlović, Hrvoje Kušić, Mira Petrović 
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Advanced wastewater treatment: experience in Switzerland 

 

Christa S. McArdell 

Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600 Dübendorf, 
Switzerland 

 

Micropollutants in the ecosystem: Swiss strategy 

Effluents from conventional wastewater treatment plants (WWTPs), in which various 
micropollutants (MPs) are not or not completely removed, is one major source of them. Swiss 
authorities have decided to implement additional wastewater treatment steps as mitigation 
strategy to improve water quality and to avoid potential negative ecological effects by MPs. A 
new water protection act entered into force as from January 2016 which requires to upgrade 
selected wastewater treatment facilities with advanced treatment to eliminate organic MPs by 
80% from influent to effluent until 2040 (Eggen et al. 2014; FOEN law 2017; Bourgin et al. 
2018).  

 

Treatment technologies 

Treatment with powdered activated carbon (PAC) and ozonation were originally the methods 
of choice to comply with the demands of the new law. However, other treatment technologies 
were also evaluated and implemented in the last years. Treatment with granular activated 
carbon (GAC) in a filter or in a moving bed was tested in several pilot plants, and is now 
implemented each in one WWTP in Switzerland. Another WWTP is running with a 
combination of ozonation and GAC filtration. The VSA Platform Process Engineering 
Micropollutants (www.micropoll.ch) is collecting information on the upgrade (see Figure 1), 
disseminates knowledge to stakeholders and supports the exchange between stakeholders. 

 

Figure 1. Advanced treatment in Swiss wastewater treatment plant, as of September 2021. 
Colors indicate the treatment technologies; plants with a black dot are in operation, while 
others are in the planning phase or under construction. Source: www.micropoll.ch. 
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Financing 

The financing of the advanced treatment is based on the polluters pay principle. The 
government introduced a wastewater tax for WWTPs which asks a fee of 9 CHF (about 8 
Euro) per person and year. From this stock, 75% of the investment costs for the upgrade is 
payed. Upgraded WWTPs do not have to pay wastewater tax anymore, but have higher 
operating costs. Overall, this results in an increase of costs for wastewater treatment of 
about 10-15%. 

 

Ozonation 

Ozonation is an economic, technically feasible and robust technology with a small footprint. 
However, several investigations showed that toxic by-products might be formed (Schmidt 
and Brauch 2008; Stalter et al. 2010; Kienle et al. 2022). Therefore, the suitability of 
ozonation must first be tested according to a decision tool (Schindler Wildhaber et al. 2015). 
Ozonation must be followed by a biological post-treatment to abate potentially problematic 
by-products that are easily degradable, probably mostly originating from the wastewater 
matrix (von Gunten 2018).  

The transformation products of MPs formed during ozonation (OTPs) and their fate in bio- 
logical or sorptive post-treatments is largely unknown. In analogy to AOC or BDOC, it is often 
assumed that OTPs are well-biodegradable. This was tested in a recent study on the OTPs 
of 50-100 relevant MPs in wastewater as well as in surface water treatment (Gulde et al. 
2021a&b). Overall, abatement of the OTPs was poor in biological sand filtration, better in 
GAC columns (but with decreasing efficiency with higher bed volumes), and best in PAC 
treatment. 

 

PAC treatment 

Adsorption to PAC has proven to be a robust and efficient technology to remove MPs. 
Several process varieties for PAC applications are implemented. Originally, PAC dosage was 
mainly performed after the biological treatment with subsequent sedimentation and filtration. 
Recycling the loaded PAC from the post-treatment to the biological unit allows to reduce the 
PAC dose, and PAC is incinerated together with the sludge. Applications with smaller 
footprints are PAC addition onto sand filtration or directly to the conventional activated 
sludge, requiring a higher PAC dose (Siegrist et al. 2018). 

 

GAC treatment 

The filtration with GAC is a promising alternative and is implemented already in full scale in 
WWTPs in Germany with good success (Benstoem et al. 2017), and also finds its application 
in Switzerland. GAC filtration has many benefits, as it can be filled into existing deep bed 
filters (sand filters), and can be reactivated and reused, therefore having a smaller CO2 
footprint. However, there are still uncertainties related to economic competitiveness and filter 
design. Pilot scale studies have shown the importance of a minimal empty bed contact time 
of 20 minutes (Böhler et al. 2020a&b, McArdell et al. 2020).   

 

Combined treatment 

At WWTP Altenrhein, a combined treatment of a low specific ozone dose (0.15-0.3 
gO3/gDOC) and GAC filters is implemented since September 2019. A low specific ozone 
dose as pre-treatment resulted in a lifetime of GAC more than 2x longer than a pure GAC 
filter (Böhler et al. 2020a, McArdell et al. 2020), and is therefore a promising alternative, but 
investment costs are higher. 

 

Nowelties’ Final Conference, 11-12 May, 2022 , Dubrovnik, Croatia

2



References 

Benstoem, F., Nahrstedt, A., Boehler, M., Knopp, G., Montag, D., Siegrist, H., Pinnekamp, J. (2017). 
Performance of granular activated carbon to remove micropollutants from municipal wastewater - a 
meta-analysis of pilot- and large-scale studies. Chemosphere 185, 105-118. 

Böhler, M., Hernandez, A., Baggenstos, M., McArdell, C.S., Siegrist, H., Joss, A. (2020a) Elimination 
von Spurenstoffen durch granulierte Aktivkohle-Filtration (GAK): Grosstechnische Untersuchungen auf 
der ARA Furt, Bülach. Schlussbericht Eawag, Dübendorf, Schweiz. 
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag%3A21845 

Böhler M., Joss A., McArdell C., Meier A. (2020b). Hinweise zur Planung und Auslegung von 
diskontinuierlich gespülten GAK-Filtern zur Elimination organischer Spurenstoffe aus kommunalem 
Abwasser. Konsenspapier zum Ergebnis eines Workshops mit Fachexperten aus der Schweiz und 
Deutschland, Eawag und VSA, Dübendorf. 
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag%3A21003 

Bourgin, M., Beck, B., Boehler, M., Borowska, E., Fleiner, J., Salhi, E., Teichler, R., von Gunten, U., 
Siegrist, H., McArdell, C.S. (2018). Evaluation of a full-scale wastewater treatment plant upgraded with 
ozonation and biological post-treatments: abatement of micropollutants, formation of transformation 
products and oxidation by-products. Water Res. 129, 486–498. 

Eggen, R.I.L., Hollender, J., Joss, A., Schärer, M., Stamm, C. (2014). Reducing the discharge of 
micropollutants in the aquatic environment: the benefits of upgrading wastewater treatment plants. 
Environ. Sci. Technol. 48 (14), 7683–7689. 

FOEN law (2017), www.bafu.admin.ch/bafu/de/home/themen/bildung/medienmitteilungen.msg-id-
59323.html  

Gulde, R., Rutsch, M., Clerc, B., Schollée, J.E., von Gunten, U., McArdell, C.S. (2021a) Formation of 

transformation products during ozonation of secondary wastewater effluent and their fate in post-

treatment: From laboratory- to full-scale. Water Res., 200,117200.  

Gulde, R., Clerc, B., Rutsch, M., Helbing, J., Salhi, E., McArdell, C.S. von Gunten, U. (2021b) 
Oxidation of 51 micropollutants during drinking water ozonation: Formation of transformation products 
and their fate during biological post-filtration. Water Res. 117812.  

Kienle, C., Werner, I., Fischer, S., Lüthi, C., Schifferli, A., Besselink, H., Langer, M., McArdell, C.S., 

Vermeirssen, E. (2022) Evaluation of a full-scale wastewater treatment plant with ozonation and 

different post-treatments using a broad range of in vitro and in vivo bioassays. Water Res., 212, 

118084.  

McArdell, C.S., Böhler, M., Hernandez, A., Oltramare C., Büeler A., Siegrist, H. (2020) Pilotversuche 
zur erweiterten Abwasserbehandlung mit granulierter Aktivkohle (GAK) und kombiniert mit 
Teilozonung (O3/GAK) auf der ARA Glarnerland (AVG), Ergänzende Untersuchungen zur PAK-
Dosierung in die biologische Stufe mit S::Select®-Verfahren in Kombination mit nachfolgender GAK. 
Schlussbericht Eawag, Dübendorf, Schweiz. 
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag%3A21543 

Schindler Wildhaber, Y., Mestankova, H., Scharer, M., Schirmer, K., Salhi, E., von Gunten, U. (2015). 

Novel test procedure to evaluate the treatability of wastewater with ozone. Water Res 75, 324–335 . 

von Gunten, U. (2018). Oxidation processes in water treatment: are we on track? Environ. Sci. 

Technol. 52 (9), 5062–5075. 

Schmidt, C.K., Brauch, H.J. (2008). N,N-dimethylsulfamide as precursor for Nnitrosodimethylamine 

(NDMA) formation upon ozonation and its fate during drinking water treatment. Environ. Sci. Technol. 

42 (17), 6340–6346. 

Siegrist, H., Joss, A., Boehler, M., McArdell, C.S. Ternes, T. (2018) Organic Micro-Pollutant Control. 

Chapter 6 in Advances in Wastewater Treatment, Editors: Giorgio Mannina, George Ekama, Hallvard 

Ødegaard and Gustaf Olsson, IWA Publishing, ISBN 9781780409702, eISBN 9781780409719. 

Stalter, D., Magdeburg, A., Weil, M., Knacker, T., Oehlmann, J. (2010). Toxication or detoxication? In 

vivo toxicity assessment of ozonation as advanced wastewater treatment with the rainbow trout. Water 

Res. 44 (2), 439–448. 

Nowelties’ Final Conference, 11-12 May, 2022 , Dubrovnik, Croatia

3

https://www.dora.lib4ri.ch/eawag/islandora/object/eawag%3A21845
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag%3A21003
http://www.bafu.admin.ch/bafu/de/home/themen/bildung/medienmitteilungen.msg-id-59323.html
http://www.bafu.admin.ch/bafu/de/home/themen/bildung/medienmitteilungen.msg-id-59323.html
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag%3A21543


Biological treatment technologies for the removal of micropollutants 

Alette Langenhoff  

Environmental Technology, Wageningen University 

Introduction 

As most micropollutants (MPs) are poorly removed in our current wastewater treatment 
plants (WWTPs), our current WTWP need to be upgraded or post treatment technologies 
should be added. In general, micropollutants can be removed from wastewater effluent by 
numerous processes, that can be categorized as biological, physical or chemical 
technologies and combinations hereof.  

In our study, we assessed the operation and biological removal of MPs in three lab scale 
bioreactors; a biological activated carbon filter, a sand filter, and a moving bed bioreactor. 
Furthermore, the removal of melamine as model compound was further tested in the 
biological activated carbon filter, to distinguish between biodegradation and adsorption. This 
helps identifying the extend of bioregeneration of the activated carbon, and thus the lifetime a 
biological activated carbon filter. 

Methods 

Three labscale bioreactors (1.7 L) were inoculated with a mix of biological active sludges 
collected at four WWTPs in the Netherlands one year prior to the experiments. Effluent of the 
secondary clarifier from the WWTP in Bennekom (the Netherlands) was used as feed for the 
three reactors. The feed was stored in a 3 m3 tank at 4◦C and continuously stirred. A mix of 
18 MPs was spiked to the feed, to reach a MP concentration of 2 μg/L each. The reactors 
were operated at five flow rates (0.25, 0.5, 1, 2 and 4 L/h) in a continuous setup. Samples 
were taken regularly, and analysed for various parameters, including MPs. 

The biodegradation and adsorption of melamine on activated carbon was studied in more 
detail in batch experiments. 

 

Figure 1. Schematic representation of steps in GAC bioregeneration experiment. 

Melamine degrading biomass was obtained from a melamine degrading WWTP plant and 
used to bioregenerate activated carbon loaded with melamine in a 3-step batch experiment 
(Fig. 1) as follows (1) loading of activated carbon, (2) bioregeneration of activated carbon, 
and (3) reloading of activated carbon (assessment of bioregeneration extent). 
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Results 

The biological activated carbon filter showed immediate removal of the added MPs, and 
achieved an average removal of 85% for the 18 analysed micropollutants (Fig. 2). The 
sandfilter and moving bed bioreactor showed much less MP removal, varying from 0 – 60%, 
which slightly increased during the 12 weeks operation period. 

 

 

Figure 2. Micropollutant removal in the biological activated carbon (BAC) filter, sand filter 
(SF) and moving bed bioreactor (MBBR). 

Furthermore, the biological activated carbon filter also achieved a higher organic matter 
removal than the sand filter and moving bed bioreactor (respectively 72%, 41%, and 21%).  

The removal capacity in the biological activated carbon filter is a combination of adsorption 
and degradation, and the contribution of each process determines the lifetime of such a filter. 
Biological degradation of adsorbed compounds will release adsorbing sites of the activated 
carbon and will extend the lifetime of the used activated carbon. 

The extend of such bioregeneration of activated carbon was tested in batch experiments with 
melamine as a model compound. Melamine was biodegraded under both oxic or anoxic 
conditions and melamine degrading biomass was found to restore at least 28% of the original 
GAC adsorption capacity. Furthermore, our results indicate that bioregeneration occurs 
mainly in the largest pore fraction of GAC, impacting adsorption kinetics.  

To demonstrate these batch results also in activated carbon filters, column experiments were 
performed and combined with modelling.  
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Figure 3: Relative melamine concentration in effluent of an inoculated filter (BAC 1) and 
modelled breakthrough curve.  

Our data show that inoculation of activated carbon filters enhanced the lifetime of the filter, 
as pronounced biodegradation of melamine was observed (Fig. 3). 

Conclusion 

A biological activated carbon filter showed the highest removal of micropollutants and 
organic matter, compared to a sand filter and moving bed bioreactor. The lifetime of such a 
filter depends on the regeneration of the activated carbon. With melamine as a model 
compound, we have shown that bioregeneration has a large potential for restoring and 
maintaining removal capacity of MPs in biological activated carbon filters. Further enhancing 
the biodegradation of micropollutants in these filters is a promising strategy to increase the 
sustainability and applicability of biological activated carbon filters.  
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The effect of water matrix on photocatalytic degradation of bisphenols and 
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Access to clean and potable water has become increasingly important in recent years due to exponential 

population growth, industrialization, and irrigation. Nearly half of the world's population lives in regions where 

the demand for water is greater than the ability of aquifers to replenish, and because of this imbalance water 

reuse is crucial. Therefore, it is important to develop efficient, non-destructive, and sustainable methods for 

wastewater reuse [1]. Advanced oxidation processes (AOP) and especially heterogeneous photocatalysis 

represent a potential solution to this problem, as they are capable of degrading organic molecules to non-

hazardous products – CO2, H2O and other inorganic substances [2]. 

Water polluting compounds are one of the biggest problems today. Among the most potent xenobiotics are 

pharmaceuticals and endocrine disruptors that are dissolved in wastewater and released into the environment. 

Powerful photocatalytic reactors are necessary to make efficient use of photocatalysis, as they allow the reuse 

of water in production processes, thus reducing the consumption of potable water and the release of mobile 

and persistent chemicals into the environment [3]. For the experiments conducted in this study, a packed bed 

reactor system was used in which the titanium dioxide photocatalyst was deposited on ~3 mm glass beads [4]. 

These beads were then packed into a tube (diameter ~10 mm) with a volume of 50 mL. We chose glass beads 

as substrates because it allowed us to achieve good filling and a relatively large available surface area of the 

photocatalyst for improved efficiency. The photocatalyst in film or powder form was characterized by thermal 

analysis, XRD, FIB /SEM, TEM /EDS and XPS measurements. 

The photocatalytic efficiency of our system was first tested by observing the degradation rate of plasmocorinth 

B, an organic dye. Then, 18 bisphenols were co-dissolved in distilled water and simulated wastewater to follow 

their removal under UV light [4]. The simulated wastewater influent was prepared and processed according to 

Kovačič et al. [5] by first dissolving the nutrients in 20 L of tap water. Two suspended activated sludge reactors 

were fed with 2 L/day of the synthetic wastewater for five days. The reactor effluent was then collected and 

used for the photodegradation experiments and calibration curve generation. The developed photocatalytic 

reactor effectively removed organic dye and bisphenols from the aqueous medium by a combination of 

adsorption and photocatalysis. The degradation rates of bisphenols in simulated wastewater were, as expected, 

lower than in pure water, because wastewater contains other organics that the photocatalyst can degrade. 

Nevertheless, a removal rate of 90% can be observed for most compounds after 2 hours of illumination and 

almost complete removal after 3 hours, except for most polar BPS (~ 60%). The lower degradation rate of the 

latter can be attributed to its lower adsorption rate. 
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We also focused on the degradation of various pharmaceutical compounds in simulated wastewater and water 

effluent from a central wastewater treatment plant and compared the results with degradation in deionized 

H2O. Again, as expected, the reactions in wastewater were slower than in deionized H2O, yet it was shown that 

removal of the compounds from the water was still possible even when other organic molecules were present. 

The compounds tested included: metronidazole (used in our previous work with the CPC reactor [6]), 

oxytetracycline, marbofloxacin, ibuprofen, diclofenac, phenytoin, ciprofloxacin, sulfamethoxazole. The effect of 

adjusting the pH of wastewater on the degradation speeds of selected compounds was also explored and the 

results showed that acidic pH can increase the reaction rate and adsorption on the photocatalyst surface. The 

figure below shows the adsorption and photocatalytic degradation of ibuprofen in different water matrices 

(clean water, simulated wastewater, real water effluent from a central wastewater treatment plant) and at 

different pH values (natural and acidic). 
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We are facing new challenges with the spread of organic chemical micropollutants in 
water bodies. Water is a highly sensitive natural resource and priority substances (PSs) 
and contaminants of emerging concern (CECs) have been found in the aquatic 
environment, often up to μg L-1 levels. In this context, Directive 2013/39/EU was launched 
to update the water framework policy in Europe, emphasizing the need to develop new 
water treatment technologies to deal with this problem [1]. In addition, a dynamic watch 
list of substances was defined to allow targeted EU-wide monitoring of specific 
compounds of possible concern [2], the most recent version being included in Decision 
2020/1161 to collect data supporting prioritization in future revisions of the PSs list. It is 
thus clear that alternatives are required to minimize water contamination, aiming at 
enhanced environmental and life quality in Europe. However, the problem is far to be 
solved, more pollutants being detected in effluents of urban wastewater treatment plants, 
seawater and even in drinking water [1-3]. 
 
An overview of the author’s experience in the monitoring of these micropollutants, and in 
the synthesis, characterization and application of active and stable catalysts, including 
catalytic membranes, will be discussed in this lecture by considering different water and 
wastewater treatment technologies [4-10]. Special emphasis will be placed on the use of 
carbon materials and their respective functionalization, since carbon materials with no 
added metals can be used as active catalysts in some of these processes. Three major 
questions will be answered: Which is the appropriate surface chemistry? What about 
textural properties? What type(s) of carbon material(s) are best suited in each case? The 
aim is to reveal how to perform a meticulous tailoring of the surface chemistry (surface 
oxidation and heteroatom doping) and texture (surface area, pore size, distance between 
adjacent sheets/stacks) of carbon materials with different dimensionalities. Besides the 
oxidation of EU-relevant chemical micropollutants by generating highly reactive radicals 
from O3, persulfate activation or H2O2 (added or photocatalytically generated in-situ), 
water disinfection (eliminating antibiotic resistant bacteria and their genes) will also be 
discussed. 
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Hybrid Systems for Wastewater Treatment 
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Increasingly more stringent regulations to mitigate the risk from constituents posing potentially 
adverse effects on human health and aquatic life require a holistic view where and how to 
minimize contributions of these constituents to the water cycle. The EU Commission has taken 
a lead globally by pursuing a zero pollution ambition for a toxic-free environment as a 
cornerstone of its new European Green Deal policy.  
 
Constituents of emerging concern are comprised of household chemicals, pharmaceutical 
residues, endocrine disrupting chemicals, per- and polyfluorinated alkyl substances but also 
microbial contaminants including bacteria, viruses, protozoa as well as antimicrobial resistant 
bacteria and antimicrobial resistance genes. Water treatment could be an effective barrier 
against these constituents, in particular when these processes result in mineralization, 
destruction or inactivation. However, there is no single process that is capable of reliably 
removing all of these constituents. There is also increasing concern that the addition of various 
advanced water treatment processes to conventional treatment facilities will result in a 
significant increase of the associated carbon- and energy footprint. 
 
Thus, there is a need to develop hybrid treatment systems that are designed as multi-objective 
treatment process combinations while taking advantage of synergies and minimizing the 
associated overall carbon footprint. This approach also offers the integration of novel materials, 
new treatment concepts, and contemporary approaches for better process understanding and 
control. For instance, combining biological processes with innovative physico-chemical 
processes employing novel (nano) engineered materials and/or next-generation integrated 
membrane processes can establish multiple barriers towards a wide range of different trace 
organic chemicals that should also be effective against microbial contaminants (i.e., viruses, 
antibiotic resistant bacteria or antibiotic resistance genes) as well as to remove residual 
nutrients. Such high performing and compact hybrid systems will also offer new opportunities 
to establish robust concepts for decentralized wastewater treatment facilitating local water 
reclamation and reuse. 
 
This presentation will initially feature traditional approaches to multi-objective treatment 
systems by evaluating recent development in various EU member states to mitigate a wide 
range of trace organic chemicals by using ozonation or activated carbon adsorption after 
conventional biological wastewater treatment. Another advanced and energy-intense approach 
has emerged in treatment trains that facilitate direct potable reuse to augment drinking water 
supplies. The pros and cons of these approaches will be discussed with examples from the 
United States.  
 
These developments will be contrasted by hybrid treatment systems that take advantage of the 
interplay of biologically-, oxidative- and adsorptive-based processes by featuring new treatment 
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train developments. As a point of reference this discussion will start with ozone-managed 
aquifer recharge (MAR) hybrid systems. In addition, novel nature-based approaches can be 
operated by stricter control of redox and substrate conditions offering a targeted sequential 
treatment that can be augmented by integrating oxidative and adsorptive processes for 
constituents that are not amendable to biological transformation. These systems can also take 
advantage of novel materials and process insights by employing state-of-the-art biomolecular 
and analytical methods. Nevertheless, these novel approaches also come with operational 
limitations and caveats that need to be acknowledged. Examples for these approaches will be 
highlighted from various installations of hybrid systems at pilot- and full-scale. 
 
An important aspect of novel hybrid systems relates to scalability, transferability, and ease of 
operation. While hybrid systems are offering clear advantages as multi-objective treatment 
trains, they are also coming with a higher degree of complexity. Thus, questions like process 
robustness and scalability are immanent for process implementation. An additional aspect are 
synergies that evolve by implementing systems decentralized, which can not only offer tailored 
solutions to the local conditions but also facilitate water reclamation and reuse.     
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Evaluating antibiotic biotransformation during denitrification by 
heterotrophic and nitrite-driven anaerobic methane oxidation 
bacteria.  
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Abstract 
The removal of antibiotics was evaluated in two anoxic systems, each with a stable 
biomass and similar activity to gain insight towards the linkage between 
biotransformation and the microbial community functional structure. On one side, 
classical denitrification was studied in two CFSR reactors at steady operation to 
evaluate antibiotic biotransformation during heterotrophic denitrification. On the other 
side, the novel autotrophic N-Damo bacteria (nitrite- dependent anaerobic methane 
oxidation) was also evaluated using two analogous MBRs. A mix of seven antibiotics 
belonging to different classes at environmental relevant concentrations were fed to 
one of the reactors in each anoxic system while keeping the second reactor as a 
microbiological control. Most antibiotics (CFX, SMX, and TMP) were removed at a 
high extent in both systems, apart from CIP which was persistent in both. However, 
differences in the extent of removal were observed mainly in macrolides ROX, AZY 
and particularly CLA that showed a removal of 95% in the heterotrophic system versus 
only a 25% removal during the N-Damo process.   

 
Introduction  
The denitrification is microbe-driven process that is key for biological nitrogen removal from 
wastewater. Denitrification can be accomplished by a wide array of heterotrophic and 
autotrophic microorganisms (Ni et al., 2017). Denitrifying bacteria are responsible of reducing 
nitrite/nitrate to nitrogen gas under anoxic conditions, being the carbon sources needed for 
their metabolic processes different for the heterotrophic and autotrophic bacteria (i.e., 
anammox, N-Damo). Furthermore, the enzymes involved in the denitrifying microbial 
pathway can also differ, which is supposed to have an impact on the microbial mediated 
transformation processes (Glass and Orphan, 2012). In figure 1, two denitrifying microbial 
pathways are depicted which include the presence of different enzymes, depending on the 
different cofactors needed for their activation. In the same manner, it is widely accepted that 
the biodegradation of micropollutants, including antibiotics, is mainly achieved by 
microorganisms through the action of a series of metabolic enzymes.  

 

Figure 1. Microbial pathways involved in denitrification by heterotrophic and nitrite-driven anaerobic methane oxidation bacteria 
(AMO) and their associated enzymes. 
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Research has evidenced that micropollutants can be removed during denitrifying process 
(Burke et al., 2014). Some research has shown that antibiotic exposure might decrease the 
denitrification temporally or even permanently, due to growth inhibition of denitrifying 
microbes or inhibition of the expression of key genes (Bílková et al., 2019; Brandt et al., 2015; 
DeVries and Zhang, 2016). Understanding the metabolic pathway at environmental relevant 
concentrations, can help to improve denitrifying processes from a technological perspective. 
In this study, the novel autotrophic N-Damo process and conventional heterotrophic 
denitrifying process were assessed as anoxic systems to evaluate how the different microbial 
populations influence the removal of antibiotics, as well as to determine if the presence of 
antibiotics could generate specific microbial pathways represented by changes in the 
microbial composition. The comparison was done under similar biomass denitrifying activity 
determined by the nitrogen load fed to the system.  
 
Material and Methods  
Reactor configuration and operation 
For each type of denitrifying bacteria (heterotrophic and N-Damo) two lab-scale anoxic 
reactors were operated as indicated in Table 1, one with and the other without spiking 
antibiotics. The reactors were feed with synthetic wastewater containing macronutrients and 
trace compounds to foster denitrification. All reactors were analyzed when steady-state 
operation was reached, in terms of antibiotics and microbial population.  
 
Table 1. Operational characteristics of the two denitrifying systems. 

Type of anoxic Heterotrophic  N-Damo 

Number of reactors 2 2 

Reactor design CSFR Anaerobic MBR  

Inoculum Biological sludge WWTP Denitrifying MBR system (Methanogenic 
bioreactor) 

Nitrogen source Nitrate Nitrite 

Nitrogen Load [mgN.L-1. d-1] 108±4.16 80±9.9 

Feed Medium  Synthetic WW Synthetic WW and gas mix 90% CH# + 
10% CO% 

Working Volume  5 Liters 6,5 Liters 

HRT 1 day 1 day 

SRT 27 days - 

Selected OMPs 
The reactors were spiked with a mixture of seven antibiotics corresponding to different 
classes: Cephalexin (CFX), Sulfamethoxazole (SMX), Trimetroprim (TMP), Ciprofloxacin 
(CIP), Roxythromycin (ROX), Azythromycin (AZY) and Clarythromycin (CLA) at a 
concentration of 5 µgL-1. 
Analytical methods 
Nitrogen species and antibiotic concentrations were determined as described in Martínez-
Quintela et al., (2021). Microbiological analysis included an a complete 16S rRNA gene 
amplicon sequencing targeting gene hypervariable V3 and V4 region using Novaseq 6000. 
 
Results and Discussion 
Reactor operation  
Each anoxic system operated under steady-state conditions with an average Nitrogen 
Loading Rate (NLR) of 80±9.9 mgN.L-1. d-1 composed mainly by nitrite for the autotrophic N-
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Damo system and of 108±4 mgN.L-1. d-1 in the form of nitrate for the heterotrophic system. 
Nitrogen was completely removed during the whole operation. 
Antibiotic removal 
Overall, most antibiotics were highly biodegradable in both systems, with removal efficiencies 
(%RE) above 60% with the exemption of CIP, that showed a recalcitrant behavior (Fig. 2). 
CIP persistence during denitrification agrees with previous research that indicates that 
denitrifying bacteria are particularly sensitive to trace concentrations of CIP or similar 
fluoroquinolones (even at ngL-1 level) ( Zou et al., 2021). Interestingly, CLA and AZY showed 
significative different %RE between anoxic conditions. In the case of CLA, the difference was 
more notorious as %RE were 95% versus only 25% in the heterotrophic and N-Damo 
processes, respectively.  
ROX also showed some variation in the extent of removal but in both conditions, it was highly 
biodegradable: almost 100% in the heterotrophic and higher than 60% in the N-damo system. 
Similarly, Martínez-Quintela et al., (2021) evidenced a removal close to 80% of ROX during 
the N-Damo process. In fact, when comparing with different redox conditions, previous 
research found that ROX was solely removed in anoxic conditions (Burke et al., 2014), 
suggesting that the necessary enzymes and/or microbial population capable to degrade this 
type of molecule are specific of such conditions. 
Both TMP and SMX were highly removed by the two systems with %RE ranging from 70-
80%. The results agree with the evidenced by Bai et al., (2019), that showed that 
sulfonamides were more degradable under anoxic than oxic and suboxic conditions. 
However, this results are significantly higher to what was evidenced in Martínez-Quintela et 
al., (2021) for the autotrophic N-Damo, but this can be explained by the influence of the NLR, 
which in this case was also higher. CFX was also efficiently removed during both microbial 
pathways, surpassing 85% removal during N-Damo and reaching almost 100% for 
heterotrophic denitrification, respectively. This can also indicate favorable conditions for CFX 
abatement by denitrifying population and their associated enzymes. 

  
Figure 2. Removal efficiencies of selected antibiotics during heterotrophic and N-Damo. 

 
Influence of Antibiotics on the Microbial Community 
Heterotrophic denitrifying process was significantly affected by the presence of 
environmental relevant concentrations of antibiotics, which appears to provoke selection 
pressures on compositions of denitrifying community. In contrast, N-Damo microbial 
community was less affected which could indicate a higher resilience. In both systems, 
microorganisms represented by the order Rhizobiales seem to be favored in presence of 
antibiotics, mainly during heterotrophic denitrification. Similarly, previous research that 
zoomed in the microbial community functional structure, suggested that the order Rhizobiales 
were key functional taxa for the biotransformation of organic pollutants. In fact, different types 
of xenobiotic compound degrading genes were abundant in Rhizobiales (Joshi et al., 2017).  
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Figure 4. Microbial communities present in denitrification by heterotrophic (above) and anaerobic methane 
oxidation bacteria (below) depicted by Order level. Relative abundances over 1%. The left column represents the 
reactor control that was not exposed to antibiotics and the right column characterizes the reactor exposed to the 
antibiotic mixture (5µg.L-1). 

Conclusions 
Most antibiotics were highly degraded, with the exception for CIP. The type of anoxic system, 
represented by the different microbial denitrifying communities seems to have some influence 
on the extent of removal of some compounds, especially CLA and AZY. CLA was particularly 
better removed during heterotrophic denitrification while AZY was better removed by nitrite-
driven anaerobic methane oxidation bacteria. The presence of antibiotics seems to have an 
impact on the microbial community composition during denitrifying heterotrophic systems. 
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Degradation of organic pollutants in wastewater is performed by diverse microorganisms 
including fungi and bacteria (Kanaujiya et al., 2019). For this to occur the dissolved and 
bioavailable contaminants have to pass through the microbial membrane, either by passive or 
active transport, prior to being degraded. Biodegradation rates have been observed to vary 
according to the pollutant’s concentration. For instance, van Bergen et al. (2021) investigated 
pharmaceutical degradation at environmental levels, and reported that high concentrations 
(30nM) resulted in higher biodegradation rates compared to lower concentrations (3nM). In 
addition, Ehrl et al. (2019) described a decrease in the formation of transformation products 
when reaching dissolved pesticide concentrations of 32µg L-1. Such low biodegradation rates 
and slow metabolites production may additionally hamper monitoring the degradation of 
environmental pollutants and lead to incorrect conclusions about non-degradation.  

Monitoring metabolites in water at low concentrations can be complemented with analysis of 
microbial responses such as enzymatic activity, protein biosynthesis and gene expression. 
These subcellular responses can be used to support the detection of any threshold of pollutant 
biodegradation at the level of metabolic pathway. Kundu et al. (2019) observed that bacteria 
adapted to degrade organic pollutants had low protein expression and an increase of stress-
related proteins when they were cultured at concentrations around 10µg L-1 of the herbicide 
atrazine. Although these findings suggested a biodegradation threshold, adaptation of bacteria 
to the new conditions could lead to lower biodegradation thresholds. 

Biodegradation of Sulfamethoxazole (SMX) 

Degradation of micropollutants, such as pharmaceuticals, has been addressed due to the 
persistence of such chemicals in water bodies. Sulfamethoxazole (SMX) is a rather polar 
antibiotic (log Kow of the uncharged molecule 0.89, pKa 5.7; Baumer et al. 2017), which inhibits 
bacterial growth. Some bacteria are capable of degrading SMX. One of these strains 
(Microbacterium sp BR1) has been isolated from a membrane bioreactor (MBR), and further 
enriched to elucidate SMX metabolic pathways (Bouju et al.,2012; Ricken et al.,2015). 
Microbacterium sp BR1 is capable of mineralizing SMX as a sole carbon source or under 
cometabolic conditions: the catabolism of SMX occurs by ipso-hydroxylation, with the Sad A, 
Sad B and Sad C as the main enzymes involved. The first two are Flavin dependent 
monooxygenases whereas the latter is a Flavin reductase (Ricken et al.,2017). However, these 
studies were performed over a range of concentrations  of ca. 10-25 mg L-1 SMX, which are 
well-above the concentrations found in water bodies (typically 5 ng L-1 - 440 µg L-1) (Kanaujiya 
et al.,2019). Therefore, the first aim of this study is to explore biodegradation thresholds of 
SMX by Microbacterium sp BR1 when this is provided at environmental levels as the sole 
source of carbon. The second aim is to investigate correlations between SMX degradation and 
metabolite production to the proteomic expression of under different conditions. 

Materials and methods 

Previous experiments included measuring mineralization rates by monitoring turnover of 
radiolabelled SMX (14C-SMX ) into 14C-CO2 over  a range of concentrations from 25µg L-1 to 
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0.1µg L-1 (data not shown). These experiments are looking for biodegradation thresholds via 
the analysis of SMX and some of its metabolites generated during degradation tests performed 
in parallel to the above radiolabelled tests. In addition, proteomic analyses of the biomass used 
in these tests is being done to examine the regulation of Sad enzymes involved in the 
metabolism of SMX. 

SMX and metabolites 

Phosphate buffer (PBS) was used as the reaction medium for the above SMX degradation 
tests. For analysis of the SMX and metabolites, the reaction media containing the biomass 
was sampled at specific times, and then centrifuged at 3634g for 35 min at 4°C. The 
supernatant was stored frozen until analysis. The PBS reaction medium needs to be desalted 
and up-concentrated before LC-MS/MS analysis. Two methods will be tested for this: 
lyophilisation coupled to organic solvent extraction and filtration with centrifuge desalting filters. 
Standard solutions will be used to assess the recovery prior to sample processing. 

Proteomics 

Bacterial samples of Microbacterium sp. BR1 from the reaction media of SMX degradation 

tests were washed twice with NaCl at 4°C and stored at -26°C until further processing. Whole 

proteome samples of the culture in different conditions are being analysed by in-solution 

shotgun proteomics. Briefly, bacterial cells are harvested by centrifugation and cell lysis is 

performed in two steps. First, cells are digested with 1% SDS at 90ºC and subsequently 

mechanically disrupted by beating with glass beads. The supernatant containing the 

solubilized proteins is recovered and proteins are then precipitated in two incubation steps with 

cold acetone at -20ºC. Protein concentrations in the samples are determined through the 

bicinchoninic acid (BCA) protein assay. Afterwards, a SDS-PAGE protein electrophoresis 

under denaturing conditions is performed to analyze the quality of the protein extract (i.e. 

absence of protein degradation). Electrophoresis is run for 10 µg protein aliquots and gel 

staining is done using a standard Coomassie protocol. Then, dissolved protein samples are 

trypsin-digested. The obtained peptide mix is injected in a tims-TOF Pro (Bruker) nLC-MS/MS 

for peptide separation, ion fragmentation and mass to charge identification. The peptides 

contained in the samples are identified with a software tool (Proteome discoverer) dedicated 

for proteomics and compared with the existing database of Microbacterium sp.BR1 proteome 

(from UniProt public database). Finally, protein profiles from bacteria adapted and actively 

degrading SMX are compared to bacteria cultured without SMX. 

Preliminary tests 

The proteomics protocol was optimized according to the cell density contained in the frozen 

samples. For this, samples with different volumes and bacterial pellet sizes were selected and 

processed according to the method described above (Fig. 1). In addition, when necessary 

protein concentration methods were performed (eg., using centrifugation filters) prior to the 

electrophoresis step.  
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Figure 1. SDS-electrophoresis of protein extract from Microbacterium sp.BR1 cultured in 

absence of SMX. Clear bands of the proteins with different molecular weight (expressed in 

kDa). The absence of low molecular weight bands confirms no degradation of the sample. R1 

and R2 stand for replicas of the sample. 
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Abstract 
 
Biotransformation of trace organic chemicals is not well understood yet. Previous 
research showed good removal of atenolol and sulfamethoxazole in between 23 
more trace organic chemicals, with environmental relevant concentration. This 
study aimed to get insight on the removal of these two compound by increasing 
their concentration. After 7 days exposure in a stable microbial community, 
atenolol achieve a removal of ~10 % and sulfamethoxazole, ~70%. Atenolol 
behavior could be related to already studied metabolic pathways, but 
sulfamethoxazole still requires more detailed experiments. 

 
Keywords 
Adaptation; biotransformation; molecular similarity; trace organic chemicals 

 
INTRODUCTION 
 
At metabolic level biotransformation of trace organic chemicals (TOrCs) implies multiple complex 
processes that are not well understood yet. Cometabolism is accepted as main mechanism for 
biotransformation of TOrCs, as their concentration would not be able to sustain degraders (Rittman, 
2001). On the other hand, Egli (2010) proposed that within several energy sources in a 
concentrations lower than 1 mg/L, microorganisms express as many catabolic pathways as they 
can to harvest several carbon source simultaneusly.  
 
Studies already found some highlights in experiments biofiltration with sand columns. Nature and 
concentration of the primary carbon source seems to be directly related to the biotransformation of 
TOrCs (Alidina et al., 2014; Regnery et al. (2016); Müller et al. 2017; Hellauer et al. 2019). 
However, the correlation between the molecular structure of the main energy source and the 
TOrCs was not addressed, and it be a relevant factor. 
A preliminary work of Chingate et al. (2022, manuscript in preparation) in a well controlled 
environment, found that in between a mixture of 25 TOrCs with concentrations around ~ 500 ng/L, 
only atenolol and sulfamethoxazole were significantly biotransformed by microbial communities 
adapted to aniline, histidine, or di-sodium succinate as a carbon source. This work aims to 
compare the biotransformation of atenolol and sulfamethoxazole  with a concentration of ~100 μg/L 
by a histidine degrader microbial community  
MATERIALS AND METHODS 
Experimental set-up 
500 mL lab-scale membrane bio-reactors were used to maintain bacteria under oligotrophic and 
oxic conditions in continuous operation. Peristaltic pums for influent and effluent were Leadfluid 
FZ10 (Fleischhacker GmbH, Germany) and Longerpump T-S107/JY15-12 (Drifton, Denmark), 
respectively. Puron ® membranes with of 75 cm2 of surface and a pore size of 20 nm were donated 
by KOCH Separation Systems (United states). 
A scale (Kern PCB 6000-1 by Voelkner, Germany) was used as sensor to control the weight of the 
reactor by changing the speed of the pumps. Dissolved oxygen (DO) was monitored daily with fiber 
optical spots (SP-PSt3-NAU-D5-YOP by PreSens, Germany) attached to the inner wall of the 
reactor. Air was constantly provided to maintain DO concentrations higher than 8 mg/L. 
Temperature inside the reactor was monitored (Probe thermometer by TFA Dostmann, Germany) 
and kept between 21 °C and 23 °C. 
Reactors were inoculated with activated sludge from the wastewater treatment plant Garching 
(Germany) and monitored for 3 weeks before a stable biomass concentration was reached 
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measured as adenosin triphosphate (ATP) content. Microbial media culture was adapted from 
Helbling et al. (2014) and dilution rate for the reactors was 0.04 h-1. Histidine (9 mg/L) was used as 
the unique carbon source.  
After biological stabilization, a mixture of carbamazepine, atenolol and sulfamethoxazole, was 
added to the microbial culture medium to achieve ~100 μg/L. Samples for TOrCs quantification 
from the reactors were taken after 5 days of operation with the new microbial medium to avoid 
mixing effects.  
Chemical analyses 
Full mixture of TOrCs was quantified with LC-MS/MS following a method previously described by 
Müller et al. (2017). Prior to quantification, samples were filtrated with 0.2 μm pore size 
polyvinylidene fluoride (PVDF) filters (BGB, Germany) and spiked with a mixture of isotope-labelled 
internal standards. ATP was quantified using the “BacTiter-GloTM Microbial Cell Viability Assay” 
(Promega GmbH, Germany) 
 
RESULTS AND DISCUSSION 
 
After stabilization of the reactors, carbamazepine achieves the same concentration as in the 
feeding solution; while atenolol was removed in ~10%, and sulfamethoxazole ~70 % (figure 2). 
Carbamazepine is reported to be a recalcitrant compound in oxic environments, and it can be used 
as a tracer and quality control in our experiments. Atenolol is reported to be highly removed in 
other studies within environmental relevant concentrations with another energy sources available 
(Alidinda, Muller, Chingate), and as unique energy source (), apart from this study where 
concentration was higher than in the environment, and histidine was the main energy source. 
Sulfamethoxazole is showing removal higher than 70 % in most studies, apart from its 
concentration. 
 

 

 
Figure 1. Relative residual concentration (C/C0) of atenolol, carbamazepine and sulfamethoxazole 
in a retentostat running with a histidine degrader microbial community at a dilution rate or 0.04 h-1 

 
A metabolic pathway like the one described by Yi et al. (2022) would explain the difference in 
removal observed in between figures 1 and 2. Yi et al. (2022) describes two hydrolisis reactions as 
first steps, first one forms atenolol acid, and second one 4-hydroxyphenylacetic acid. Second steps 
depends on ɑ-ketoglutarate, one of the members of Krebs cycle. Within the same histidine 
concentration in feeding solution and biomass in both experiments, proportion in between atenolol 
and histidine, as well as, atenolol and ɑ-ketoglutarate, increases almost 200 times. Absolute 
removal of atenolol increased only by 70 times with a concentration 200 times higher, so the 
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relative value decreased. More studies with intermediate concentration would clarify the behavior 
of this process. 
  
 

 
Figure 2. Relative residual concentration (C/C0) of selected TOrCs upon different operational 
conditions in the retentostat system. Initial concentration for each substance in each experiment is 
reported under the bar lines, and final concentration is the average value for the values measured 
along 3 days. While histidine, Succinate and Aniline refer to experiments with a microbial 
community adapted to these substances as the unique carbon source, Abiotic blank and 
Autoclaved inoculum refer to experiments in reactors without any inoculation and inoculation with 
dead bacteria, respectively. (Chingate et al. 2022, manuscript in preparation) 
 

Sultamethoxazole removal seems to be stable, suggesting that only one enzyme controls the 
process and that its saturation concentration is still higher. On the other hand, sulfamethoxazole is 
an antibiotic as well, so higher concentrations trigger adaptation and selection as well. Removal 
behavior is not giving any clue on metabolism of sulfamethoxazole, further analytical efforts are 
necessary to clarify the process, as the number of possibilities are higher than for atenolol (Larcher 
et al., 2012). Identification of dependence of metabolism with concentration could be useful to 
improve its understanding since an analytical point of view. Higher concentration of parent 
compounds drives to higher concentration on the metabolites, and reduces the analytical effort.  
 
Current research on identification of transformation products is still ongoing. We aim to combine it 
with the microbiological characterization to propose the metabolic pathways related to the 
biotransformation of atenolol and sulfamethoxazole. 
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Abstract 

In this study, we addressed the treatment of anthraquinone dye (Acid Blue 25) containing aqueous 

solutions by using cold atmospheric plasma. Atmospheric pressure plasma jet (APPJ) with multi-

electrode configuration was used as a plasma source. Plasma was driven by RF power source, 

with argon as a working gas. In the configuration, argon plasma was formed at liquid surface in 

contact with ambient air. The experiments were conducted with two different initial volumes and 

five different treatment times at a fixed dye concentration. Optical emission spectroscopy (OES) 

was performed to identify the presence of reactive species in the gas phase during plasma-liquid 

interaction. OES diagnostics confirmed the evidence of reactive oxygen and nitrogen species 

(RONS) in the gas phase. A spectrophotometer device was used to monitor the final dye 

concentration after plasma treatment. The treatment results revealed that plasma-generated 

reactive species degraded the AB25 molecules in water. 

Introduction 

Dye wastewater pollution is one of the major environmental problems due to its influence on water 
bodies [1, 2]. The main origin of dye in groundwater and surface water is due to the direct 
discharge of textile waste effluents. In this study, AB25 was selected as the target compound as 
it has wide range of applications (wool, silk, polyamide, leather and mixed fabric, cosmetic) [4]. 
AB25 dye consists of an anthraquinone chromophore group (containing three fused aromatic 
rings). Anthraquinone dyes are the second-highest consumable dyes after azo dyes by textile 
industries. Anthraquinone dyes are regularly detected in various concentrations in industrial 
wastewater. However, conventional wastewater treatment plants are not always effective to treat 
various dye effluents due to their low biodegradability [5]. Therefore, advanced oxidation 
processes (AOPs) are demonstrated as alternative methods [2, 5]. 

In this work, we have used cold atmospheric plasma as an AOP to remove AB25 from water. 
Plasma is an ionized gas consisting of energetic electrons, ions, metastables, photons, electric 
fields, UV lights [3]. Plasma can be generated by supplying electrical energy to a working gas 
(e.g. argon, helium, air, nitrogen, etc.) in form of an electric field [3, 5]. If the applied electric field 
is high enough to initiate the electrical breakdown of gas plasma can be formed. The discharge 
operates due to the collision of fast electrons generated in the plasma with gas molecules or 
atoms [3, 5]. 

Contact of plasma with a liquid surface can generate a rich mixture of RONS (e.g. HO., O., O3, 
H2O2, .NO, ONOOH, NO3

-, NO2
-…), which are capable to degrade a wide range of pollutants [1, 

2, 6]. Cold plasma-based treatments processes are eco-friendly since it operates without any 
additional chemicals at atmospheric conditions. Cold plasma sources with different reactor 
configurations have been used by many authors to decompose a range of dyes in water [2]. 
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Materials and Methods 

AB25 (product number: 210684; purity: 45 %) was purchased from Sigma Aldrich. The 

characteristics of AB25 are shown in Table 1. Dye-containing solution with a concentration of 

50 mg/L was prepared by dissolving an adequate amount of analytical grade of AB25 in distilled 

water.  

Table 1. Chemical data of AB25. 

Chemical 
formula 

Chemical 
structure 

MW 
(g/mol) 

λmax 
(nm) 

Appearance Classification 

 
C20H13N2NaO5S 

 

O

O NH

NH2

S

O

O

O

Na

 

 
416.38 

 

 
602 

 
Purple blue Anionic 

          * λmax: maximum absorbance 

The schematic diagram of the experimental setup with multi-needle electrode APPJ is shown in 

Figure 2. Three syringe needles type electrodes were used as a high voltage source. The inner 

and outer diameter of each needle was about 1 mm and 1.8 mm, respectively. The needles were 

inserted inside the glass tubes, whereas the inner diameter, outer diameter, and length of each 

tube were about 3.7 mm, 5 mm, and 45 mm, respectively. The distance between the tip of each 

needle and the ending of each tube was 7 mm. The distance between the two adjacent needle 

electrodes was 20 mm. Each needle tip to solution distance was set at 14 mm. When the 

treatment was underway distance was not constant due to partial evaporation of liquid, and 

change in length of gap was ~1-2 mm. The copper tape was wrapped over the bottom of the 

sample vessel, and it served as a ground electrode. The plasma was driven by RF power supply 

with a frequency of 350 kHz. Argon gas with a total flow rate of 2 slm was used as a feed gas in 

all experiments. Argon flow was injected through needles.  

 

Figure 2. Experimental setup for dye treatment, APPJ over liquid surface (inset right). 
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AB25 removal efficiency was described by equation (1). Co (mg/L) is the initial dye concentration, 

C (mg/L) is the final dye concentration after the plasma treatment, and d is the evaporation 

coefficient. 

Removal (%) = 
𝐶𝑜−𝐶×𝑑

𝐶𝑜
× 100           (1) 

The energy yield was calculated, defined by the removal of AB25 per unit mean power deposition 

to the dye sample, determined by equation (2) 

energy yield (
𝑚𝑔

𝑘𝑊ℎ
) =  

𝐶𝑜 (
𝑚𝑔

𝐿 ) × 𝑉𝑜(𝐿) ×
1

100 × 𝑅𝑒𝑚𝑜𝑣𝑎𝑙(%)

𝑃𝑚𝑒𝑎𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑘𝑊) × 𝑡(ℎ)
 (2) 

Results and discussion 

The dye treatment experiments were conducted by direct exposure of the APPJ over AB25 

containing aqueous solution. In Figure 2 (a), the degradation of AB25 in the solution is shown as 

a function of the plasma treatment time. The concentration of AB25 was decreased with the 

increase of plasma treatment. For both volumes, the faster degradation was achieved in the first 

3 min and 5 min. The lower initial volume favored high removal. The removal efficiency values 

were about 55 % for 15 ml and 48 % for 30 ml in 5 min. After 20 min, the removal was about 83 % 

in 15 ml, whereas for the two times greater initial volume the obtained removal efficiency was 

around 76 %. Higher removal in case of lower sample volume can be attributed to enhanced 

interaction of the plasma-generated reactive species with pollutants due to smaller liquid volume.   

 

The energy yield for two different dye solution volumes was compared. Energy yield as a function 

of removal %, shown in Figure 2 (b). In the best-case scenario, the higher energy yield was about 

408 mg/kWh for 38 % removal in 15 ml and 690 mg/kWh for 32 % removal in 30 ml. The higher 

removal had a negative influence on energy yield due to a longer treatment time. In the case of 

higher removal, energy yield was about 133 mg/kWh for 83 % removal in 15 ml and 244 mg/kWh 

for 76 % removal in 30 ml. It can be concluded that the higher initial volume promoted higher 

energy yield for all removal efficiencies. 
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Figure 2. Change in dye concentration with treatment time (a) and the energy yield vs dye 

removal % (b). Experimental conditions: AB25 concentration 50 mg/L, dye solution volume 15 ml 

and 30 ml, argon flow 2 slm, mean power deposition to the sample 14 watts, discharge gap 14 mm. 
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The plasma emission was recorded by OES. It was found that various excited species including 

HO., O., N2
*, N2

+, .NO, Ar* were present in the plasma environment during APPJ-liquid interaction. 

HO., and O. are considered the major reactive oxygen species (having high oxidation potential) in 

AOPs, and they can rapidly degrade most of the organic contaminants. 

Conclusions 

We have used a multi-electrode-APPJ to eliminate the AB25 dye from aqueous solution. Argon-

APPJ formed streamers in surrounding air and touching the liquid surface. Interaction of APPJ 

with liquid can provide a diverse reactive environment containing RONS, which can react and 

oxidize the dye molecules in water. OES was carried out to capture emission of the reactive 

species - the most pronounced was recorded from N2, O and OH species. When comes to dye 

removal, almost 50 % dye degraded in the first 5 min and more than 70 % after 20 min of plasma 

treatment with both volumes. In all the cases, the highest energy yield was obtained at higher 

solution volume. The experimental results showed that this type of plasma source can be used 

for efficient degradation of AB25. Overall, cold plasma technology can provide an attractive and 

new method for wastewater treatment.  
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Abstract 

Non-thermal plasma (NTP) in liquid and gas-liquid environments generates in situ nitrogen-
containing species, hydroxyl radical, hydroperoxyl radical, atomic hydrogen and oxygen, as well 
as other radicals and active chemical species. These active species are capable of degrading the 
organic micropollutants (OMPs) from the solution relatively quickly, using a low power discharge. 
The aim of this study was to investigate degradation of per- and polyfluorinated alkyl substances 
(PFAS) in different water matrices using the NTP in gas-liquid environment with pin-type electrode 
configuration. It was found that in 10 minutes treatment time most of the selected compounds can 
be degraded up to 90% in pure water, while the degradation in “real” water samples - tap water 
and WWTP secondary effluent was around 50% and 17%, respectively. 

 

Introduction 

Increasing presence of so-called organic micropollutants (OMPs) detected in the aquatic 
environment has raised the awareness and concern about their adverse impact on aquatic 
species and human health. Among them, group of man-made chemicals called per- and 
polyfluoroalkyl substances (PFAS) have become a hot topic in the last few decades because of 
growing number of reports related to PFAS found in drinking water [1,2], human blood serum 
samples and animals from both areas with direct impact from the industry facilities and remote 
areas [3]. Taken into account the studies and the fact that PFAS structure is based on strong 
carbon-fluorine bond, they are considered as one of the most persistent compounds in the 
environment. Other studies had shown that their bioaccumulation in drinking water sources and 
potential to accumulate in the dietary products and human body could cause a serious health 
effects such as immune suppression, thyroid disease, cancer, and significant (chronic) toxicity [4]. 
In 2009, perfluorooctane sulfonate (PFOS) was listed as a Persistent Organic Pollutant (POP) in 
Stockholm Convention [5] aa well as by the United States Environmental Protection Agency 
(USEPA). Other equally known, perfluorooctanoic acid (PFOA) was listed as possible 
carcinogenic compound under the EU Water Framework Directive [6]. PFOS and its derivatives 
are included as a priority hazardous substance with Environmental Quality Standard (AA-EQS) 
limit value of 0.65 ng/L in inland surface waters and 0.13 ng/L in seawater. With recent document, 
EU POPs regulation [7] lead to complete banish of PFOA and PFOS from the production. In terms 
of wastewater treatment processes, many studies and practice had shown that most PFAS are 
highly recalcitrant to conventional wastewater treatment processes, but also to many advanced 
oxidation processes (AOP).  
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One of the novels highly promising AOPs, non-thermal plasma (NTP) has been recently 
recognized as a promising technique for application in (waste)water treatment. Producing radicals 
that are generally required for water treatment, it can affectively degrade substances in water. In 
recent studies there is growing focus on using plasma treatment for compounds highly recalcitrant 
to known water treatment processes such as PFAS [8]. 

In this study, NTP in gas-liquid environment with pin-type electrode configuration has been 
evaluated for the removal of PFAS. Experiments have been done at laboratory scale aimed to 
evaluate removal efficiency of selected long/short chain/novel PFAS in aqueous solution in 3 
different matrices as well as to evaluate possible transformation products. 

Experimental procedure 

Atmospheric pressure plasma jet (APPJ) was used for the degradation of six PFAS: PFOS, 
nonfluorobutane-1-sulfonic acid (PFBS), perfluorobutyric acid (PFBA), undecafluorohexanoic 
acid (PFHxA), 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy) propanoic acid (GenX), dodecafluoro-
3H-4,8,-dioxanoate (ADONA). The plasma source consisted of stainless-steel electrode as a high 
voltage electrode inserted inside the ceramic tube. Both are inserted in the center of a glass tube. 
Copper tape was used as a ground electrode placed at the bottom of sample vessel. Argon 
(working gas) was generated at a liquid surface, powered by a high voltage radio frequency (332 
kHz). 3 different types of matrices, ultrapure water, tap water and secondary effluent as an 
aqueous solutions (10 mL) were spiked with compounds, separately, with initial concentration 
(Co) of 100 ppb. Treatment time was 10 min in each experiment. Figure 1. shows schematic 
diagram of used plasma configuration. 

 

Figure 1. Schematic diagram of atmospheric pressure plasma jet (APPJ). 
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Results and discussion 

 

  
Figure 2. Removal efficiency of PFAS in pure water (A), tap water (B) and WWTP secondary 

effluent (C) 

  

Figure 3. Temperature and pH of A (pure water), B (tap water) and C (WWTP effluent) sample 
during treatment time 

 

Figure 2 shows that after 10 minutes of treatment, removal efficiency was more than 90% for most 
of the compounds. PFBS and Genx had shown less degradation since they are short-chained 
PFAS with stronger C-F bonds. For all the compounds, rapid degradation is observed in the first 
5 min followed by further slower increase in removal efficiency. In the case of “real” water samples, 
it can be observed that when PFAS are in complex matrices, the degradation occurs but less in 
comparison to pure water samples. Since there are other substances in water, radicals needed 
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for the effective removal can react with other compounds which results in slower degradation for 
the same treatment time. Under plasma exposure, all liquid samples were gradually heated, 
starting from ambient temperature (24°C) u to max 45 °C in some cases. As it can be seen from 
figure 3, the rise in the temperature is not linear and the heating slows down, which means that 
non thermal degradation was performed in all types of matrices. As for the pH, it was observed 
that it decreased drastically in case of distilled water which means there is possible formation of 
nitrogen species in solution, but in case of “real” water samples there is no significant plasma 
influence on pH value. Overall, experimental results showed promising performance of APPJ 
configuration and high degradation of PFAS in short treatment time. It can also be observed that 
long chained PFAS, such as PFOS showed better degradation then short chained ones in the 
same matrix type. Degradation of PFOS in tap water and WWTP secondary effluent was 50% 
and 17%, respectively, achieved in 10 minutes treatment time. 
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Introduction 

In the current scenario of water scarcity1 and raising awareness about the harm caused 
by contaminants of emerging concern2, it is fundamental to develop new and sustainable water 
treatment technologies that are capable of degrading these anthropogenic substances to avoid 
their bio accumulation and persistence in the environment3. Advanced oxidation processes 
(AOPs) have shown a great capacity to degrade organic micropollutants (OMPs), but even 
technologies that attract a large amount of scientific attention in the past decades, such as 
photocatalysis, are still far away from real large-scale applications due to their high energy 
demands4,5. Nevertheless, the fast development of ultra-violet light-emitting diodes (UV-LEDs) 
has a potential to open new horizons for water treatment technologies. The point-source 
character of UV-LEDs and other unique features, like controlled periodic illumination (CPI), allow 
more flexible photoreactor designs6.  

There is a lack of data evaluating the impact of different reactor designs and other 
variables related to the matrix composition on the degradation rates of OMPs during 
photocatalysis6, as well as the impact of novel technologies on total organic carbon (TOC) 
abatement and effluent’s toxicity. The EU Watch List of Contaminants of Emerging Concern7 
serves as a guideline for scientists, highlighting substances which are ubiquitously found in 
European surface waters so that their fate and degradation pathways – as well as degradation 
possibilities – can be investigated further. 

 

Materials and methods 

 The photolytic and photocatalytic degradation of 5 contaminants of emerging concern 
(ciprofloxacin, sulfamethoxazole, trimethoprim, venlafaxine and desvenlafaxine – all currently in 
the EU watch list) was investigated. Trace concentrations of the compounds were analyzed by 
High Performance Liquid Chromatography. Initially, the simulation of light profiles for a 
photoreactor using different UV-LED arrays was performed using an optical software. Two 
identical lab scale (150 mL) cylindrical quartz reactors were used. In one of them a titanium 
dioxide (TiO2) nanofilm was embedded on its inner walls for photocatalytic experiments. Figure 
1 shows the experimental set up. To find the best design, a full-factorial design of experiments 

(DoE) was performed investigating the impact of 4 independent variables and their combined 
effects on ciprofloxacin’s degradation rate and electrical energy per order (EEO) consumption. 

Following that, two other DoE were performed to evaluate the simultaneous degradation of the 5 
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target pollutants (C0 of each: 2 mg/L) under a wide range of scenarios using this optimal design. 

Variables investigated in DoE #2 were LEDs’ wavelength, CPI, presence of catalyst nanofilm 
and water matrix (ultra-pure vs tap water). Evaluated outcomes were each pollutant’s 
degradation rates, as well as the effluent’s TOC’s abatement and toxicity reduction, represented 
by the difference between post and pre-treatment bioluminescence of Vibrio fischeri. In Doe #3, 

the impact of inorganic ions and humic acids commonly found in real water bodies on the 
degradation rates of the 5 target pollutants were investigated during UV-A photocatalysis. 
Additionally, experiments were performed investigating the influence of the initial pH of reaction; 
the effect of adding H2O2; combination of UV-LEDs of different wavelengths (UV-A and UV-C); 
the presence of scavengers of different reactive species generated during photocatalysis to 
elucidate reaction pathways for each compound; and, finally, the Vibrio fischeri’s 

bioluminescence of individual solutions of the 5 pollutants was monitored during UV-A 
photocatalysis to verify the influence of degradation by-products in the overall toxicity of each 
effluent. 

 

 

Figure 1. Experimental setup. (a) 1 - energy source, 2 - power meter, 3 - LED control board, 4 - 
LED columns, 5 - UV rays reaching the reactor, 6 – reactor, and 7 - magnetic stirrer. Below, 

upviews (b-d) and side view (e) of different arrays 

 

Results and discussion 

 The software’s simulation of light for different UV-LED arrays showed that a more 
homogenous illumination profile was not obtained when additional light sources was used. Given 
the chosen cylindrical geometry, additional LEDs concentrate light in the reactor’s central axis, 
causing light intensity peaks that decrease photocatalysis’ efficiency8. The most homogenous 
design was the one containing 3 UV-LED strips, since it was the only one in which none of the 
light sources were directly facing each other.  

The DoE #1 provided an accurate model to predict degradation rates and EEO values for 

degradation of ciprofloxacin in ultra-pure water. Results indicated that while the adoption of more 
LEDs and CPI increased the degradation rates, the energetic trade-off was not statistically 
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sufficient to turn this gain into lower EEO values. Only the presence of a TiO2 nanofilm and a 
reduction of the distance between the LEDs and the reactor walls were capable of reducing EEO 

values. It was demonstrated that CPI can only be effective in the presence of a catalyst, not 
contributing during photolysis alone. The optimal photoreactor design chosen matched the one 
that combined the highest light homogeneity and lowest EEO value. 

DoE #2 also successfully provided accurate models to predict degradation rates of 5 
target pollutant simultaneously, as well as TOC decrease and difference in toxicity levels. It was 
observed that best degradation results were obtained by UV-A photocatalysis and/or UV-C 
photolysis, depending on the pollutant. This is due to the fact that: 1) four out of five tested 
compounds are impervious to UV-A photolysis; and 2) UV-C rays, although more capable of 
breaking pollutants’ chemical bonds, are easily absorbed by substances on the way than rays of 
longer wavelengths. Because of that, the presence of the TiO2 nanofilm caused a screening 
effect that hindered degradation. Moreover, the impact of matrix was significant for every 
pollutant, and especially for TOC decrease. This highlights the importance of pre-treatments for 
an optimal performance of photo-based processes. Toxicity analysis suggests that experiments 
performed with UV-C reduced the effluent’s overall toxicity, while experiments performed with 
UV-A increased it. 

DoE #3 provided accurate models for degradation for some of the target compounds, but 
not all. Possible explanations for that can be the influence of other variables which were not 
considered during the analysis, such as the influence of initial pH and the presence of multiple 
degradation products. However, surface-response graphs were obtained showing how the 
degradation constant rate of each compound responds differently to changes in the matrix. 

Experiments investigating the impact of initial pH and the presence of scavengers during 
UV-A photocatalysis reinforced the fact that each compound will respond differently to each 
situation. The use of combined wavelengths did not cause any improvement in reaction rates or 
EEO values. The addition of H2O2 substantially improved reaction rates for all scenarios – 

particularly for cases without the catalyst nanofilm due to the previously discussed screening 
effect. Monitoring of Vibrio fischeri bioluminescence of individual solutions of all target pollutants 

during UV-A photocatalysis showed a toxicity increase for all cases, even after the parent 
compound is completely degraded. 

 

Conclusions 

 Different photoreactor designs and other unique features provided by UV-LEDs were 
able to increase photolytic and photocatalytic degradation rates of pharmaceuticals which are 
currently in the EU watch list of contaminants of emerging concern. However, the energy 
demands of these treatments still rank very high, even among other AOPs, remaining unfeasible 
for practical purposes. DoE is a powerful tool to further understand and obtain empirical models 
to describe systems containing multiple significant variables such as photocatalysis. The results 
show that each compound had different responses to each treatment/scenario, meaning that the 
optimized design will depend on matrix composition, target pollutant reactivity and required 
effluent standards of each case. When performing photocatalysis, UV-C sources should be 
avoided due to their screening effect – although they can be highly effective on photolysis-based 
systems (e.g. disinfection).  Pre-treatments are fundamental for an efficient performance of 
photo-based processes, and attention should be paid to the more toxic degradation by-products 
which may be formed from the multiple photocatalytic degradation routes. 
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 Although photocatalysis’ energy demands are still very high, the quick development of 
UV-LEDs in the past decade suggests that their wall-plug efficiencies will keep decreasing 
exponentially, which can lead to a substantial decrease on the process’ costs. EEO values of UV-
LED photocatalysis have already reached the same levels of traditional UV mercury lamps, and 
even shorter wavelengths (e.g. UV-C) are now approaching levels of UV-A or visible light.   
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Abstract 
Nitrogen-doped TiO2/reduced graphene oxide (N/TiO2/rGO) photocatalyst was synthesized 
by the microwave-assisted process and subsequently immobilized on Al2O3 ceramic foam. 
The obtained photocatalyst was characterized by XRD, FTIR, Raman, SEM-EDS, XPS, 
and N2 adsorption isotherms. N/TiO2/rGO photocatalytic activity was evaluated for 
ciprofloxacin (CIP) and diclofenac (DCF) degradation under UVA, solar and visible light 
irradiation sources. The crystalline phase of TiO2 present in the N/TiO2/rGO nanocomposite 
was anatase. In removing CIP and DCF under different irradiation sources, N/TiO2/rGO 
immobilized on Al2O3 ceramic foam surface (Al2O3@N/TiO2/rGO) showed a competitive 
degradation rate compared to the photocatalyst in suspension. Al2O3@N/TiO2/rGO showed 
good stability and reusability, which are critical parameters in photocatalytic processes.    

 
Keywords 
Microwave-assisted method, N/TiO2/rGO, Al2O3 support, UVA, visible light, simulated solar 
light. 

 
INTRODUCTION 
In the last 20 years, organic micropollutants (OMPs) have gained significant attention because of 
their impact on the environment. Apart from the fact that some of these OMPs, especially 
pharmaceuticals, cannot be efficiently removed by the conventional wastewater treatment plants 
(WWTPs), they could bioaccumulate, prove harmful to the aquatic system and represent a threat to 
public health [1,2]. Therefore, to ensure the complete removal of OMPs from the wastewater, 
additional treatment technologies should be coupled to the existing WWTPs.  
Advanced oxidation processes (AOPs) such as Fenton, photocatalysis, ozonation, etc., have been 
considered as a great alternative for the removal of OMPs from the wastewater. Among different 
AOPs, TiO2 heterogeneous photocatalysis is actively studied because of TiO2’s outstanding 
photocatalytic activity, low cost, excellent chemical stability, and non-toxicity. However, TiO2 is only 
photoactive under UV light irradiation due to its high bandgap (3.2 eV), hindering its applicability 
under solar irradiation (4% UV, 48% visible). Moreover, the photogenerated electron-hole pair can 
quickly recombine, decreasing the photocatalytic activity [3]. Therefore, modification of TiO2 by 
metals or non-metals doping can be a strategy to reduce the recombination rate and/or to redshift 
its optical response to the visible range.  
Apart from the drawbacks related to energy bandgap and recombination effect, photocatalyst 
recovery is another challenge that hampers its large-scale application from an economical point of 
view. The immobilization of TiO2 on different substrate surfaces is considered one of the most 
feasible approaches to avoid photocatalyst recovery and simplify its usage [4]. Therefore, this study 
focuses on the synthesis of N/TiO2/rGO photocatalyst using the microwave-assisted method and 
subsequent immobilization on Al2O3 ceramic foam surface to remove pharmaceuticals ciprofloxacin 
(CIP) and diclofenac (DCF) in aqueous solutions using different irradiation sources. 
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EXPERIMENTAL SECTION 
 
Used materials 
Titanium (IV) isopropoxide (TIP, 97%, Sigma-Aldrich), acetylacetone (≥99%, Honeywell), ethanol 
absolute (p.a., Grammol), urea (99.5%, Sigma-Aldrich), graphene oxide water dispersion (0.4 wt% 
concentration, Graphenea), ascorbic acid (p.a., Sigma-Aldrich), tetraethyl orthosilicate (TEOS, 98%, 
Merck), hydrochloric acid (37%, Merck), commercial Al2O3 powder CT 3000 SG (Almatis), carbonic 
acid-based polyelectrolyte Dolapix CE 64 (Zschimmer & Schwarz Chemie), polyvinyl alcohol (PVA, 
99+ % hydrolyzed, Sigma–Aldrich), antifoaming agent Contraspum K 1012 (Zschimmer & Schwarz 
Chemie) Polyurethane foam (Rekord-tim) with the pore density of 17 pores per inch (ppi), 
ciprofloxacin (CIP, 98%, Acros Organics) and diclofenac sodium salt (DCF, Sigma-Aldrich) were 
used as received without further purification. Ultrapure quality water was used throughout the 
experiments (electrical conductivity of 0.055 µS/cm at 25 °C). 
 
N/TiO2/rGO microwave-assisted synthesis 
Previously to photocatalyst synthesis, graphene oxide (GO) was reduced using a similar procedure 
reported by Baptista-Pires et al. [5]. N/TiO2/rGO containing 0.25 wt% of rGO was synthesized by the 
sol-gel method combined with the microwave-assisted approach. Briefly, rGO was dispersed in 
ethanol and sonicated for 45 minutes at 35 Hz in an ultrasound bath. Meanwhile, TIP was mixed with 
acetylacetone, then ethanol/rGO solution was added while stirring at room temperature; these 
reagents were mixed at a molar ratio of TIP:AcAc:EtOH = 0.014:0.039:1.37 and labelled as solution 
A. On the other hand, urea (N/Ti molar ratio equal 12) was dissolved in 20 mL of deionized water 
and labelled as solution B. Solutions A and B were added dropwise to 80 mL of deionized water 
while stirring at room temperature. This final solution was stirred for 1 hour at room temperature. 
After one hour, the solution was transferred to four Teflon vessels in the microwave (MW) oven for 
thermal treatment at 200 °C and 10 minutes. The synthesized photocatalyst was washed several 
times with ethanol and water, centrifuged, and dried at 65 °C overnight.  
 
Preparation of Al2O3 ceramic foam substrate 
Open-cell alumina (Al2O3) ceramic foam was prepared following the Schwarzwalder and Somers 
replica method. The alumina foam was designed in the form of a ring with outer and inner diameters 
of approximately 90 and 40 mm, respectively, and a thickness of 15 mm. For that purpose, a 
polyurethane (PU) sponge with a pore density of 17 pores per inch (ppi) was impregnated with the 
aqueous ceramic suspension containing alumina powder (α-Al2O3, CT 3000 SG), dispersant 
(Dolapix CE 64), binder (poly (vinyl alcohol)) and antifoaming agent (Contraspum K 1012). The 
following amounts were used: 75, 0.4, 1.5, and 0.1 wt.%, respectively. After impregnation and 
overnight drying, the foam was thermally treated. First applying a slow heating rate of 1 °C/min to 
600 °C with 1 h holding period at 300 °C and at 600 °C to prevent the structure from collapsing during 
the burnout of the PU foam and other organic matter. After that, the temperature was increased to 
1600 °C with a rate of 5 °C/min. The foam was kept at the final sintering temperature for 2 hours 
before furnace cooling. Švagelj et al. published a manuscript with more details about this procedure 
[6]. 
 
Deposition of N/TiO2/rGO nanocomposite on Al2O3 foam substrate 
In order to promote good adhesion between N/TiO2/rGO containing 0.25 wt% of rGO and Al2O3 foam 
surface, a binder solution was prepared. 2 mol of deionized water was acidified with 0.01 mol of HCl, 
followed by the addition of 0.02 mol of TEOS, and the solution was kept under stirring conditions for 
5 hours at room temperature to form a binder solution. Then, a coating solution containing 
binder:ethanol:N/TiO2/rGO in a weight ratio of 7.5:85:7.5 was sonicated for 30 minutes at 35 Hz. 
Meanwhile, Al2O3 ceramic foam was placed in a vacuum chamber (CitoVac, Struers) at 0.16 bar for 
20 minutes; then, the coating solution was injected slowly into the vacuum chamber until the ceramic 
foam was completely covered, keeping the vacuum for another 20 minutes. After the coating time, 
the ceramic foam was removed from the vacuum chamber and was left to dry at room temperature 
for 30 minutes. Afterward, it was thermally treated at 65 °C for 3 h, followed by another 3 h at 90 °C, 
and finally at 120 °C overnight. 

Nowelties’ Final Conference, 11-12 May, 2022 , Dubrovnik, Croatia

38



 
Characterization of photocatalyst 
Structural, morphological and optical properties of N/TiO2/rGO were determined by X-Ray Diffraction 
(XRD), Fourier-transform infrared (FTIR) spectroscopy, Scanning electron microscopy (SEM-EDS), 
specific surface area (BET) analysis, Raman spectroscopy, Diffuse reflectance spectroscopy (DRS) 
and X-Ray Photoelectron Spectroscopy (XPS).  
 
Photolysis and photocatalytic activity evaluation  
The photocatalytic activity of N/TiO2/rGO nanocomposite with 0.25 wt.% rGO deposited on Al2O3 
foam surface (Al2O3@N/TiO2/rGO) was evaluated through the degradation of ciprofloxacin (CIP) and 
diclofenac (DCF), using different irradiation sources: UVA (365 nm, 70 W), solar light simulator (SLS), 
cold visible light (CVL) (450 nm and 600 nm, 100 W), and blue visible light (BVL) (405 nm, 70 W). In 
each experiment, the Al2O3@N/TiO2/rGO was placed in 100 mL of pollutant solution (CIP or DCF, 
10 mg·L–1) and irradiated from above with lamps 20 cm away from the reactor. The 
Al2O3@N/TiO2/rGO was left in contact with the pollutant for 30 minutes in the dark to ensure 
adsorption-desorption equilibrium, followed by 2 hours of irradiation. Samples were taken from the 
reactor at intervals of 0, 10, 20, 30, 45, 60, 90, and 120 min, filtered using a 0.45 µm mixed cellulose 
ester membrane filter and analysed with a UV-Vis spectrophotometer (HEWLETT PACKARD, Model 
HP 8430) at 273 nm (maximum absorption peak of CIP) and 276 nm (maximum absorption peak of 
DCF). During the whole experiment, the temperature was kept at 25 °C by a thermostatic bath. For 
comparative purposes, the photocatalytic activity of N/TiO2/rGO nanocomposite was evaluated in 
suspension, using the same pollutants and irradiation sources described above. In this case, 25 mg 
of the photocatalyst was dispersed in 100 mL of pollutant solution (10 mg·L–1), left in dark adsorption 
for 30 minutes, and irradiated for 2 hours. The sampling and analysis were the same as previously 
described. For the photolysis process, 100 mL of pollutant solution (10 mg·L–1) was irradiated for 2 
hours, applying the same sampling and analysis described before. 
 
RESULTS 
The structural, morphological, and optical properties of N/TiO2/rGO are determined by different 
analytical techniques summarized in Table 1. The specific surface area of N/TiO2/rGO is larger than 
commercial TiO2, which could be attributed to the rGO incorporation. The XRD and Raman analysis 
showed that the obtained material presented only the anatase phase, the most photoactive 
crystalline phase. The energy bandgap of N/TiO2/rGO was calculated based on the DRS analysis 
through the Tauc plot. The energy bandgap was observed to be reduced compared to the 
commercial TiO2, probably due to the interstitial nitrogen doping, confirmed by the XPS analysis.      
 
Table 1. Morphological and optical properties of N/TiO2/rGO containing 0.25 wt% rGO. 

 SBET, m2 g–1  VPore, cm3 g–1  Average pore 
size Crystal phase Energy 

bandgap 
N/TiO2/rGO 0.25 
wt% 176.45  0.309  6.67 nm Anatase 3.11 eV 

TiO2 Degussa P25* 50 - - Anatase/Rutile 
(80/20) 3.20 eV 

*Data from the literature 
 
The photocatalytic activity of N/TiO2/rGO and Al2O3@N/TiO2/rGO was evaluated in the degradation 
of CIP and DCF aqueous solution (10 mg·L–1) under UVA light, solar light, blue light and visible light, 
as it is shown in Figure 1. The photocatalytic experiments under UVA light and solar light showed 
that N/TiO2/rGO and Al2O3@N/TiO2/rGO removed both pollutants completely after 120 minutes of 
irradiation. However, under solar light (Figure 1b), a faster degradation is observed than under UVA 
light (Figure 1b). This faster degradation could be attributed to the co-doping effect, where nitrogen 
shifts the light absorption to the visible range, while the rGO acts as an electron trap, avoiding the 
charges recombination (h+/e–). Although the suspended photocatalyst showed a better degradation 
rate, the immobilized photocatalyst presented a competitive degradation rate. Under visible lights 
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(Cold and Blue, Figure 1c, d), the immobilized photocatalyst displays better removal efficiencies of 
CIP and DCF than the photocatalyst in suspension. Complete removal was observed under blue 
visible light for CIP, while partial removal was achieved under cold visible light. In the case of DCF, 
it was partially removed under blue visible light, while under cold visible light, no removal was 
observed. Degradation of DCF by photolysis was observed only under solar light, while CIP showed 
degradation by photolysis under UVA light and solar light.   
   

  
(a) (b) 

  
(c) (d) 

Figure 1. Photolysis and photocatalytic degradation of CIP and DCF by N/TiO2/rGO and Al2O3@N/TiO2/rGO 
under (a) UVA light, (b) solar light, (c) cold visible light, and (d) blue visible light. 

 
CONCLUSIONS 
Synthesis of N/TiO2/rGO photocatalyst was successfully achieved under mild conditions (200 °C, 10 
min) by microwave-assisted synthesis, where anatase phase was obtained without further 
calcination procedure that usually is required on the conventional synthesis methods. The 
Al2O3@N/TiO2/rGO photocatalyst showed good photoactivity compared to the material in suspension, 
having good stability and reusability. These results indicate that the immobilization method and the 
selected Al2O3 ceramic foam substrate are good strategies for photocatalyst reusability without need 
for a recovery step.  
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Abstract 

Laccase-based wastewater treatment is limited by their narrow substrate scope and low pH 
optimum. To efficiently degrade non-phenolic pollutants as antibiotics, other oxidoreductases 
are needed. 500 U/L unspecific peroxygenase from Agrocybe Aegerita (AaeUPO) transforms 
5 mg/L sulfamethoxazole (SMX) within 10 minutes at pH=7, however, it is less stable 
compared to laccases in wastewater conditions. We aimed to improve AaeUPO stability by 
immobilization onto magnetic nanoparticles via glutaraldehyde crosslinking and subsequent 
organosilica shielding. Even though stability could be improved by the shielding, the reusability 
is not yet satisfactory, dropping to 70% of SMX removal after the third cycle. 

Introduction 

Despite the numerous publications on oxidoreductases in wastewater treatment, only few 
examples exist for pilot scale application.[1] This can be explained by three main issues still 
present at lab scale level: limited substrate scope, slow reaction kinetics and instability in 
wastewater conditions. The intrinsic selectivity of enzymes impedes the simultaneous 
transformation of a broad range of compounds present in wastewaters. While laccases could 
be successfully applied for phenolic substances, pharmaceuticals without those functional 
groups were not satisfactorily removed. This limitation was sought to be overcome by the 
addition of mediator compounds, however these compounds add high costs and can increase 
toxicity of the effluents.[2] Other oxidoreductases with a broader substrate scope such as 
peroxidases and peroxygenases can overcome this limitation. While peroxidases showed 
already an improved removal performance compared with laccases, peroxygenases remain 
underrepresented in the field of bioremediation. [3,4] Nevertheless, AaeUPO proved to be 
applicable to transform a wide range of pollutants which are recalcitrant to laccase treatment, 
showing transformation of several pharmaceuticals in less than 10 minutes.[5] The mayor 
limitation for its scale-up is the limited stability, particularly in excess presence of its cofactor 
hydrogen peroxide (H2O2). We therefore aim to stabilize this enzyme onto magnetic 
nanoparticles for its repeated reuse. 

Materials and methods 

Magnetic nanoparticle synthesis: 1988.3 mg (10 mmol) iron(II)chloride (FeCl2*4H2O) and 
3244.0 mg (20 mmol) iron(III)chloride (FeCl3*6H2O) and 424.95 g (5 mmol) sodium nitrate 
(NaNO3) were dissolved in 10 mL water. The solution was purged with nitrogen for 30 minutes 
and subsequently, 32.9 mL of a 2 M NaOH solution, which was accordingly degassed, was 
added in one pulse to the reaction mixture under continuous stirring at 200 rpm. The mixture 
was left stirring for 15 min, and the black precipitate was washed six times with water. APTES 
functionalization: To 30 mL of a 12.25 mg mL-1 solution of MNP in sodium phosphate buffer 
(0,1 M pH=7.5) 1.98 mL of APTES (18 mmol/g MNP) were added and the reaction mixture was 
kept at 80°C for 20h. Resulting particles were washed four times with deionized water. 
Ninhydrin assay: 200 mg Ninhydrin and 30 mg Hydrindantin were dissolved in 7.5 mL 
degassed DMSO. 2.5 mL 4 M sodium acetate buffer (pH=5.6) were added. Calibration 
standards contained APTES in a 50:50 EtOH/water solution. Nanoparticles were dispersed in 
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a 50:50 EtOH/water solution in exactly determined concentrations in the range of 1-5 mg/mL. 
250 µL of the standards or samples were thoroughly mixed with 250 µL staining solution and 
incubated at 95°C for 15 min in sealed Eppendorf tubes. The tubes were immediately cooled 
in an ice bath and 500 µL EtOH were added. The samples containing particles were centrifuged 
at 22140 x g or 5 min. 200µL of the supernatant were placed in a 96-well plate and the 
absorbance was read at 570 nm. Zeta potential was measured in disposable capillary cells 
(DTS1070) in a Malvern Zetasizer Nano ZS equipped with the Zetasizer software version 4.17. 
Suspensions were diluted to 0.5 gL-1 and pH was adjusted with few drops of NaOH or HCl 
solutions. Glutaraldehyde functionalization: 3.2 g L-1 aminofunctionalized magnetite 
nanoparticles were immersed for 1 h in a 1 % glutaraldehyde solution in sodium carbonate 
buffer, pH=9. Enzyme immobilization: A defined amount of enzyme was added to 
glutaraldehyde functionalized particles at different pH values at 20°C. Further immobilizations 
were performed with optimized parameters. Enzyme shielding: 6 mL of a 3.2 gL-1 of the enzyme 
functionalized magnetite nanoparticles were incubated with 29 µL TEOS in potassium 
phosphate buffer (pH=7). After one hour, 7µL APTES were added, and the reaction proceeded 
for 15 h, then, the particles were washed and cured in potassium phosphate buffer for 24h at 
20°C.[6] Enzyme activity was determined via ABTS oxidation (0.5 mM ABTS¸1 mM H2O2, 
pH=4.4) in a microplate reader. One unit of activity corresponds to 1µmol ABTS·+/min formed 
in the assay mixture. SMX degradation was monitored in 4 mL vials, H2O2 was dosed manually 
in one pulse at the beginning of the experiment or in consecutive pulses. Initial SMX 
concentrations were set at 5 mg/L, and enzyme activity at 500U/L. SMX was quantified using 
an Agilent Zorbax eclipse XDB-C18 column, mobile phase A:water, 0.1% formic acid; mobile 
phase B: acetonitrile, 0.1% formic acid (ACN), using a linear gradient of 20% -100% B(1-11 
min) followed by 2 min 100% B, after which the column was re-equilibrated to initial conditions 
until 16 min. SMX was detected via DAD detector at 275nm.  

Results 

Figure 1 shows the characterization results obtained during the steps of biocatalyst synthesis.  

 

Figure 1:a) Size distribution histogram of synthesized magnetic nanoparticles (insert: TEM Image); b) zeta potential of citrate 
stabilized magnetic nanoparticles (black rectangles) and aminofunctionalized magnetic nanoparticles (blue dots) in 
dependence of the pH. c) red line: theoretical monolayer coverage of amino groups in dependence of the particle diameter; 
black rectangles: measured amino group coverage. d) Attained laccase activity onto the catalyst, which had been submerged 
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to different glutaraldehyde incubation times. black: initial activity, red: supernatant activity; blue: immobilized enzyme after 
wash. 

Magnetite particles were prepared by oxidative coprecipitation, yielding a mean particle 
diameter of 9±3 nm, determined via TEM image processing (Figure 1a). The subsequent 
aminofunctionalization was monitored qualitatively by zeta potential measurement, showing a 
shift towards positive values in the range of pH=2-8.25. Accessible amino groups were 
quantified by the ninhydrin assay (Figure 1b). Figure 1c shows the measured amine coverage 
in mM/g and the theoretical monolayer coverage based on the estimations by Sun et al.. [7] 
The obtained amine coverages are above the theoretical monolayer coverages, possibly by 
the formation of organosilane aggregates due to condensation of several APTES molecules 
under aqueous conditions.[8] Figure 1d shows the immobilized activity of laccase as test 
enzyme in dependence of glutaraldehyde reaction time. After 60 minutes of incubation there 
is no further increase in immobilized activity indicating that all available amino groups reacted 
with glutaraldehyde. During immobilization, the recovered activity of AaeUPO showed highest 
values at pH=9 and reached a plateau after 1h of incubation (data not shown).  

 

Figure 2: a) Immmobilization yield and activity load in dependence of initially applied AaeUPO activity; b) Activity retention of 
the unshielded (blue rectangles) and the shielded nanocatalyst (black rectangles). 

The optimization of initial AaeUPO amount during immobilization indicates that a considerable 
share of enzyme activity is deactivated during the process, allowing a maximal immobilization 
yield of 40±8% (Figure 2a). Even though this value is lower compared to other more complex 
covalent immobilization strategies, the obtained maximal activity load of 1.04±0.14 U/mg is 
one of the highest reached so far.[3,9] When the immobilized catalyst is not further treated, the 
activity drops to zero within two days of storage (Figure 2b). Conversely, when the catalyst is 
shielded by an organosilica layer according to Correro et al. the activity maintains 40% of its 
original value after three weeks of storage.[6] 

 

Figure 3: a) Stability over time of the immobilized and free enzyme at 1mM H2O2 (red and black graph, respectively) and at 
0.01mM H2O2 (green and blue graph, respectively); b) Removal percentage of SMX in consecutive 10-min cycles, enzyme 
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activity: 500U/L; c0(SMX)=5 mg/L; pH=7; T=20°C. Initial H2O2 concentration was 0.1 mM, every minute, an additional amount 
of 0.05mM was added.  

Figure 3a shows the stability of the immobilized and free enzyme at different hydrogen 
peroxide concentrations in potassium phosphate buffer in the presence of SMX. Especially at 
high hydrogen peroxide concentrations, the positive effect of enzyme immobilization is visible. 
Figure 3b shows the reusability of 500U/L immobilized catalyst for SMX removal. While in the 
third cycle, 70% SMX removal could still be reached, the achieved removal drops to 20% in 
the fourth cycle.  

Conclusions 

We could successfully immobilize AaeUPO for the first time onto magnetic nanoparticles, 
obtaining a high activity load and a considerable retention of stability under storage conditions. 
The immobilized catalyst achieves complete removal of SMX within 10 min. Even though the 
stability of the immobilized enzyme is competitive with reported literature results, the 
application at larger scale is not feasible yet regarding the low reusability performance. We are 
currently aiming to optimize the shielding procedure to increase the reusability of the catalyst 
and to identify the SMX transformation products.   
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Abstract 

Clean water is considered to be one of the main goals in the effort to achieve a sustainable living 
environment. The fulfillment of this goal may include the use of solar-driven photocatalytic 
processes that are found to be quite effective in water purification. Photocatalytic degradation of 
organic pollutants in water rely on the formation of electron/hole (e−/h+) pairs at a semiconducting 
material upon its excitation by the light with sufficient photon energy. Titanium dioxide remains a 
benchmark photocatalyst with a high stability, low cost and toxicity. However, the wider application 
of this technology requires the harvesting of a broader spectrum of solar irradiation and the 
suppression of the recombination of photogenerated charge carriers. These limitations can be 
overcome by the use of different strategies, among which the focus is put on the creation of 
heterojunctions with another narrow bandgap semiconductor, thus providing a high response in the 
visible light region. Despite all the recent advances in improvement of TiO2 photocatalytic 
technology, major challenges still arise for its large scale applicability, life-cycle assessment and 
production of more toxic organic byproducts. To this prospect, an opportunity to solve challenges for 
larger scale applications has also been implemented, including the new design of photocatalytic 
membranes and reactors. 
 
Keywords: TiO2, photocatalytic degradation, water treatment, large scale applicability 

Introduction 

Accessible clean water is one of the major priorities for sustainable economic growth and societal 
wellbeing. Water supports life and is a crucial resource for humanity; it is also at the core of natural 
ecosystems and climate regulation. Water stress is primarily a water quantity issue, but it also 
occurs as a consequence of a deterioration of water quality and a lack of appropriate water 
management [1]. Environmental problems that are associated with water pollution have been a 
persistently important issue over recent decades, correlated negatively with the health and 
ecosystem. Activities of the Water JPI’s Strategic Research and Innovation Agenda focus on, 
among others, new materials and processes, energy efficiency, thus supporting key enabling 
technologies for clean water and wastewater treatment [2]. In 1972, pioneering work of Fujishima 
and Honda for photoelectrochemical H2 production from water using TiO2 gave birth for the field of 
semiconductor photocatalysis[3]. Works by Ollis et.al. [4], involving mechanistic study of hydroxyl 
radicals formed on the surface of TiO2 which leads to photocatalytic degradation of organic 
contaminants in water, practically opened a new research field within new water purification 
technologies. TiO2 wide application has been promoted due to: (i) high photocatalytic activity under 
the incident photon wavelength of 300 < λ <390 nm and (ii) multi-faceted functional properties, such 
as chemical and thermal stability, resistance to chemical breakdown, and attractive mechanical 
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properties [5,6]. However, harvesting a broader spectrum of solar irradiation involves the lowering of 
the band gap of semiconducting material, whilst inhibiting the recombination of photogenerated 
charges. Strategies, including doping with non-metals, incorporation or deposition of noble metals 
(ions), and material engineering solutions that are based on composites formation using transition 
metals, carbon nanotubes, dye sensitizers, conductive polymers, graphene (oxide), and 
semiconducting materials, present viable solutions for set tasks [5-9]. It is of great importance to 
combine TiO2 with narrow band gap semiconductors with visible light response to obtain an effective 
composite for photocatalytic applications. The obtained synergistic effect between two or more 
semiconductors will then promote efficient charge separation, sufficient visible light response, and 
high photocatalytic performance.  
 

Recent Achievements 

Photocatalytic Water Treatment 

The general mechanism for TiO2 semiconductor photocatalysis (Figure 1) is composed of three 
main steps: 1. e−/h+ pairs are generated on the surface of the semiconductor under illumination with 
the required wavelength or energy; then, 2.) photogenerated charges (i.e., e−/h+) migrate to the 
surface of the semiconductor; and lastly, 3.) e− and h+ induce redox reactions on the surface that 
facilitate destruction of organic pollutants [10,11]. As stressed above, TiO2 is still the most studied 
and widely used material for photocatalytic degradation reactions. 
 
Junction Architectures 

Three main types of heterojunction architectures are reported for TiO2/semiconductor composites 
[12]. In Type I heterojunction, the conduction band (CB) of TiO2 is higher in energy (more negative 
potential) when compared to the CB of semiconductor 2 and the valence band (VB) of TiO2 is lower 
in energy (more positive potential) as compared to the VB of semiconductor 2 [13,14]. This leads to 
the accumulation of photogenerated h+ and e− in semiconductor 2. In Type II heterojunction (where 
TiO2 can be semiconductor 1 or 2), the CB of semiconductor 2 is higher than the CB position of 
semiconductor 1 leading to facile transfer of photogenerated e− from CB of semiconductor 2 to CB 
of semiconductor 1 [15]. Meanwhile, photogenerated h+ in VB of semiconductor 1 can be transferred 
to the VB of semiconductor 2, which facilitates efficient charge separation. Type III heterojunction 
(also known as broken gap situations) [16] shares the same charge transfer mechanism like Type II 
heterojunction. In this case, the CB and VB of semiconductor 2 are higher than CB and VB of TiO2 
[17]. 

 

Figure 1. A) Photocatalytic reaction mechanism over semiconductor material. B) Band alignment in 
Type I, II, and III TiO2-semiconductor coupled heterojunctions 
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Challenges 

 

Figure 2. Scheme for TiO2 Photocatalysis - Challenges[18-20] 

 

Opportunities 

 

Figure 3. Scheme for TiO2 Photocatalysis – Opportunities[21,22] 
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Abstract 

The adsorption of antibiotic ciprofloxacin (CIP) from an aqueous solution by natural and modified 
zeolite – clinoptilolite (CLI) from Serbian deposit Slanci was investigated. CLI was modified with 
magnetite (M-CLI) and magnetite and graphene oxide (GO-M-CLI) by microwave-assisted and 
ultrasound method, respectively, to improve CLI adsorption capacity and separation ability. All the 
studied adsorbents showed a high adsorption affinity towards CIP at 10, 15 and 20 ºC at a pH of 
5, and the adsorption kinetics were studied for the initial concentrations of 15-50 mg CIP dm–3. 
Response surface methodology (RSM) will be employed to achieve the best conditions for the 
CIP adsorption. Strong electrostatic interactions between the cationic form of CIP and 
aluminosilicate lattice could explain the adsorption mechanism. For the regeneration of spent 
adsorbents, microwave-assisted method will be investigated. 

Keywords: clinoptilolite, adsorption, ciprofloxacin, magnetite, graphene oxide, microwave-
assisted method. 

 

1. Introduction 

Nowadays, the use of antibiotics (that can be, from environmental point of view, assumed 
as organic micropollutants – OMPs) in both human and veterinary medicine is constantly 
increasing and their presence in natural waters could have adverse effects on aqueous 
environments and human health. Furthermore, conventional wastewater treatment processes 
cannot remove OMPs efficiently, thus it is important to develop alternative technologies for their 
removal [1]. As a model pollutant in this research, a frequently used fluoroquinolone antibiotic 
ciprofloxacin (CIP) was used. 

Adsorption has generally proved to be a promising method for inorganic and organic 
compound removal from aqueous media due to its simplicity, environmental and economic 
feasibility as well as a wide range of available adsorbent materials [2]. Among different adsorbents, 
natural zeolite – clinoptilolite (CLI) has been extensively studied due to its unique structural 
features, adsorption properties, non-toxic nature, and availability. This good adsorption efficiency 
of CLI can also be ascribed to its propensity to be modified without structural changes. Thus, the 
impregnation of CLI lattice with metal oxide nanoparticles, magnetite (M) in this case, and 
graphene oxide (GO) increases its specific surface area and adsorption ability. Microwave-
assisted synthesis proved to be a simple and efficient method for the synthesis of nanoparticles. 
The main advantages of microwave-assisted synthesis are rapid and homogeneous heating of 
the precursor’s materials. Rapid heating of the precursor’s materials by microwave irradiation 
significantly reduces the overall synthesis time [3].  
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This research presents a novel method for natural clinoptilolite modification and formation 
of CLI-based composite which showed excellent adsorption efficiency for CIP removal from 
aqueous solution. To study the prepared adsorbents reusability, a microwave irradiation was 
investigated for their regeneration. 

 

2. Experimental part 

Starting material: Clinoptilolite-rich zeolitic tuff (Z) obtained from the Serbian deposit Slanci, 
near Belgrade, was used as starting material in the experiments. According to Rietveld 
refinements [4], Z contains CLI as the major mineral phase (>80 wt.%) and quartz (<7.5 wt.%) 
and feldspar (<13 wt.%) as major satellite phases. The cation exchange capacity (CEC) of the 
CLI determined by a standard procedure [5] was 162 mmol M+/100 g. The particle size used in 
the experiments was in the range of 0.063-0.125 mm for which previous studies showed the best 
adsorptive performance [6,7]. 

The microwave-assisted method was used for synthesis of magnetic zeolite (M-CLI) [3]. 
The GO-M-CLI was obtained by slightly modified procedure described by Yu et al. [8]. 

Characterization: Analysis of the mineral phases present in the samples was done via the 
powder X-ray diffraction method (PXRD). A simultaneous thermogravimetric (TGA) and 
differential thermal analysis (DTA) was performed to study the thermal behavior of the prepared 
adsorbents. The specific surface area and porosity characteristics were determined by the N2 
adsorption at –196 °C using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 
(BJH) method, respectively. Raman spectroscopy was carried out to determine the quality and 
properties of GO layer in GO-M-CLI. The zeta potential and magnetic properties measurements 
of the prepared adsorbents were also performed. 

CIP adsorption tests: The adsorption tests were performed by a batch method. The 
adsorption capacity of CLI, M-CLI and GO-M-CLI towards CIP was studied for different initial CIP 
concentrations (15-50 mg dm–3), temperatures (10-20 °C) and pH (5-9). 0.2 g of adsorbent was 
suspended in 50 cm3 of the particular concentrations of CIP solution and left in thermostated 
incubator-shaker from 5 to 60 min. The solid was recovered by vacuum filtration and the CIP 
concentration in the filtrate was measured by an UV-VIS spectrophotometer at λ= 278 nm. 

Experimental design: Response surface methodology (RMS) will be used to optimize the 
number of experiments to reduce operational costs. The central composite factorial (CCF) design 
function of the Design-Expert® software will be used to quantify the impact of the relations 
between five independent factors (initial CIP concentration, pH, temperature, reaction time, and 
adsorbent type) on adsorption ability. 

Regeneration of spent adsorbents: The regeneration possibility of spent CLI, M-CLI and 
GO-M-CLI will be investigated by microwave irradiation of the spent adsorbents in the microwave 
oven. 

 

3. Results and discussion 

The PXRD patterns (Figure 1) showed that CLI was the main mineral phase with quartz 
and feldspar as satellite phases. The impregnation of M and GO separately did not significantly 
affect the CLI crystallinity, but the modification with both M and GO leads to a decrease in GO-M-
CLI crystallinity. 
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Figure 1. PXRD patterns of the various CLI modifications. 

The textural properties of CLI changed during its conversions (Table 1). The CLI specific 
surface area (SBET) was doubled after the M and GO impregnation, while the synergic effect of M 
and GO led to its further increase. This could be attributed to large specific surface area of both 
M (~100 m2 g–1) and GO (~400 m2 g–1). The same effect was observed for the total pore volume 
(Vtot). 

Table 1. Textural properties of CLI, GO-CLI, M-CLI and GO-M-CLI. 

Sample SBET (m2 g–1) Vtot (cm3 g–1) 
CLI 24.48 0.09904 
GO-CLI 37.44 0.1202 
M-CLI 52.10 0.17963 
GO-M-CLI 64.80 0.21936 

SBET – specific surface area; Vtot – total pore volume. 

Due to the zwitterionic nature of CIP molecule, its adsorption performances strongly 
depend on the pH of the solution [9]. Study of the adsorption capacity dependence on pH showed 
that the best results can be obtained at pH of 5 (not shown). According to the adsorption 
experimental data obtained at 25 °C and pH= 5 (Figure 2), GO-M-CLI showed the highest 
adsorption capacity for CIP. It can be attributed to the increase in CLI specific surface area after 
M and GO impregnation. For all studied adsorbents, the CIP uptake increased rather sharply in 
the first 10 min for the lowest and highest studied CIP initial concentration. More than 85% of the 
maximum adsorption capacity was achieved in 10 min, indicating fast adsorption kinetics. 
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Figure 2. Adsorption kinetics for CIP on CLI, M-CLI and GO-M-CLI for two different initial CIP 

concentrations at 25 ºC and pH of 5; qt is the amount of the adsorbed CIP after time t. 

 

4. Conclusion 

The study shows that impregnation of magnetite nanoparticles and graphene oxide layers on 
natural clinoptilolite can enhance its adsorption capacity for antibiotic ciprofloxacin removal from 
aqueous solution, as well as facilitate its separation from the aqueous phase. As it was expected, 
GO-M-CLI showed the highest adsorption capacity for CIP at all studied temperatures, pH and 
for all studied CIP initial concentrations. The regeneration of spent adsorbents by microwave 
irradiation will be performed to investigate the reusability of prepared adsorbents. 
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By now, the presence of trace amounts of a wide range of contaminants introduced through 
wastewaters and their adverse effects on the environment have received considerable 
attention.1,2 Many advanced wastewater treatments have been considered in the search for 
an effective yet economical method for their removal of which adsorption has shown promise 
both as a direct method of contaminant removal3 and as means to increase the efficiency of 
other, oxidation based, methods.4,5 Due to the specific requirements of experimental studies 
on the adsorption of contaminants to carbon nanomaterials information on the 
thermodynamics of adsorption and more in-depth investigations of mechanisms which 
contribute to adsorption is available sparingly. Computational approaches enable this 
information to be obtained at, relatively, low cost in terms of the time required and for 
contaminants that may not otherwise be easily acquirable. In this study we model the 
adsorption of 69 pharmaceutically active compounds (PhACs) on the carbon nanomaterials 
(CNMs) graphene and graphene oxide, in water and n-octanol, in three pH ranges. We 
examine the relationship of non-covalent interactions (van der Waals, π-interactions, 
hydrogen bonding and hydrophobic interactions) and find differences in optimal removal 
conditions for the different classes of PhACs. The effect of temperature on the subsequent 
adsorbent regeneration is also discussed. Finally, as the data obtained is not influenced by 
the differences in nanomaterial composition introduced by variations in the protocol of its 
synthesis,6,7 it may further contribute to towards the development of predictive adsorption 
models.  

Introduction 

The widespread presence of antibiotics and other PhACs has been a cause of great concern 
due to their effects on the composition of bacterial communities, the ever-growing threat of 
widespread antibiotic resistance and other possible effects that may stem from their 
bioaccumulation and transport through both aquatic and terrestrial food webs.8–11 The use of 
graphene and graphene oxide has previously been reported on in literature including 
thermodynamic data on the adsorption of several PhACs,12,13 however use of different 
modifications of the nanomaterials in question hinders comparisons between the results of 
these studies. Computational studies enable the use of consistent nanomaterial models thus 
circumventing the difficulties associated with variations in the nanomaterial and have already 
contributed to the understanding of the fundamental mechanism regarding the adsorption of 
aromatic and pharmaceutically active compounds on carbon nanomaterials.14,15 In this work 
we aim to fill the current knowledge gap on the thermodynamics of adsorption of antibiotics 
and other PhACs as well as examine interactions that contribute to the overall adsorption 
mechanism, their contributions and how environmental variables such as pH, solvent polarity 
and temperature influence them. Additionally we examine the differences in adsorption 
behavior between the different classes of PhACs considered and how these differences 
influence optimal conditions both for the removal of contaminants and the regeneration of the 
nanomaterial adsorbents used. 
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Methods 

Both PhAC and nanomaterial models were built using GausView 6.0 software and optimized 
at the B3LYP-D3BJ / 6-31G(d) level of theory using the SMD implicit solvation model. 
Several sizes of nanomaterial flake were modeled and matched to PhACs individually to 
minimize the computational cost, the effects of flake size on adsorption energy were studied 
earlier and found to be almost negligible.16 Following this the optimized PhAC models were 
placed in six possible orientations above the nanomaterial models and preliminary 
evaluations (optimizations and calculation of the Gibbs free energy of adsorption) of these 
were done using the PM6-D3H4 semiempirical method with COSMO implicit solvation. For 
each combination of PhAC and nanomaterial the most energetically favorable adsorption 
complex was then chosen and reoptimized at the B3LYP-D3BJ / 6-31G(d) level with SMD 
solvation. Vibrational analysis was done to confirm that all structures were true minima. All 
semi-empirical calculations were performed using Mopac2016 software while DFT 
calculations were performed using Gaussian 16. Solution pH was simulated by addition or 
removal of H+ from antibiotic molecules when applicable. Adsorption enthalpies (and 
analogously adsorption Gibbs free energies) were calculated according to the following 
equation: ∆ = 	 −	 −	 +  

Basis set superposition error (BSSE) was calculated by the counterpoise method.17 
Iogansen’s relationship18 was used to estimate hydrogen bond formation enthalpy. 

Results 

Adsorption mechanism 

Van der Waals dispersion interactions, π-interactions, hydrogen bonding and hydrophobic 
interactions were examined as contributing factors to the overall adsorption mechanism. Van 
der Waals interactions were examined through the use of isotropic molecular polarizability as 
a proxy and found to correlate significantly vs. ∆H in all combinations of solvent, and 
nanomaterial. The correlations were found to be slightly lower yet still significant in n-octanol. 
The influence of π-interactions on the enthalpy of adsorption was, at first, attempted by 
correlation with the LOLIPOP values.19 When no significant correlations were found Welch’s 
t-test was performed between groups of PhACs containing different numbers of aromatic 
rings. This approach indicated that while the average ∆H of these groups did decrease (the 
adsorption was energetically more favorable) with an increase in the number of aromatic 
rings in the PhAC models the difference was only statistically significant for non-antibiotic 
PhACs as the larger antibiotics were generally not able to achieve close stacking of the 
aromatic rings with the nanomaterial, figure 1. This remained true irrespective of the solvent 
polarity. Hydrogen bonding was examined both by correlating the number of PhAC-CNM 
hydrogen bonds with the mean adsorption enthalpy and by correlating the sum of enthalpies 
of formation of PhAC-CNM hydrogen bonds with the change in adsorption enthalpy of a 
PhAC from graphene to graphene oxide. Both correlations were significant with the 
correlation vs. number of hydrogen bonds being very strong while the correlation vs. the sum 
of enthalpies of hydrogen bond formation was moderate. Complexes in a lower polarity 
solvent formed on average more stable hydrogen bonds, consistent with prior examinations 
of this change.20 Hydrophobic interactions were examined by the correlation of the change in 
total van der Waals surface area of the PhAC and CNM versus the change in enthalpy of 
adsorption from water to n-octanol. For graphene the correlation was significant and of 
moderate strength which, given the negative change in adsorption enthalpy from octanol to 
water, would signify that the hydrophobic effect is nonclasical (enthalpic). For adsorption of 
antibiotics to graphene oxide the opposite trend emerges: complexes adsorb more stably in 
n-octanol than they do in waterand the effect is again enthalpic. 
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Introduction 

Continuous release of organic micropollutants (MPs) from wastewater treatment plants 
entails a potential damage in aquatic and soil environments due to their toxicity and 
recalcitrant nature. To deal with this issue, scientists around the globe are making efforts 
searching for innovative advanced wastewater treatments and, when possible, 
decentralized solutions. Combination of biological and innovative physicochemical 
processes may enhance the removal of a wide range of MPs, by promoting different 
removal mechanisms in the so-called hybrid systems, while improving the effluent overall 
quality. 
Advanced biological treatments (namely membrane bioreactor, MBR) have become 
widely used in the recent years, as integrated membrane processes provide a better-
quality effluent for a wide range of contaminants. However, these systems were not 
initially intended for the removal of MPs. To overcome this issue, sorption on powdered 
activated carbon (PAC) has been proposed as a promising solution due to its high 
adsorption capacity, which has already been subjected to several studies related to the 
mitigation of membrane fouling (Ng et al., 2013).  
When it comes to removal mechanisms, the removal of MPs in MBRs is mainly governed 
by biodegradation and sorption within the sludge. Once the PAC is added inside the 
bioreactor, the removal is then driven by different mechanisms. The PAC interacts with 
the dissolved organic matter (DOM) and the sludge flocs to create PAC-sludge 
complexes: PAC particles are integrated inside the flocs and at the same time the organic 
matter is adsorbed onto PAC surface. Thus, sorption processes (i.e. adsorption and 
absorption) increase their relevance in these hybrid systems. MPs are then not only 
subjected to the removal mechanisms associated to the MBR, but to sorption processes 
related to the PAC-sludge complex. In the same way, PAC addition modifies sludge 
properties, which may imply an enhancement of the biodegradation processes (Asif et 
al., 2020). In this context, wastewater treatment plants are characterized by a high 
content of organic matter. The nature of the influent and, in particular, the DOM play a 
relevant role in these hybrid systems by determining the extent of the removal of several 
MPs, in particular when removal relies on the adsorption onto the activated carbon.  
To date, several studies have investigated the optimization of the operational conditions 
to improve the performance of the MBR coupled with PAC (Ng et al., 2013; Remy et al., 
2009; Streicher et al., 2016), while trying to determine which are the key MP’s properties 
that explains the extent of their removal and the influence of the water matrix (Alvarino 
et al., 2018; Mailler et al., 2016). This approach is crucial to determine the strategies 
following the operation of hybrid systems to ensure the reduction of MPs levels and 
therefore the impact on the receiving waters.  
The current study aims to clarify the influence of the operational conditions and MPs 
properties, as well as the role of the DOM in the removal of MPs from wastewater in MBR 
coupled with PAC. To study the implication of operational conditions and MP properties, 
statistical analyses are performed on results regarding the removal efficiencies for a 
collection of MPs retrieved from relevant peer-reviewed papers. In addition, in order to 
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study the influence of the DOM, adsorption batch experiments are conducted for a 
selection of 3 MPs under different water matrixes. 

Materials and methods 

Statistical analysis 

Exploratory data analyses (principal component analysis, cluster analysis, and 
regression analysis) were adopted to analyze the results obtained from 7 studies (namely 
Alvarino et al., 2016, 2017; Asif et al., 2020; Li et al., 2011; Nguyen et al., 2013; Serrano 
et al., 2011; Yu et al., 2014). Dataset was retrieved by Gutiérrez et al. (2021) and it refers 
to 10 investigations studying the removal of MPs in a MBR coupled with PAC. Collected 
investigations refer to laboratory and pilot scale reactors in which PAC was added inside 
the bioreactor. Studies were selected based on the availability of parameters under the 
study. Selected operational parameters were PAC dose, PAC retention time (that is, time 
PAC is inside the reactor before its disposal) and SRT. Regarding MPs properties, 
considered parameters are LogDow, charge and molecular weight (MW). The dataset 
includes 146 observations referring to 37 compounds. Statistical analyses were 
performed in R software. Significance level of p < 0.05 was set for regression analysis.  

Adsorption experiments 

Adsorption experiments were performed in ultra-pure water and humic acid solution 
testing three MPs separately (namely diclofenac, sulfamethoxazole and trimethoprim). 
PAC was added in amounts ranging from 2 to 20 mg (0.1, 0.25, 0.5, 1 g L-1) in glass 
beakers containing 20 mL solution of each MP. Six initial MP concentrations were tested 
(i.e. 5, 7.5, 10, 15, 20, 25 mg L-1). Humic acid solution used was 50 mg L-1. Test solutions 
were incubated for 24h at 25ºC under continuous stirring (200 rpm). To avoid 
photodegradation experiments were conducted in the darkness. To determine 
adsorption kinetics, experiments were performed under different time periods (i.e. 10, 20, 
30, 40 and 50 min; 1, 2, 4, 6, 18 and 24h). MP concentrations were analyzed by HPLC 
with diode-array detection. 

Results and discussion 

Statistical analysis 

The results of this study suggest that the different operational conditions adopted in the 
selected studies did not imply better MPs removal efficiencies in the selected studies. 
No significant correlations were found among any of the selected operational parameters 
(PAC dosage, PAC retention time and SRT) with removal efficiencies. Cluster analysis 
(Table 1) grouped all the results corresponding to (Asif et al., 2020) in Cluster C, 
suggesting its particularly high PAC dosage (20g L-1) entails a better average removal 
(97.4%). However, the high removal observed does not significantly differ from the other 
clusters (A, B, D), ranging between 84-98% for all the remaining PAC concentrations 
(0.03 – 1 g L-1). Due to its exceptional PAC dosage, (Asif et al., 2020) is then defined as 
an outlier and not considered for further statistical analysis and interpretations. PAC 
retention time seems to be a parameter from which effect is strongly dependent of the 
mechanisms that determine the MP removal (Gutiérrez et al., 2021). For these reasons, 
further research is needed to clarify the role of PAC dosage and retention time in order 
to improve its usage in the reactor. SRT data were not considered heterogenous enough 
in this dataset and, as many authors did not purge sludge during the experiments to 
evaluate the level of saturation of PAC, range of SRT was higher than usually expected 
in MBR reactors (20-50 days, Metcalf & Eddy, 2014). 
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Regarding physico-chemical properties of MPs, results of regression analysis confirmed 
the charge has an important role on MP removal (p = 0.037). Indeed, cluster A and B 
present the highest and lower average removals and charges, respectively (Table 1). It 
is well known that positively charged compounds tend to be attracted to overall 
negatively charged PAC-DOM complex. Electrostatic interactions favor sorption 
processes which increase the removal of MPs within the reactor. LowDow was positively 
correlated with the removal of anionic and neutral compounds (clusters B and D, 
respectively) (p<0.001), suggesting that LogDow is an important parameter to take into 
account in absence of positive electrostatic interactions. Results are confirmed in cluster 
analysis, from which cluster D grouped mainly neutral compounds (Table 1) with a high 
average removal (91%). 
 
Table 1. Characteristics of the clusters, in terms of number of observations (n) included, 
average removal efficiency, and centroids of each of the six selected variables. 

Cluster 
ID n Av. removal 

(%) 
SRT 
(d) 

PAC 
dosage  
(g L-1) 

PAC ret 
time (d) LogDOW Charge MW 

A 16 97.9 200.7 0.6 78.0 1.39 0.95 785.5 
B 65 84.4 139.7 0.4 73.9 0.69 -0.90 261.5 
C 7 97.4 30.0 20.0 65.0 -0.56 -0.07 286.3 
D 58 91.0 156.1 0.5 67.8 3.35 0.12 261.8 

Adsorption experiments 

Kinetics experiments showed that 24h were the time necessary to achieve the sorption 
equilibrium for all the tested MPs. Results in ultra-pure water indicate that kinetics 
followed a pseudo-second order model (R2 > 0.985), suggesting that in absence of 
organic matter the sorption is governed by the number of available PAC active sites 
(Mutavdžić Pavlović et al., 2018). Adsorption of sulfamethoxazole and diclofenac 
followed a Freundlich isotherm (R2>0.967), meaning it was governed by an 
heterogenous surface sorption where active sites present different sorption energies. 
Instead, TMP sorption showed slightly better fitting results for Langmuir isotherm 
(R2>0.957), assuming a model of monolayer adsorption with a finite number of 
energetically equivalent active sites (Delgado et al., 2019). On the other side, MPs 
adsorption in humic acid solution follows a logarithmic isotherm in all tested 
concentrations (R2>0.95), following the saturation of the PAC active sites. However, in 
case of sulfamethoxazole, which was the compound with lower rates of adsorption in 
ultra-pure water (results not shown), the humic acid solution seemed to increase the 
adsorption capacity, reflecting the complexity of the interactions between MPs and DOM. 

Figure 1. Adsorbed sulfamethoxazole at 0.5 gPAC L-1 (left) and 1gPAC L-1 (right) in ultra-
pure water and humic acid solution (50 mg L-1). 
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Abstract 
Long-term biochemical methane potential (BMP) experiments are carried out for 
evaluating the effects of graphene oxide (GO) addition on the degradation 
kinetics of two selected substrates, i.e., glucose and microcrystalline cellulose 
(MCC). After three subsequential feed phases, significant improvements of the 
hydrolysis rate, where glucose was supplied as a substrate, are noticed for GO-
amended assays compared to control. Future work may include the assessment 
of organic micropollutants removal kinetics.  
 
Keywords 
BMP; graphene oxide; kinetics; degradation; methane. 

 
INTRODUCTION  
Novel anaerobic wastewater treatment technologies are attractive for upgrading WWTPs into self-
sustained or even net energy producers. However, they suffer from long start-up times and low 
degradation removal rates due to slow interspecies electron transfer (IET) between fermenting 
bacteria and methanogens (Baek et al., 2018). Adding carbon-based materials to methanogenic 
communities may accelerate direct IET (Zhao et al., 2017). In this study low-cost GO is amended 
to anaerobic sludge to evaluate its impact on the degradation kinetics of two model substrates, i.e., 
glucose and MCC. Glucose is known as an easily degradable material. No hydrolysis is needed, 
and acidification is known to happen very fast, making it a substrate to identify potential impacts of 
GO addition on the methanogenesis step. On the other hand, MCC degradation involves all the 
anaerobic digestion steps, with hydrolysis as its rate-limiting step. Differentiating between these 
two substrates and comparing their performance allows for identifying which limiting step is favored 
or inhibited by the GO addition. 
Compared to normal BMP batch experiment, this study aims to modify the feeding strategy to 
simulate continuously fed reactors in batch experiments by applying multiple refeeds once the 
plateau phase is reached. It is indeed assumed that the microbial community needs a certain time 
to adapt to the nanomaterial, which furthermore consumes electrons during its bioreduction, which 
are not available for methane formation. The limited methane production performance seen in 
literature studies (Dong et al., 2019) seems to be related to different reasons: i) the biological 
reduction of GO consumes electrons from the supplied substrate, which would otherwise be 
available for methane production (Bueno-López et al., 2020); ii) the introduction of the 
nanomaterial acts initially as an environmental stressor, causing the inhibition of bacterial activity 
(cell death, wrapping and trapping) (Zhang et al., 2017); iii) the adsorption properties of the 
graphene material might also contribute to lower cumulative methane production, because the 
soluble organic matter might be adsorbed, and are thus less available for methane production 
(Dong et al., 2019). 
Such negative impacts on the anaerobic culture and its performance are thus limited to the initial 
phase when GO is amended for the first time. Extending the investigation period by 
subsequentially refeeding the batch reactors (or choosing a continuous system) would provide the 
necessary time to the anaerobic culture for adaptation.  
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METHODS  
 
BMP Setup and operation 
The inoculum used in the experiments was collected from an anaerobic digester (Garching, 
Germany), working at mesophilic temperature (38°C), treating a mixture of primary and secondary 
sludge. The experiments were conducted with glucose and MCC as substrates. The inoculum 
substrate ratio (ISR) was set to 2 based on VS for both substrates (Holliger et al., 2016). Stirring 
was applied intermittently, i.e., 5 minutes every 30 minutes. A total of three AMPTS II systems 
were employed. Each system comprised 15 glass bottles of 500 mL total volume and a working 
volume of 250 mL. Four GO levels (i.e., 0, 5, 10, and 20 mgGO/gVS) were selected and conducted in 
quintuplicate. Roman numbers are used to indicate the subsequent feedings, and a total of five 
feeds were carried out. Cumulative gas productions were calculated by subtracting the 
endogenous methane production obtained from blanks, i.e., assays containing only inoculum.  
 
Kinetic Models 
Two kinetic models were adopted to estimate kinetic parameters based on the biogas profile 
obtained from the AMPTS systems (Table 1). The first order one-step for glucose and the modified 
Gompertz for MCC. The initial values of iteration were set according to Brulé et al. indications 
(2014). All variables were constrained to non-negative values (≥ 0), and ultimate BMP (B∞) was 
constrained to values less or equal to 372 and 414 mLCH4/gVS for glucose (C6H12O6), and MCC 
((C6H10O5)n), respectively. These two upper limits represent the maximum (100%) theoretical BMP 
for the two substrates. 
 

Table 1. Kinetic models adopted. 
Model Parameters References 
1st Order One-Step B∞ = ultimate BMP (mL/g) 

k = 1st-order rate constant (1/d) 
t = time (d) 

(Angelidaki et al., 2009) (Brulé et al., 
2014)  

Modified Gompertz B∞ = ultimate BMP (mL/g) 
RMAX = Maximum BMP rate (mL/g/d) 
λ = lag time (d) 
t = time (d) 

(Zwietering et al., 1990) 
 

 

 
 
Statistical parameters 
Model parameters were calculated through iteration using the Excel solver function. The objective 
function was the relative standard square error (RSS), which was set as minimum (Min). 
Relative root means square error (rRMSE) and R2 were used to evaluate the model fitness and 
model efficiency (Weinrich and Nelles, 2021). Analysis of the residuals, i.e., the differences 
between experimental (measured) and model data, are also used to evaluate the closeness of the 
model to reality.  
 
Analytical Methods 
TS and VS were analyzed according to the Standard Methods (Baird et al., 2017). 
 
RESULTS AND DISCUSSION 
 
Kinetic parameters  
As illustrated in Figure 1, where glucose was supplied, an initial inhibition during I. feed due to GO 
is noted. Also, the relatively high B∞ initially seen for the control condition (i.e., 0 mgGO/gVS) during I. 
feed might be linked to the undegraded substrate present in the inoculum. Otherwise, no 
differences between GO-amended assays and control conditions for B∞ are noticed during 
subsequent feedings (results not shown). During the V. feed, an increase of the first order 
degradation rate constant (k) is visible for GO-amended conditions with values above 1.2 1/d. Thus, 
the presence of GO at levels higher than 10 mg/g significantly improved the degradation rate 
compared to the control condition. However, an initial adaptation to the GO material is needed. 
Thereafter, an improvement in degradation kinetics is visible. Such observation might confirm the 
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formulated hypothesis that digestion performance inhibition occurs only during initial periods. 
 

 
Figure 1. Kinetic parameters from 1st Order One-Step model for assays supplied with glucose at four levels 

of GO concentration (0, 5, 10, and 20 mg/g) (n=5), describing: the infinite methane potential (B∞), the 
hydrolysis rate (k). Only feed I and V are shown. Error bars indicate standard deviation. 

 
In the case of MCC used as substrate, no significant improvement (p<0.05) of kinetics values (RMAX 
and λ) were noticed among the different GO levels.  
 
 

  
Figure 2. Kinetic parameters from modified Gompertz for assays supplied with MCC at four levels of GO 
concentration (0, 5, 10, and 20 mg/g) (n=5), describing: the infinite methane potential (B∞), the maximum 
methane production rate (RMAX), and the lag-phase duration (λ). Only feed I and V are showed. Error bars 

indicate standard deviation. 
 
 
CONCLUSIONS 
Especially for the case of glucose, results seemed to confirm the formulated hypothesis, for which 
the effects of GO improvement on degradation kinetics are visible only from 1+ refeeding steps 
already. Otherwise, during at initial stage, an overall inhibition for GO-amended assays is noticed. 
Future experiments aim at implementing organic micropollutants at environmental level to discover 
the impact on their removal kinetics.  
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Abstract 
 
Chemically resistant per- and polyfluoroalkyl substances (PFAS) are a group of > 4730 synthetic 
organic chemicals. Bioaccumulation potential and toxicity of these “forever chemicals” has largely 
accelerated the material chemistry research on PFAS decontamination technologies. Studying the 
development of PFAS-selective adsorbents is a niche field with ever-increasing importance. Metal-
organic frameworks (MOFs) are stable, modular porous solids with untapped potential for PFAS 
adsorption. Our current research aim is to develop MOFs and derived physisorbents primed to 
elicit high adsorption capacity towards these contaminants and to study the effect of structural 
differences on their adsorption performance. As part of this research, we strive to understand the 
potential of composite fabrication to invoke synergetic properties in the material. In this study, a 
composite material of increased hydrophobicity and water stability is achieved while maintaining 
the adsorption performance of the pristine MOF material. With such modifications we aim to 
improve the overall stability of the MOF allowing for multiple regeneration cycles, resulting in 
reusability aligned with the objective of circular economy. 
 
Keywords 
adsorption, drinking water, metal-organic frameworks, nanomaterials, PFAS, physisorbents 

 
INTRODUCTION 
Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic organic chemicals that are 
significantly drawing public attention in the recent years due to their toxicity and bioaccumulation 
potential (Richardson & Kimura, 2019). Widespread use of these compounds is due to their 
desirable properties, which originate from the high electronegativity and small size of the fluorine 
atom, making the carbon-fluorine bond one of the strongest covalent bonds. PFAS are therefore 
thermally stable and resistant towards acids, bases and most oxidizing agents (Banks et al., 2020). 
Due to the simultaneous presence of a hydrophobic and a hydrophilic group, PFAS exhibit 
exceptional surfactant properties, making them a class of particularly relevant commercial 
substances and industrial tools. However, the same exceptional properties make PFAS very 
recalcitrant pollutants and difficult to remove using conventional (waste-)water treatment 
processes. 
Perfluorooctanesulfonic acid (PFOS) and its salts have been classified as persistent, 
bioaccumulative and toxic chemicals and as such were added to Annex B (Restriction) of the 
Stockholm Convention in 2009. Perfluorooctanoic acid (PFOA), one of the two most studied 
representatives of the contaminant family, was only added to Annex A (Elimination) of the 
Stockholm Convention on Persistent Organic Pollutants on May 10, 2019. The European 
Commission has as recently as December 2020 updated the drinking water directive to limit the 
total amount of PFAS present in drinking water to 500 ng/L and a sum of selected 20 PFAS to 100 
ng/L. As part of the early phase-out efforts, PFOA and PFOS have been substituted by new-
generation PFAS, from which we selected hexafluoropropylene oxide-dimer acid (HFPO-DA, a.k.a. 
GenX) as the representative adsorbate in this study, acknowledging its steadily rising 
environmental footprint. 
Metal-organic frameworks, popularly known as MOFs, are coordination networks composed of 
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metal nodes (or clusters) and organic ligands that feature potential voids. The combination of a) 
tuneable porosity ranging between nonporous and mesoporous domains, b) high stability and c) 
amenability to compositional modularity make MOFs one of the most promising adsorbent classes 
in the context of task-specific applications, including, but not limited to, pollutant removal (by 
selective capture) from water. Recently, the first reports of significant PFAS uptake from water 
harnessed a mesoporous MOF, MIL-101(Cr) (Barpaga et al., 2019), a microporous MOF, UiO-66 
and its isostructural analogues (Clark et al., 2019; DeChellis et al., 2020; Sini et al., 2018), where 
UiO-66 has also been compared to two more MOF structures NU-1000 and ZIF-8 (Li et al., 2021). 
Regardless of these promising preliminary observations, this area remains significantly 
underexplored. Optimising adsorption kinetics, stability towards water, recycling potential and 
synthesis pathways in favour of green chemistry are all crucial factors to consider before a select 
few performance-screened MOFs can be considered viable adsorbent solutions to address PFAS 
remediation. 
 
This research effort focuses on exploring how structural modification by composite fabrication 
affect the PFAS removal performance of a MOF material. Initial efforts are driven by the observed 
increased hydrophobicity with the novel structure, while the crystal structure of the MOF remains 
unaltered. In essence, takeaways from this study should fast-track the adoption of MOFs as 
reusable PFAS adsorbents with small to no reduction in capture performance between consecutive 
adsorption cycles. 
 
MATERIALS AND METHODS 
 
Materials 
PFOA and PFOS were purchased from Sigma-Aldrich as solids. GenX was manufactured by 
Toronto Research Chemicals and purchased from Hölzel Biotech as a clear liquid. Analytical and 
internal standards for all three PFAS were purchased from Campro Scientific Berlin. The delay 
column was purchased from VWR (Agilent, ZORBAX Eclipse Plus C18, 4.6x50 mm, 3.5 µm). 
Separation and quantification of PFAS was performed with an XSelect HSS T3 column (100Å, 3.5 
µm, 2.1 mm x 100 mm). 
 
MOF synthesis and characterisation 
Both the MOF and graphene-MOF composites were synthesized at room temperature through 
stirring in aqueous methanol followed by filtration, centrifugation and methanol washing, 
exemplifying simple and cost-efficient sorbent. The composite is fabricated by direct synthesis in a 
aqueous methanol suspension of the graphene-based foundation on which the MOF structure is 
synthesized directly. Two composite materials with different graphene fractions are prepared one 
with 12% and another with 24% of total mass being graphene-based foundation. 
Powder X-ray diffraction patterns (recorded with a Rigaku MiniFlex 600 X-ray diffractometer with 
CuKα-radiation, λ = 1.54178 Å) was used to confirm the bulk phase purity for each of the 
synthesized MOFs. Thermogravimetric (TG) traces were measured on a Netzsch STA449 F5 
thermogravimetric analyzer to confirm thermal stability and ensure the guest-free nature for each of 
the activated MOFs before PFAS sorption experiments. Brunauer-Emmett-Teller (BET) surface 
areas obtained from cryogenic (77 K) N2 adsorption experiments (performed on an AutosorbIQ2, 
Quantachrome Instruments equipped with a liquid nitrogen (77 K) Dewar vessel) confirmed the 
permanent porosity of each MOF. 
 
 
Experimental design 
The initial screening of PFAS capture performance was based on batch adsorption tests. These 
experiments were conducted in 25 mL batches of 100 µg/L PFAS solution with 10 mg of added 
adsorbent. Experiments were conducted individually for each PFAS. Validation of data was 
ensured by setting up each adsorption experiment in triplicate. The equilibration time was 24 
hours. All experiments were done at an adjusted initial pH of 6.5. 
To terminate the adsorption process immediately after sampling, samples taken from the vials 
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were filtered through a polypropylene syringe filter into Eppendorf vials for storage. All samples 
were kept refrigerated until analysed. After the experiment the MOFs were filtered out, dried, and 
then stored in a desiccator for future desorption and structural integrity tests. All laboratory 
equipment was cleaned using an ultrasound bath and by rinsing multiple times with ultrapure water 
and methanol. 
 
Analysis of samples 
PFAS quantification was conducted using an LC/MS-MS system (Agilent 1260 Infinity, ABSciex 
Qtrap 5500). The analytical method was based on the German standard method DIN 38407-42, 
supported by the US Environmental Protection Agency Method 537.1. The quantification range for 
all three PFAS was 5 - 2,500 ng/L. Therefore, all samples acquired from experiments had to be 
diluted for the purpose of PFAS quantification. 
 
RESULTS AND DISCUSSION 
The preliminary data in Figure 1 presents average values and standard deviations acquired from 
the triplicate series for each tested adsorbent. Labelled MOF on Figure 1 is the tested pristine 
MOF, whereas MOF-Graph-xx% are the two composite materials with varying fraction of graphene. 

 

 
Figure 1. PFAS removal percentages exhibited by the three materials under identical conditions. 
Presented data indicates removal for 10 mg of adsorbent in 25 ml of 100 µg/L PFAS solution. 
Percentage values shown on the y-axis represent PFAS removed compared to the initial PFAS 
concentration in individual experiments. 
 
Notable PFAS removal performance was observed from the acquired experimental data for all 
three tested materials. An observation can be made that the adsorption performance between the 
three materials varies very slightly, with a notable increase in the removal of PFOS matching the 
relative increase of the hydrophobic graphene-based substrate in the composite. It is still unknown 
whether the substrate actively participates in the adsorption of PFAS, or if the observed increase in 
sorption of PFOS is merely due to fine structural differences between the materials. As PFOS is 
the largest of the three tested PFAS species, it is the most likely one to benefit from the finer 
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dispersion of the MOF material over the graphene-based substrate, as opposed to being used 
pristine.  
The underlying force fields on the level of molecular interactions responsible for the PFAS 
adsorption are still being investigated by utilising solid-state nuclear magnetic resonance (SSNMR) 
in a first-of-its-kind study attempting to utilize this powerful technique to further characterize 
adsorption as a process. 
 
CONCLUSION 
Preliminary data shows notable removal of PFAS from solutions at environmentally relevant 
concentrations. The presented data shows an overall best performance of tested material MOF-
Graph-24%, with an increase in PFOS removal matching the increase in the graphene-based 
foundation. The novel graphene-based composites exhibit increased stability towards water, 
especially at higher pH, compared to the pristine MOF material. The significant increase in the 
hydrophobicity of the materials indicates longer operational times of the material, minimizing 
deterioration due to water molecule intrusion. Bond type formation is still under investigation with 
the aim of observing the difference in bonds formed between PFAS and the different adsorbents. 
Moving forward, we aim to explore how the materials behave at lower concentrations, in matrices 
containing multiple PFAS at once. Furthermore, only with regeneration studies will we truly be able 
to see the benefits of synthesizing composite materials to bolster the performance of an adsorbent. 
Synthesizing derived physisorbents using different modification techniques is an uncharted 
research paradigm for the adsorptive removal of PFAS that we aim to pursue in-depth in the 
upcoming months. 
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Abstract 

This study reports upon the removal of three widely used pharmaceutical compounds, namely 
carbamazepine (CBZ), diclofenac (DCF), and ibuprofen (IBP), by a hybrid ozonation-membrane 
filtration process. In addition to the selected compounds, the degradation of para-chlorobenzoic 
acid (pCBA) was also studied. pCBA is a hydroxyl radical (•OH) probe compound due to its slow 
direct response with ozone and quick interaction with •OH radicals. The hybrid process operates 
with an inside-out filtration, and the transferred ozone dose (TOD) was around 2.5 mg L–1. Four 
commercial ceramic membranes (CMs) with different porosity (15-200 nm) were used. The 
surface of the CMs was modified by the sol-gel method for the deposition of the metal oxide 
catalysts (CeO2, CeTiOx, and CeO2+CeTiOx). The changes in the membranes’ properties were 
analyzed by various techniques (permeability tests, XRD, SEM-EDS, AFM). All modified CMs 
showed a significant decrease (>50% of the original membrane) in permeability because of the 
deposited layers. Results showed a better degradation of DCF and CBZ than IBP.  

Keywords: catalytic ozonation, hybrid process, ceramic membranes, pharmaceuticals  

Introduction 

Surface water quality continuously declines mainly due to anthropogenic activities. The so-called 
organic micropollutants (OMPs), can be found in low concentrations (ng L–1) in surface waters 
after their discharge into the environment. Specifically, pharmaceutical micropollutants that reach 
the environment through the wastewater discharged mainly by households, hospitals, and 
industries can cause deterioration of the natural aquatic habitats by disturbing their ecological 
balance. Therefore, both the drinking- and wastewater industry face many challenges regarding 
water treatment [1].  

Wastewater is usually treated by biological wastewater treatment plants (WWTPs) that often do 
not have technologies targeted to remove OMPs present in wastewater. Advanced physio-
chemical treatment systems including oxidation processes have limited degradation efficiency 
towards OMPs and higher energy consumption. Thus, scientists and water authorities worldwide 
are investigating and developing innovative wastewater treatment techniques to tackle this issue.  
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Several novel technologies have emerged to convert wastewater into clean water that can be 
reused. These methods must be efficient and long-lasting to ensure that the water quality does 
not endanger the environment or human health. Ozonation has been widely used in tertiary 
treatment as an efficient Advanced Oxidation Process (AOP) because of its remarkable 
effectiveness in removing OMPs and disinfecting ability [2]. Nevertheless, ozone (O3) selectivity 
towards some functional groups is a limitation, and thus, its combination with other processes is 
often preferable.  

Catalytic ozonation uses a catalyst to enhance the formation of hydroxyl radicals (•OH) from O3 
decomposition to improve OMPs removal [3]. Heterogeneous catalytic ozonation is preferable 
since catalyst recovery is facilitated or needless when immobilizing the catalyst. Interestingly, 
when ozonation is combined with membrane separation, a membrane can act as a substrate for 
employing metal oxides as catalysts. In recent years we have also witnessed a growing interest 
in introducing ceramic membranes (CMs) in the water treatment market because of their unique 
advantages over the commonly used polymeric membranes. 

In this study, a hybrid ozonation-membrane filtration system is proposed where modified ceramic 
membranes are utilized immediately after ozone to enhance the •OH concentration, decrease 
ozone demand, and increase pharmaceuticals’ removal from the secondary effluent, while at the 
same time reducing membrane fouling. 

Materials and Methods 

Chemicals and materials 
Carbamazepine (CBZ), ibuprofen (IBP), and diclofenac (DCF) were used as model compounds 
because they are frequently detected in secondary effluents. para-chlorobenzoic acid (pCBA; was 
used as an O3/•OH probe compound. Single-tubular commercial CMs (10 mm outer diameter, 6 
mm inner diameter, 250 mm length) with different compositions and molecular weight cut-offs 
(MWCO) were utilized (INSIDECéRAM, TAMI Industries, France); TiO2/ZrO2 composition (50-, 
150-, 300 kDa MWCO) and TiO2/TiO2+ZrO2 composition (0.2 μm MWCO). 

Preparation of modified ceramic membranes and characterization techniques 
The CMs were modified by the sol-gel method in vacuum infiltration conditions to avoid clogging 
of the pores and to allow good dispersion of the sol-gel through the membranes. Two different 
sol-gels were prepared, Ceria (CeO2) and Ce doped Ti (CeTiOx), and three nanostructured films 
were separately deposited on the surface of each CM of particular MWCO: one layer of CeO2 [4], 
one layer of CeTiOx [5], and one layer of CeO2 with an additional layer of CeTiOx (CeO2 + CeTiOx). 
The ceramic membranes, as well as their modified surfaces, were characterized to determine 
their chemical and phase composition, crystal structure, and morphology, using the following 
techniques: Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy 
(EDS); X-ray Diffraction Analysis (XRD); and Atomic Force Microscopy (AFM). Mercury intrusion 
porosimetry (MIP) was used to evaluate porosity, pore size distribution, and pore volume. 

Hybrid ozonation-membrane filtration (HOMF) system 
All experiments were carried out at room temperature using a laboratory-scale ozone reactor 
(ANSEROS, COM-AD-04, Germany). Aqueous O3 concentrated stock solution was maintained at 
~45 mg L–1 and was connected to a custom-made micro- or ultrafiltration (MF/UF) filtration unit of 
inside-out operation (SIVA, France) (Figure 1). The initial concentration of the pollutants was 10 
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μM, and the transferred ozone dose (TOD) was kept constantly at 50 μM (~2,5 mg L–1) with a 
treatment time of 10 mins. The permeate was collected in specific intervals, quenched with 
Na2S2O3, and filtrated through 0.2 μM nylon filters (Whatman) before analysis. 

  
Figure 1. Experimental set-up of HOMF system 

Analytical methods 
The transferred ozone dose (TOD) was determined by the indigo colorimetric method [6] with a 
UV-Vis spectrophotometer at 600 nm. The OMPs were identified and quantified by high-
performance liquid chromatography in reversed-phase (HPLC-UV Agilent 1200). 
Chromatographic separation was performed using a C18 column (Microsorb-MV 100-5 
250 × 4.6 mm) at a working temperature of 30 °C and injection volume of 200 μL.  

Results and discussion 

Ceramic membranes’ modification and characterization 
XRD analysis showed that pristine/unmodified CMs consist of a mixture of titania rutile (ICDD 
PDF#21-1276) and predominately zirconia (ICDD PDF#50-1080). The Baddeleyite zirconia 
phase (ICDD PDF#37-1484) was present in traces only in the lowest MWCO membranes. 
Regarding the modified membranes, the metal oxides of the were identified as titania anatase 
phase (ICDD PDF#21-1272) and ceria (ICDD PDF#34-0394). SEM images illustrated well 
dispersion of the metal oxides on CMs surface (Figure 2), indicating the successful use of vacuum 
infiltration. Additionally, the EDS elemental mappings further confirmed the successful 
impregnations of the metal oxides across the CMs. AFM was used to depict the topography of 
the CMs’ surface roughness. Notable changes in the surface roughness were observed between 
the membrane with the lowest porosity (50 kDa) and the highest one (0.2 μm).  

 

Figure 2. Surface morphologies of the inside surface of the pristine and modified 0.2 μm MWCO CM.   
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Permeability tests and OMPs removal  
Permeability tests were performed to examine the changes after the deposition of the 
nanostructured films. The permeability (L m–2 h–1) of the modified CMs was dropped to less than 
50% of the pristine membranes, indicating pores clogging phenomena. The CMs with two layers 
(CeO2 + CeTiOx) showed the lowest permeability rates (Figure 3). The results suggested that 
surface modifications can change the commercial membranes' porosity and pore size distribution. 
Preliminary results using a pristine 300 kDa CM on the HOMF system showed that IBP 
degradation was significantly lower than CBZ and DCF (Figure 4). pCBA degradation followed a 
similar trend ascribed to a rather slow reaction of both compounds with O3 (kO3 <0.15 and 9.6 
mol L–1 s–1, respectively). More experiments will be performed to identify whether the modified 
CMs increase the yield of •OH and thus, ensure increased degradation of the OMPs in synthetic 
wastewater while reducing membrane fouling. 

     

Figure 3. Permeability changes on the different CMs Figure 4. OMPs removal by HOMF system 
using a pristine 300 kDa MWCO CM. 
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Abstract 
 
Nowadays, efforts have been directed towards improving of existing wastewater treatment plants 
by application of promising advance oxidation process such as solar photocatalysis. Accordingly, 
an optimal reactor configuration of a semi-pilot scale compound parabolic collector (CPC) reactor 
was constructed to study the solar photocatalytic degradation of common organic pollutants, 
imidacloprid (IMI) and diclofenac (DF ). 
 
Photocatalytic oxidation was assisted either by UV photocatalytically active titanium dioxide (TiO2) 
or UV-Vis photocatalytically active nanocomposite of TiO2 and carbon nanotubes (CNT) under 
simulated irradiation spectra. Both photocatalysts were immobilized on fiber glass mesh by 
modified sol-gel method [1]. 
 
Based on the experimental data of photocatalytic degradation, predictive mathematical models 
were developed including mass transfer considerations and photon absorption. The “intrinsic” 
photocatalytic reaction constants for the target pollutants in CPC reactor independent on 
irradiance levels, reactor geometry and hydrodynamics were estimated (kDF=3.564×10-10 

s−1W−0.5m1.5; kIMI=8.9×10-11 s−1W−0.5m1.5). Results indicated that sensitization of solar 
photocatalysis by the addition of CNT to TiO2 films, led to intensification of diclofenac and 
imidacloprid photocatalytic degradation. 
 
 
Keywords: photocatalysis, imidacloprid, diclofenac, titanium dioxide (TiO2), carbon nanotubes 
(CNT). 
 
References 
 
[1] Malinowski, I. Presečki, I. Jajčinović, I. Brnardić, V. Mandić, I. Grčić, Intensification of 
Dihydroxybenzenes Degradation over Immobilized TiO2 Based Photocatalysts under Simulated Solar Light, 
Appl. Sci. 10 (2020) 7571. https://doi.org/10.3390/app10217571. 
 
Acknowledgements 
This work has been supported by following project „Waste & Sun for photocatalytic degradation of 
micropollutants in water” (OS-Mi), KK.01.1.1.04.0006, supported by European Regional Development Fund. 

 

Nowelties’ Final Conference, 11-12 May, 2022 , Dubrovnik, Croatia

74



Prospecting the environmental profile of Advanced Electrochemical Oxidation 
according to Key Performance Indicators (KPIs) in wastewater treatment 

 
Sofía Estévez1, Sara Feijoo2, Mohammadreza Kamali2, Raf Dewil2, Maria Teresa Moreira1 

 
1Universidade de Santiago de Compostela, CRETUS, Department of Chemical Engineering, 
15782 Santiago de Compostela, Spain 
2KU Leuven, Department of Chemical Engineering, Process and Environmental Technology 
Lab, 2860 Sint-Katelijne-Waver, Belgium 
 
 
The recurring presence of contaminants of emerging concern (CECs) in natural water bodies 
has received international attention over the past years, given the current limitations of 
conventional wastewater treatment plants to fully eliminate them [1]. Advanced Oxidation 
Processes (AOPs) are promising treatments for the degradation of recalcitrant compounds by 
means of highly reactive species, such as hydroxyl radicals (•OH), sulfate radicals (SO4

•−) and 
nitrate radicals (NO3

•) [2,3]. Within the treatment class of electrochemical Advanced Oxidation 
Processes (eAOPs), Boron-Doped Diamond (BDD) anodes enable to electrochemically 
generate these oxidative species at a high efficiency [4,5]. Despite the energy consumption 
associated with electrochemical treatments, the in-situ radical generation offered by the BDD 
material from water molecules and ionic species, such as sulfate and nitrate ions, is of high 
added value towards industrial implementation, as these radicals are formed without the 
addition of external precursors. The lack of supplementary chemicals minimizes the 
generation of secondary waste streams and hence the environmental impacts associated. 
 
In order to evaluate the feasibility of a novel process, both process modelling and 
environmental aspects should be taken into consideration. In this regard, mass and energy 
balances, kinetic parameters, mass transport phenomena and variables for equipment design 
have been considered and analyzed under the Life Cycle Assessment (LCA) methodology. 
The reactor design selected for this analysis consisted of a vertical plate agitated tank 
operated in batch recycling mode. The multitude of combinations of operating conditions 
resulted in a set of scenarios that shed light over the influence of process variables on the 
environmental profile. These scenarios considered the effect of (i) the concentration of sulfate 
and nitrate ions in the influent, (ii) synthetic versus complex wastewater composition and (iii) 
the scale-up modelling. As a result, it was possible to evaluate process performance from an 
integrated techno-environmental perspective. The results demonstrate the potential for the 
development of these processes on a large scale based on technical feasibility, operational 
efficiency and reduced environmental impacts. 
 
References 
[1] N.H. Tran, M. Reinhard and K.Y.-H. Gin, “Occurrence and fate of emerging contaminants in 
municipal wastewater treatment plants from different geographical regions - A review”, Water Research, 
vol. 133, pp. 182–207, 2018. 
[2] L. Rizzo, S. Malato, D. Antakyali, V.G. Beretsou, M.B. Đolić, W. Gernjak, E. Heath, I. Ivancev-
Tumbas, P. Karaolia, A.R. Lado Ribeiro, G. Mascolo, C.S. McArdell, H. Schaar, A.M.T. Silva and D. 
Fatta-Kassinos, “Consolidated vs new advanced treatment methods for the removal of contaminants of 
emerging concern from urban wastewater”, Science of The Total Environment, vol. 655, pp. 986–1008, 
2019. 
[3] J. Wang and S. Wang, “Reactive species in advanced oxidation processes: Formation, identification 
and reaction mechanism”, Chemical Engineering Journal, vol. 401, pp. 126158, 2020. 
[4] C.A. Martínez-Huitle and S. Ferro, “Electrochemical oxidation of organic pollutants for the 
wastewater treatment: Direct and indirect processes”, Chemical Society Reviews, vol. 35 (12), pp. 
1324–1340, 2006. 
[5] G. Divyapriya and P.V. Nidheesh, “Electrochemically generated sulfate radicals by boron doped 
diamond and its environmental applications”, Current Opinion in Solid State and Materials Science, vol. 
25 (3), pp. 100921, 2021. 

Nowelties’ Final Conference, 11-12 May, 2022 , Dubrovnik, Croatia

75



 
Acknowledgments 
 
This research was supported by the HP-Nanobio project (PID2019-111163RB-I00), granted by Spanish 
Ministry of Science and Innovation, as well as by the European Union's EU Framework Programme for 
Research and Innovation Horizon 2020 under Grant Agreement No 861369 (MSCA-ETN InnovEOX) 
and by the KU Leuven Industrial Research Council under grant number C24E/19/040 (SO4ELECTRIC). 
S. Estévez thanks to the Spanish Ministry of Science, Innovation and Universities for financial support 
(Grant reference PRE2020-092074). M. Kamali holds a postdoctoral research grant awarded by the KU 
Leuven Research Council, grant number PDM/19/104. 
 
 

Nowelties’ Final Conference, 11-12 May, 2022 , Dubrovnik, Croatia

76



Effect of water constituents and scavengers on the photocatalytic degradation 

of anticancer drugs  

Kristina Tolić Čop, Dragana Mutavdžić Pavlović 

Department of Analytical Chemistry, Faculty of Chemical Engineering, University of Zagreb, 

Trg Marka Marulića 19, 10000 Zagreb, Croatia 

 

 

Relatively newly recognized micropollutants in the environment, whose nano- and micro-scale 
concentrations could not be detected until recently due to the limited capabilities of 
instrumentation, are pharmaceuticals. Their increasing production and consumption confirms 
the fact that many of them are present in various parts of the environment, affecting drinking 
water supplies and ultimately water quality. While the parent substance is excreted into the 
environment, the transformation and degradation products newly formed by various biotic and 
abiotic processes can be more toxic. One such pharmaceutical category that is considered a 
potential risk to the aquatic environment is anticancer drugs. Due to their physicochemical 
properties leading to mobility and persistence in the aquatic environment, many of these 
compounds with their metabolites can cause long-term side effects on terrestrial and aquatic 
organisms. Classical water treatment methods are not suitable for the removal of 
micropollutants, so the commonly used advanced oxidation process for this purpose is 
photocatalysis. The simple mechanism between photocatalyst, TiO2 and light source enables 
the generation of highly reactive oxygen species that degrade the target compound non-
selectively. The photocatalytic efficiency is controlled by various parameters such as the pH, 
the initial concentration of the pollutant, the light source, the dosage of the photocatalyst, etc. 
In addition to the above parameters, various organic and inorganic species normally found in 
natural waters can also greatly affect photocatalysis. Water constituents such as bicarbonate, 
chloride, nitrate, phosphate ions and humic substances can adsorb on the surface of the 
photocatalyst, scavenge hydroxyl radicals and produce less active species, absorb photons 
and reduce the degradation of the pollutant, or ions such as nitrates in a certain environment 
can promote photocatalysis by .OH production. In this study, the positive or negative influence 
of the above water constituents on the photocatalytic degradation of crizotinib and imatinib, 
two anticancer drugs used in patients with lung cancer and leukemia, respectively, was 
investigated. TiO2 immobilized on a glass fiber mesh was used as the photocatalyst. The 
mechanism of the photocatalytic reaction was also investigated by adding different radical 
scavengers. 
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The accelerated development of the dye industry in recent years contributes to an overload 
of wastewater, which has a negative influence on human health and aquatic ecosystems [1]. 
Methylene blue (MB) is a commonly used cationic dye and is very harmful to human health above 
a certain concentration due to its toxicity. In addition, MB is difficult to biodegrade because of its 
chemical persistence. Nowadays, treatment methods such as biological, physical, and chemical 
have been used to remove dye wastewater. However, those methods have some drawbacks like 
high cost as well as toxic by-products. Therefore, advanced oxidation processes, like 
heterogeneous photocatalytic degradation can be used as a more appropriate method for MB 
removal from wastewater [2], [3]. 

In this research, the binary TiO2-rGO nanocomposite catalyst was successfully synthesized 
as a mixture of pure TiO2 particles and reduced graphene oxide (rGO). The graphene oxide (GO) 
was synthesized by Hummer's method using natural graphite flakes (particle size ≤ 50 µm) as a 
precursor. The binary TiO2-rGO nanocomposite has been self-assembled through one-pot 
hydrothermal synthesis followed by a calcination treatment. The structural and morphological 
analysis of the synthesized nanocomposites have been performed by X-ray diffraction (XRD), 
scanning electron microscopy (SEM), and Fourier transforms infrared spectroscopy (FTIR). 
Photocatalytic experiments under ultraviolet (UV) and solar-like irradiation were performed in 
order to evaluate the efficiency of the synthesized catalysts. Further, the influence of rGO 
concentration on TiO2 performance for photodegradation of the MB dye was determined. It was 
found that the photodegradation of MB was increased as irradiation time for both sources of 
irradiation increased. The obtained results showed that the photocatalytic activity was increased 
as rGO concentration increased in the prepared nanocomposite, which can be attributed to the 
synergistic effect of the incorporation of rGO with TiO2. 
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Abstract 

Here we study the photocatalytic degradation of the antibiotic ciprofloxacin (CIP) supported by 
sol-gel Ce-doped TiO2 photocatalyst nanoparticles. The photocatalyst samples consist of Ce in 
0.08, 0.40, 0.80, 2.40 and 4.10 wt.%. For the preparing of the sols we used titanium isopropoxide 
and cerium (III) nitrate hexahydrate as precursors, 2-propanol as a solvent, acetylacetone as a 
complexation agent, distilled water as a hydrolysis agent, and nitric acid as a 
hydrolysis/polycondensation catalyst. The Ce-TiO2 sol was deposited on borosilicate glass 
samples using a flow coating method. After deposition, films were dried at 100 °C for 1 hour and 
heat-treated at 450 °C for 2 hours at a heating rate of 3 °C/min. The activity and efficiency of Ce-
TiO2 films for photocatalytic degradation of the CIP under simulated solar radiation was 
investigated, especially the influence of the changing irradiation intensity. 
The weight loss as well as exothermic and endothermic reactions during the thermal treatment, 
were obtained by simultaneous differential thermal and thermogravimetric analysis (DSC/TGA). 
The phase composition and parameters and volumes of the unit cells were determined by X-ray 
diffraction (XRD). Atomic force microscopy (AFM) was used to describe surface morphology and 
roughness parameters of the films. 
Photocatalytic studies indicate that TiO2 photocatalyst with 0.80 wt. % Ce showed the highest rate 
of degradation of ciprofloxacin using simulated solar radiation. 
 
Keywords: Ce-TiO2, ciprofloxacin, characterization, photocatalysis, simulated solar radiation. 
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Trimethoprim (2,4-diamino-5(3’,4’,5’-trimetoxybenzylpyrimidine) (TMP) is an antifolate 
antibacterial agent used worldwide in veterinary and human medicines for the treatment of 
bladder infections. It is often prescribed in combination with sulfamethoxazole due to their 
complementary and synergistic mechanisms but may be used as a monotherapy [1]. Due to its 
frequent use and very low elimination rate in WWTPs, TMP has been often detected in wastewater 
effluents and surface waters. Previous study has shown that TMP is resistant to biodegradation 
and hydrolysis, while solar radiation can cause slow degradation of TMP in favourable 
environmental conditions and lead to a decrease in its environmental concentration [1]. 

In this work, the mechanism of TiO2 photocatalytic and photolytic (without photocatalyst) 
degradation of TMP was investigated. TiO2 photocatalyst was used in a form of nanostructured 
film on glass ring placed on the bottom of the reactor [2]. As a source of radiation a simulated 
solar radiation lamp was used both for photolytic and photocatalytic experiments. The 
photocatalytic mechanism has been elucidated by scavenger studies using isopropanol, 
ammonium oxalate and triethanolamine as hydroxyl radicals, positive holes and superoxide 
radicals scavengers, respectively [3]. The results showed strong inhibition of photocatalytic 
degradation of TMP in presence of isopropanol and triethanolamine, which means that •OH and 
superoxide radicals were the primary reactive radicals responsible for the degradation process. 
No inhibition of the photocatalytic degradation of TMP in presence of ammonium oxalate was 
observed.  

Kewords: Trimethoprim, photolysis, photocatalysis, simulated solar radiation, mechanisms of 
degradation 
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There is a long-lasting [1] and recent [2] interest in carbon nitride (CN) and its composites 
concerning photocatalytic applications owing to the intrinsic optical, electronic, and 
chemical features of these materials. Their main limitation arises from the fast 
electron/hole recombination, and, to overcome this, several modification methods have 
been researched in recent years [3]. The production of hydrogen peroxide (H2O2) is being 
more and more explored, as H2O2 is a powerful oxidizing agent capable of removing 
organic molecules from aqueous solutions. 
In this work, different functionalized materials were investigated by a facile hydrothermal 
method under mild conditions and without toxic solvents. The molecules of glucose (G), 
anthraquinone (A) and perylene (P) were selected due to their promising interaction with 
CN. Compared to the unmodified CN material, the evolution rates of H2O2 were improved 
up to 1.2, 1.5 and 2.6 times (Figure 1) for CN-G, CN-P and CN-A, respectively. Optical 
and electrochemical characterization data showed photoluminescence quenching and 
enhancement of the charge carrier transfer, proving the reduced recombination. Then, 
studying the band structure proved that the generation of H2O2 was thermodynamically 
favored for the functionalized materials, while H2O2 decomposition was suppressed. 
Finally, these materials were assessed for the photocatalytic removal of phenol, resulting 
in enhanced mineralization of the aqueous solutions. 

 

Figure 1. H2O2 production after 2 h of irradiation using the CN materials in an 
isopropanol aqueous solution (90% v/v) under continuous air saturation. 
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