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At wastewater treatment plants (WWTPs), additional steps are introduced for removal of organic micropollutants (OMPs) from the treated effluents, especially pharmaceutical residues. At the same time, a new concern is emerging: antibiotic resistance (AR). This research studied the effect of ozonation, coagulation and granular activated carbon (GAC) filtration applied as tertiary treatment for the removal of OMPs and nutrients, on AR removal. Bacterial culture methods in selective media were used to screen for four different microorganisms: two faecal indicators (Escherichia coli and Enterococci) as antibiotic sensitive bacteria (ASB), and a resistant strain of each of these bacteria, namely Extended-Spectrum Beta-lactamase producing E. coli (ESBL-E.coli) and Vancomycin Resistant Enterococci (VRE) as antibiotic resistant bacteria (ARB). At laboratory scale, ozonation experiments (ozone dose 0.4–0.6 g O3/g DOC) and coagulation experiments using Polyaluminum chloride (PAX-214) and FeCl3 (coagulant dose 0.004–1 mM/L) were performed using secondary effluent from two municipal WWTPs. In addition in a pilot plant and full-scale plant ozonation (ozone dose 0.4 g O3/g DOC) and GAC filtration (empty bed contact time 15 min) were studied for AR removal. No significant differences were found between ARB and ASB removal for coagulation and ozonation which could indicate that ASB can be used as an initial proxy for ARB removal for these technologies. In the laboratory experiments, ozonation and coagulation showed a good removal of both ARB and ASB. However, the doses needed to reach 2–3 log removal were a factor 2.5–4 (ozonation) and 250 (coagulation) higher than applied for OMP removal (by ozonation) and phosphorus (P) removal (by coagulation). In the GAC filters, the risk of ARB enhancement occurred, especially in filters with a matured biology. Although these bacteria are not necessarily directly harmful, they can pass down their resistance to pathogenic bacteria via horizontal gene transfer.
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INTRODUCTION
The World Health Organization (WHO) declared antibiotic resistance (AR) as one of the top five risks to global health, since antibiotics are used to save millions of human and animal lives every year (WHO, 2017). To exemplify the scope of the issue, WHO estimates that in 2018, half a million new cases of (multi-drug) resistant tuberculosis were identified globally (WHO, 2021a). Furthermore, the WHO states that yearly 700,000 deaths are caused by AR diseases, which could increase to an annual 10 million by 2050 if no action is taken (WHO, 2021b). AR puts pressure on the success of modern medicine in treating infections, including during major surgery and chemotherapy. AR leads to longer hospital stays, higher medical costs, and increased mortality (WHO, 2020). A possible route for the spread of AR is via sewage (Korzeniewska et al., 2013).
Conventional wastewater treatment plants (WWTPs) do not aim for effective removal of antibiotic resistant bacteria (ARB) and pathogens from the water but are designed to remove solids, degradable organic substances and nutrients (Ravasi et al., 2019). However, as a side effect conventional WWTPs normally obtain a 2-3 log removal of microorganisms in conventional biological treatment (Karkman et al., 2018; Sabri et al., 2020). It is to be determined if resistant and non-resistant bacteria are removed equally. This potential advantage for antibiotic resistance in the WWTP can be driven by two factors. Firstly, the concentrations of antibiotic residues are relatively high in WWTPs whilst a relatively low concentration of antibiotic residues can already select for AR. Even at a non-lethal concentration several hundred-folds below the minimum inhibitory concentration, an antibiotic can already select for resistant bacteria (Andersson and Hughes, 2014; Karkman et al., 2018). The second factor is the abundance and diversity of bacteria in the WWTP that are either suspended in the influent or grow in biofilms and flocs (Rizzo et al., 2013). In fact, in biological tanks, characterized by the continuous mixing between a large number of microorganisms and pollutants, bacteria can easily mutate and exchange antibiotic resistance genes (ARGs) (Ravasi et al., 2019). Furthermore, the co-selecting and cross-selecting residues, such as biocides and metals, positively correlate to the amount of ARB in the WWTP in both water and sludge phases (Chapman, 2003; Ashbolt et al., 2013).
Developments in the field of water management have led to the introduction of additional technologies in wastewater treatment plants. The presence of organic micropollutants (OMPs) in the aquatic environment has become an increasing concern for the quality of aquatic ecosystems and for the production of drinking water from surface water in the last decades. OMPs include pesticides, pharmaceutical residues, personal care products, artificial sweeteners and industrial compounds, amongst others. Many enter the aquatic environment via municipal wastewater treatment plants (Loos et al., 2013), as conventional WWTPs are not designed to remove these compounds (Luo et al., 2014). This issue is addressed in the European regulation. The European Water Framework Directive (WFD) (EU, 2000) listed for example “priority substances” whose concentrations should be reduced in surface waters. These priority substances include OMPs that in very low concentrations can have a relatively large impact on the downstream environment (Schwarzenbach et al., 2006). Therefore, WWTPs are being adjusted to anticipate on these developments by introducing additional treatment steps to aid in the removal of OMPs. Additional nutrient removal also increasingly receives more attention to reach the objectives of the European WFD (EU, 2000).
Typical examples of these additional treatment steps can be divided into three types. Firstly, adsorption processes such as activated carbon which can, for instance, be applied in powdered or granular form (Zietzschmann et al., 2016); secondly, oxidation processes such as ozonation (Ekblad et al., 2021); and thirdly, membrane processes such as reverse osmosis and nanofiltration (Ebrahimzadeh et al., 2021). Combinations of these also provide an option to remove OMPs from the wastewater, e.g., ozonation in combination with activated carbon filtration (Guillossou et al., 2020), sand filtration (Hollender et al., 2009) or zeolite filtration (Fu et al., 2021a; Fu et al., 2021b).
In this research the focus was on the combination of OMP oxidation by ozonation followed by adsorption on granular activated carbon. Additionally biological removal of nitrogen (nitrate) takes place through denitrification by dosing of a carbon source (methanol) to the GAC-filter and P-removal by means of coagulation, flocculation and removal of flocs in the GAC-filter. All these additional treatment steps, and their combinations, are originally designed to remove micropollutants and nutrients. However, they likely have an effect on AR removal as well. With respect to ozonation, GAC filtration and coagulation, applied in wastewater treatment, some studies have been performed.
Ozone is a strong oxidant that has shown to be effective for the inactivation of microorganisms and oxidation of inorganic ions, such as iron and ammonium, and organic pollutants (Rodríguez et al., 2008). Ozone has shown to inactivate pathogenic microorganisms resistant to conventional disinfectants such as chlorine (Rodríguez et al., 2008; Von Gunten, 2003). Ozone also has been shown to be effective for reduction of AR in wastewater effluents treated by membrane bioreactors or conventional sludge (Iakovides et al., 2021). Foroughi et al. (2022) reviewed and discussed the ozonation effect on removing AR and ARGs from aqueous solutions. Ozone dose and contact time appeared to be important operational parameters. Hiller et al. (2019) reviewed AR removal by conventional and advanced wastewater processes, and reported for ozonation ARB log removal between 1.4 and 1.8 and ARGs log removal <0.5. Ozone obtains its effectiveness against bacteria, and thus potentially ARB, by reacting with organic functional groups within the cellular wall of Gram-positive bacteria and in the wall/membrane of Gram-negative bacteria (Sizar and Unakal, 2020). Firstly, the ozone reacts with the unsaturated bonds within the membrane-bound phospholipids and lipopolysaccharides on the surface of the bacterial cell. Then, when the membranes permeability and structural integrity is disrupted, the interior gets exposed to the external conditions, resulting in cell lysis. The ozone oxidation is less effective in the removal of the inner molecular components, such as DNA, so the ARGs might remain present in the water as free-floating extracellular DNA after the ARB cell lysis (Dodd, 2012; Calderón-Franco et al., 2021). This extracellular DNA can attach to suspended particles and can persist for months whilst still being able to transform into natural competent bacteria (Zhang et al., 2018).
The granular activated carbon (GAC) filter is intended to adsorb the antibiotics, antibiotic residues and other OMPs from the water. Furthermore, by using the concept of denitrification, nitrate is removed from the water in the GAC filter. No disinfection is expected but the adsorption process can remove part (1.3 log) of the ARB (Michael et al., 2019; Sabri et al., 2020). Moreover, by applying powdered activated carbon (PAC), up to 2.5 log removal by this adsorption has been reported (Ravasi et al., 2019). However, apart from the adsorption in the GAC filter, a biofilm grows on the GAC granules for denitrification. A risk occurs that these bacteria become antibiotic resistant due to the presence of ARGs and remaining antibiotics in the water, as they are not all effectively removed by a preceding ozonation in case of a combined ozonation-GAC filtration process. In drinking water treatment, Wan et al. (2021) described that in biologically activated carbon (BAC) filters, an accumulation of ARGs could exist as a result of horizontal gene transfer (HGT). This can lead to the pollution with ARGs of the effluent of these filters as well. Most of these bacteria are not harmful for humans. However, when released into the water, HGT can potentially add to the spread of resistance to pathogens (Zhang et al., 2018).
For coagulation, two mechanisms are commonly described to add to the removal of (antibiotic resistant) bacteria: adsorption (or charge neutralization) and sweep coagulation (Dennett et al., 1996). For tertiary treatment of wastewater, the focus is on the first mechanism of coagulation where dissolved contaminants are adsorbed to the coagulant. This is because the main aim for the coagulant dosage is the removal of phosphorus (P), more specifically orthophosphate. A reaction occurs between the contaminant (P) and the coagulant, leading to the removal of P. The second mechanism refers to contaminant removal through the formation of solid precipitates (Dennett et al., 1996). Using sweep coagulation, on top of the P-removal, the coagulation may lead to the removal of more contaminants, such as (antibiotic resistant) bacteria that are removed by enmeshment or entrapment within a mass of the solid precipitate. Therefore, for the effective removal of pollutants, it is essential that the appropriate amount of coagulant is dosed. No selectivity for antibiotic sensitive bacteria (ASB) compared to resistant bacteria is expected. In previous research, ARGs log removal of 0.5–3.1 was found by applying coagulation (Li et al., 2017). A large benefit of coagulation is that the entire bacteria, including its DNA, is removed, and thus no leakage of ARGs is expected (Li et al., 2017). Bicudo et al. (2021) showed the effectiveness of low voltage electrocoagulation as a tertiary treatment of municipal wastewater for the removal of enteric pathogenic indicators and antibiotic-resistant bacteria. A 2–3 log removal was reported.
Although understanding is available about the effect of additional treatment steps on AR in wastewater treatment for OMP removal, the impact of the settings and operational conditions in which the additional treatment steps are applied for OMP removal, on ARB and ARGs, is still unknown (Hiller et al., 2019). Having great application prospects in the treatment of antibiotics and alleviation of ARGs risks, Zhu et al. (2021) stated that the combined technologies should be further investigated in the future.
The aim of this research was to determine the effect of ozonation and coagulation in a GAC filter on the removal of AR. This was done by means of batch experiments in the lab for ozonation and coagulation, and sampling of two different process schemes in the field: a full-scale activated carbon filter with coagulation and a pilot-scale ozonation-GAC filtration combination with additional coagulation. Both these treatment trains treated wastewater from an activated sludge WWTP. The research focused on the effects of an additional tertiary treatment step on the spread of ARB.
MATERIALS AND METHODS
Laboratory Batch Experiments
Water Samples
All ozone lab-experiments were conducted with secondary WWTP effluent from WWTP Horstermeer (HM) and WWTP Harnaschpolder (HP), both located in Netherlands. Table 1 shows the composition of the effluent after the secondary clarifier.
TABLE 1 | Composition of effluent of the secondary clarifier of WWTP Horstermeer (HM) and WWTP Harnaschpolder (HP), based on four samples analyzed in triplicate.
[image: Table 1]pH was measured by using the inoLab_IDS multimeter with the WTW pH-Electrode Sentix 940 probe. Electric conductivity (EC) was measured by using the inoLab_IDS measurement as well but with a WTW TetrCon 324 probe. Dissolved organic carbon (DOC) was measured by using a HACH kit (LCK380 range 2–65 mg/L) for the total organic carbon (TOC) kit after the sample was filtered with a 0.45 micron filter. To improve the accuracy, the results of the HACH kit were compared with the results by using a TOC analyzer (Shimadzu TOCV CPH combined with the ASIV). Turbidity was measured by using a turbidity meter (HACH 2100N). Chemical oxygen demand (COD) was measured by using a HACH kit (LCK314 range 15–150 mg/L), analyzed in the HACH Lange DR3900 spectrophotometer. Color was measured with adsorbance using a spectrophotometer (GENESIS 10S UV-Vis) set at a wavelength of 254 nm.
Morning grab samples were taken on alternating weeks from the secondary clarifier of HM and HP in January and February 2021. In total for each of the plants, four samples were taken for the ozonation laboratory batch experiments. Additionally, two samples were taken from HM for the laboratory coagulation batch experiments. WWTP HP has a capacity of 1.3 million people equivalents and the treatment scheme comprises screening, primary settling, conventional activated sludge treatment and a secondary settling. The effluent is discharged into the sea. WWTP HM has a capacity of 180,000 people equivalents and has a similar treatment scheme as HP with a conventional activated sludge system with biological nutrient removal. The nitrification and denitrification processes take place in two anoxic tanks and an aerated tank. After the secondary clarifier, an activated carbon filter additionally removes OMPs through adsorption, and nutrients through methanol addition for N-removal (denitrification) and coagulation for P-removal. The effluent of WWTP HM is discharged into the river De Vecht. The water samples were taken after the secondary clarifier.
Coagulation experiments were conducted with ozonated water from the pilot plant located at WWTP HM (Section Pilot plant Ozonation+GAC filtration).
Ozonation Batch Experiments
Figure 1 shows the laboratory set-up for dosing the ozone gas into the samples (bubbling tank).
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental ozone set-up in the lab.
Ozone was produced from pure oxygen with an ozone generator (Wedeco, module 4c) and measured with ozone gas analyzers (Ozone analyzer BMT 964C model, RMG MESSTECH-NIK GmbH, Berlin, Germany), installed before and after the bubbling tank. The aqueous ozone stock solution was prepared by sparging ozone containing gas bubbles through an effluent sample, cooled in an ice-bath to increase the maximum solubility of ozone in the water and to avoid decomposition, during which it was stirred with a magnetic stirrer. The part of the ozone that was not dissolved nor reacted was measured before being destructed by the catalytic ozone destructor. The residual concentration of ozone measured at the outflow is the inflow concentration minus the ozone reacted or transferred to the water phase. By using the indigo colorimetric method, the ozone concentration in the stock solution was measured as described by Bader and Hoigné (1981) and the American Public Health Association (1992).
The ozone stock solution and effluent samples were used in the ozonation experiments. After the concentration of ozone in the stock solution was measured, different proportions of the stock solution were spiked to a 2-L jar filled with effluent. The amount of ozone dosed per sample was calculated after measuring the DOC of the sample. This ensured that the ratio of g O3/g DOC was consistent across all the tested samples. By controlling this variable, the effects can then be compared between samples. To match the dosage range of the ozonation-activated carbon filtration pilot plant, ozone dosages varied between 0.4 and 0.6 g O3/g DOC, based on a preliminary study to optimize the ozone dose in a combined ozonation–GAC filtration process for OMP removal from secondary effluent (Liu, 2017). Dosages of 0.38, 0.49 and 0.58 g O3/g DOC were obtained by dosing 150, 200, and 250 ml of the spike solution per liter effluent sample respectively. Due to the fast degradation of ozone, it was key to spike the ozone stock solution within seconds after preparing it. Furthermore, the samples were directly covered after dosing so most of the stock solution reacted with the sample rather than degasifying into the atmosphere. Quenching was not needed as all ozone was assumed to have reacted within a small amount of time. Water before and after ozonation was analyzed for bacteria (Section Indicator Bacteria).
Coagulation Experiments
Two different coagulants were compared. These were the coagulant used in the pilot plant, Polyaluminum chloride (PAX-214), and a chemical iron coagulant based on Fe3+ (FeCl3). All experiments were conducted in 2-L beakers containing ozonated water from the pilot plant located at WWTP HM (Section Pilot plant Ozonation+GAC filtration). The required concentrations were derived by means of the Amirtharajah diagram based upon the pH and the desired type of removal (Johnson and Amirtharajah, 1983). The diagram is split into regions of sweep coagulation and charge neutralization for turbidity removal. For sweep coagulation, at an equal pH a higher coagulant dose should be added to the water as can be seen in the Amirtharajah diagram (see Supplementary Material S1).
Both PAX-214 and FeCl3 were dosed as a concentrated solution, therefore the same procedure was followed. These diagrams also show that pH has a large influence on floc formation. Therefore, the pH was measured and adjusted by dosing NaOH to maintain a constant pH. Both the coagulant and the NaOH solution were dosed in 2-L beakers filled with ozonated water samples from the pilot plant.
After coagulant dosing, the beakers were placed into a jar set-up. For the jar tests, first rapid mixing was applied for 30 s (G = 150 s−1), then the first slow mixing for 10 min at G = 80 s−1 followed by the second slow mixing for 10 min at G = 30 s−1. Finally, the beakers were left to settle for another 100 min. The supernatant was analyzed for water quality parameters (Section Water Samples) and bacteria (Section Indicator Bacteria).
Field Experiments
Full-Scale GAC Filtration
After conventional treatment, part of the water at WWTP Horstermeer (1,550 m3/h) is treated by a granular activated carbon (GAC) filter for biological nutrient removal by denitrification and OMP removal by adsorption. This GAC filter has an Empty Bed Contact Time (EBCT) of 8 min and the type of GAC is Cabot Norit GAC 612WB. The expected lifetime of the GAC filter until regeneration is 15,000–20,000 bed volumes (Dekker and Zijlstra, 2013). However, GAC in the filter has not been regenerated during the past 8 years and therefore the remaining adsorption capacity is expected to be low. Hence, it is likely that the bed functions as a regular filter bed with biofilm for nitrate removal (denitrification) and a coagulant dosage (PAX-214, 3.1 mol Al3+/mol PO43--P) for an additional P-removal. For the denitrification methanol is dosed in a concentration of 3.9 g COD/g NO3−-N as an additional C-source. Figure 2 gives an overview of the GAC-filter and sampling locations.
[image: Figure 2]FIGURE 2 | Process steps and sampling locations (A–F) in the Ozonation + GAC filtration pilot plant (top) and the full-scale GAC filter (below).
Pilot Plant Ozonation + GAC Filtration
The pilot plant is located next to the full-scale GAC filter, and treats a small part of the secondary clarifier effluent. Figure 2 gives an overview of the process steps: after the secondary clarifier, the ozone is dosed, at an ozone dose of 0.4 g O3/g DOC, in the ozone contactor with a contact time of 25 min, after which the water flows to a buffer and then to a GAC filter. The pilot is designed to treat 5 m3/h using ozonation and 3 m3/h using GAC filtration. The nominal contact time in the GAC filter is 15 min. Methanol is dosed in the influent of the GAC filter at a concentration of 3.9 g COD/g NO3−-N and an additional 1.2 g COD/g O2 to take into account the increased oxygen content due to ozonation. Furthermore, 3.1 mol Al3+/mol PO43--P is dosed for coagulation.
Field Sampling in the Full-Scale GAC Filtration and Pilot Plant ozonation + GAC Filtration
To test the micro-organisms and AR removal of both the full-scale GAC and the pilot-scale ozonation + GAC filtration process, another set of grab samples was taken at WWTP HM (april 2021). As seen in Figure 2, samples were taken from the secondary clarifier (location A), and in the pilot plant after the ozonation (location B), after the GAC filter (location C) and from the backwash water of the GAC filter (location D). Furthermore, in the full-scale plant samples were taken from the effluent (location F) and backwash water of the full-scale GAC filter (location E). The latter was done because at the moment of the research, the biofilm of the pilot plant GAC filter was not yet fully grown. All samples were analyzed immediately, or within the first 24 h, after being stored in a refrigerator below 5°C to prevent degradation and microbial activity.
Indicator Bacteria
The Gram-negative Escherichia coli (E. coli) and Gram-positive Enterococci are the most-used bacterial indicators of fecal contamination to indicate hazard and to test regulatory compliance (Holcomb and Stewart, 2020). For this research these two ASB were measured including one antibiotic resistant strain of each: Extended-Spectrum Beta-Lactamase (ESBL) producing E. coli and Vancomycin Resistant Enterococci (VRE) respectively (Zhou et al., 2017). Bacteria were not added as they were already present in the effluent of the WWTPs HP and HM. This research assessed whether the removal of ASB could be used as an initial proxy for the removal of ARB by coagulation and ozonation. Genes were outside the scope of this research.
For the assessment of ARB (ESBL and VRE), culture-based analysis were performed. By using a selective agar medium, bacteria were grown and screened including a resistant strain of each bacterium. This method is further described in Bicudo et al. (2021). By using a different agar growth medium, the ASB were distinguished from the ARB.
Clostridium perfringens and somatic coliphages were also included in the pilot plant and full-scale tests. Clostridium perfringens is a spore former and is considered a good indicator for protozoa removal. Somatic coliphages provide valuable information on the virus removal performances of the ozonation and the GAC-filter. The analytical methods are described in Bicudo et al. (2021).
Samples for microbial screening were filtered over 0.45 µm membranes, and several filtration volumes were tested for each sample in order to produce an acceptable number of colonies (30–300). Microbial screening was performed in triplicate for all samples and filtration volumes.
Statistical Analyses
Statistical differences in the removal of ARB and ASB were examined using two-way analysis of variance (ANOVA) tests. These tests were performed at the following points: after ozonation and after coagulation in the laboratory batch experiments, and in the effluents of the pilot plant ozonation–GAC filter and full-scale GAC filter. The two-way ANOVA was applied to the log of the ARB fraction as the dependent variable. The treated ARB fraction was calculated as C/C0, where C represents the bacteria concentration after treatment and C0 the concentration before treatment. Results were deemed significant below a p-value of 0.05. Statistical analyses were performed using R statistics software (www.r-project.org), specifically the ggplot2 package and AICcmodavg (Wickham, 2016; Mazerolle, 2020).
Log Removal and Concentrations
In the manuscript the effect of different treatment steps on ARB and ASB is expressed as log removal Concentrations can be found in the Supplementary Material S1.
RESULTS
Laboratory Batch Experiments
Ozonation
Figure 3 shows the log removal for the three different concentrations of ozone (0.38, 0.47, and 0.58 g O3/g DOC) applied to secondary effluent of the WWTP HP and WWTP HM.
[image: Figure 3]FIGURE 3 | The log removal of ARB and ASB by ozonation of secondary effluent of WWTP Harnaschpolder and WWTP Horstermeer, based on four weekly grab samples per water type, measured in triplicates. The concentration of ozone is given in g O3/g DOC. Error bars indicate standard deviation.
The ANOVA showed that no significant differences were found between the removal of ARB and ASB (p = 0.65). Therefore, the ozone dose does not seem to affect removal of either group. This result shows that treatment with ozone has a similar effect on both types of bacteria and the ASB can thus be used as in indicator for the removal of resistant bacteria.
By increasing the ozone dosage, the log removal increased. This increase is significant for E. coli and ESBL. This trend was not found for Enterococci or VRE (p = 0.25). The lack of significance can either be explained by an absence of differences by higher ozone concentrations within the groups or by a limitation in data points and the large standard deviation in these groups.
Lastly, no significant differences were found between the removal of ARB and ASB from effluent of WWTP HP and WWTP HM (p = 0.66).
Coagulation
Figure 4 shows the removal of bacteria from ozonated water from the pilot plant by using two different kinds of coagulants in four different concentrations, based on the minimum and optimum Amirharajah coagulant dosage. For PAX-214 one extra concentration (0.004 mM/L) was added based on a 3.1 M ratio of the coagulant and P for the P-removal. Due to the low P-concentration at the moment of the grab sampling, resulting in a negligible low coagulant dosage, this dosage was left out for the iron experiments.
[image: Figure 4]FIGURE 4 | The log removal of the different indicator bacteria with different coagulants (Aluminum (PAX-214) and Iron (FeCl3) at different concentrations in ozonated water from the pilot plant (location B in Figure 2 with 0.4 g O3/g DOC). Error bars indicate standard deviation. Bars marked with an * indicate a minimum estimated removal, due to concentrations below the detection limit. The missing bar for E. coli at 0.01 mM/L FeCl3 represents an absence of removal.
For coagulation, again no significant differences were found between the removal of ARB and ASB by applying an ANOVA test (p = 0.72 for E. coli/ESBL- E. coli and p = 0.78 for Enterococci/VRE). Therefore, the ozone dose does not seem to affect removal of either group.
Figure 4 shows a larger removal by using PAX-214 than with the FeCl3 treatment. Based on the Amirtharajah diagram, the minimum and optimum dosage were chosen for as well PAX-214 as for FeCl3. The optimum dosage for aluminum is lower than for iron (0.2 and 1 mmol/L, respectively), explaining part of the higher performance for aluminum at a dosage of 0.2 mmol/L for both coagulants. However, when comparing the optimal concentration of aluminum (0.2 mmol/L) with the optimal concentration of iron (1 mmol/L), aluminum still performs better than iron when both are dosed at the optimum dosage.
Pilot Plant and Full-Scale Plant
Pilot Plant Ozonation + GAC Filtration Removal
Figure 5 shows the log removal of microorganisms in the pilot plant after ozonation (location B in Figure 2) and after ozonation + GAC filtration (location C in Figure 2). Perfringens and Coliphages are also added to the results to give an idea of the general disinfection performance in the pilot plant.
[image: Figure 5]FIGURE 5 | Log removal of different microorganisms in the pilot plant after different treatment steps: ozonated water after ozonation (location B) and water after ozonoation and GAC filtration (location C). Error bars indicate standard deviation.
When looking at Figure 5, a few observations can be made. First of all, it can be seen that some bacteria react better to certain types of treatment than others. Where C. Perfringens is not removed by ozonation and even an increase is seen, C. Perfringens is removed by almost 1 log during GAC filtration. For coliphages this pattern is seem the other way around: it is better removed by ozonation, whilst after GAC filtration no additional removal is obtained.
Another observation concerns the VRE/Enterococci concentrations. In the results of the pilot ozonation + GAC filter, a significant difference between the change of VRE and Enterococci was found (p = 0.0026). The ozonation did not affect the removal of VRE differently than from Enterococci, both were removed by ozonation, showing a positive log removal, when comparing the secondary effluent concentrations and ozonated water concentrations (see Supplementary Material S1). However, where after the GAC filter a removal of Enterococci of 0.1 log was found, an increase in VRE concentration of 0.7 log was noted in comparison with the concentration after ozonation. This effect (different effects on the removal of VRE and Enterococci) was not found over the complete pilot plant ozonation + GAC filtration, when comparing the concentrations in the secondary effluent (location A) and the tertiary effluent (location C).
In total, over the pilot plant ozonation + GAC filtration an average over the four indicator bacteria of 0.7 log removal was found without a significant difference between the removal of ARB and the ASB. This is significantly (p = 0.0035) smaller than the 1 log found by dosing 0.38 g O3/g DOC in the ozonation laboratory batch experiments. Some of the log removals during ozonation in the pilot plant appeared to be negative (C. Perfringens), indicating an increase of the number of microorganisms.
Full-Scale GAC Filtration Removal
Figure 6 shows the log removal of microorganisms in the full-scale GAC filtration, compared to the removal in the pilot plant ozonation + GAC filtration. In the full-scale GAC filter the different effects on the removal of VRE and Enterococci can be seen as well. A removal of Enterococci of 0.8 log was measured, whilst an increase of VRE concentrations of 0.5 log was measured. Furthermore, similar to the ozonation + GAC filter, C. Perfringens is removed by the full-scale GAC-filter whilst the coliphages are not. E. coli and ESBL E. coli are both removed by 1 log in the full-scale GAC filter.
[image: Figure 6]FIGURE 6 | Log removal of different microorganisms in full-scale GAC filtration (location F) and in the pilot plant ozonation + GAC filtration (location C). Error bars indicate standard deviation.
Full-Scale and Pilot Plant GAC Filter: Effect of Biomass Maturity
Based on the absence of nitrate removal in the pilot plant GAC filter, it was concluded that the biology was not yet fully developed when the samples were taken. This was due to the short running time of the pilot plant (sixth months) compared to the long running time of the full-scale GAC filter (several years). To obtain information on the impact of the biofilm development in the GAC filter on the AR, the microorganisms in the backwash water of the full-scale GAC filter (biologically active) and the pilot plant GAC filter (biologically not yet active) are compared in Figure 7, which shows the increase or decrease in the backwash water related to the secondary effluent.
[image: Figure 7]FIGURE 7 | increase and decrease of microorganisms in the backwash water of the GAC filter of the pilot plant (location D) and the GAC filter of the full-scale plant (location E) related to the concentrations in the secondary effluent (location A). Error bars indicate standard deviation.
The backwash water of the pilot plant GAC filter with a not yet developed biology showed a decrease of microorganisms, except for C. Perfringens. C. Perfringens is not very sensitive for ozonation so it is flushed out during the GAC filter backwash. The backwash water of the full-scale GAC filter with a mature biomass showed an increase in the concentrations of microorganisms, related to the secondary effluent. The high increase of VRE corresponds well with the increase of VRE in the full-scale GAC filter effluent (Figure 6): it may be an indication of regrowth of VRE in the mature GAC filter, resulting also in a high concentration in the backwash water.
DISCUSSION
No significant differences were found between the removal of ARB and ASB when applying ozonation or coagulation, suggesting that ARB behave the same towards these treatment processes as ASB. As resistant bacteria often appear in much lower concentrations that are more difficult to measure, using ASB as an initial indicator of ARB can provide a significant advantage. This is a large benefit as ARB are usually found at much lower concentrations than ASB and are therefore harder to detect. Furthermore, ASB do not require refrigeration and the specific agar used is cheaper than the agar for ARB screening. ASB analysis is a commonly used technique and as such does not require additional training or specialist expertise. The selected bacteria are standard indicator bacteria and provide information on the behavior of Gram-positive as well as Gram-negative bacteria. ESBL-E. coli and VRE have been identified by the US-CDC as health treats of high concern (Kadri, 2020). Lastly it is easy to implement, as most water quality guidelines include measures for ASB while there are no guidelines for ARB (Bicudo et al., 2021).
The removal of ARB and ASB by ozonation and coagulation, found in this study, are in line with the reported values in literature. For ozonation the log removal varied between 1 and 2, depending on the ozone dose. In a literature review Hiller et al. (2019) reported for ozonation an ARB log removal between 1.4 and 1.8. Li et al. (2017) measured the effective removal of ARGs from the effluents of WWTPs by a coagulation process using FeCl3, with a log removal between 0.5 and 3.1. At the highest FeCl3 dose in our study a log removal of ARB and ASB up to 2 was reached. Sabri et al. (2020) measured a 1.3 log reduction of ARGs in the same full-scale GAC filter in which we measured a 1 log reduction of ARB and ASB, except for VRE which showed an increase in the effluent of the full-scale GAC filter. Also Wan et al. (2021) described an increased AR in activated carbon filters, while Foroughi et al. (2022) mentioned that regrowth after ozonation cannot be avoided, especially for some ARB and ARGs variants. Although bacteria are effectively destroyed by ozonation, the ARGs stay in similar concentrations causing the ozone treatment to select for antibiotic resistance genes (Alexander et al., 2016; Calderón-Franco et al., 2021). In our study we did not observe an increase in ARB and ASB after ozonation–GAC filtration in the pilot plant, maybe due to the absence of a mature biofilm in the pilot plant. The pilot plant was in operation for less than 6 months, while the full-scale GAC filter has been in operation for several years. This affects the maturity of the biofilm in the GAC filter. When comparing the results of the pilot plant ozonation + GAC filtration with the ozonation laboratory batch experiments, an average over the four indicator bacteria of 0.7 log removal was found at an ozone dose of 0.4 g O3/g DOC, while 1 log removal was found by dosing 0.38 g O3/g DOC in the ozonation laboratory batch experiments. This may be an indication that there was already some regrowth taking place in the GAC filter after ozonation, without reaching a negative removal as in the full-scale GAC filter with a mature biofilm for VRE. After the GAC filter of the pilot plant ozonation + GAC filter (location C) the percentage of VRE in Enterococci increased to 14% whilst after ozonation this was only 2%.
The results obtained in this study have effects on the operation of tertiary treatment steps in practice, considering the purposes of these treatment steps: removal of OMPs, removal of AR or removal of nutrients.
Both ozonation and coagulation showed in previous literature (Hiller et al., 2019; Li et al., 2017) and in the laboratory batch experiments that they have the potential to obtain high removal efficiencies for ARB and ASB, up to a log removal of 3. However, the log removal of the ozonation + GAC filtration was only 0.7. The low log removal in the pilot plant ozonation + GAC filtration can be explained by the fact that the removal of OMPs require a much lower ozone dose (around 0.4 g O3/g DOC) than disinfection does (between 1 and 1.5 g O3/g DOC) and is in line with the literature (Hembach et al., 2019). Ozonation of wastewater is often designed for the removal of trace organic chemicals at which dose it cannot considered a reliable disinfection process (Hiller et al., 2019). According to this literature and the results presented in Figure 3, increasing the ozone dose will most likely result in a more effective (AR) bacteria removal. The risk of increasing the ozone dose in wastewater effluent is that more potentially (eco-)toxicological by-products, such as bromate, can be formed (Jahan et al., 2021). Especially when a relatively high bromide concentration (the precursor of bromate formation) is present in the wastewater, an increase of ozone may result in high bromate concentrations. For toxicity reasons the bromate concentration in surface water will be regulated very strict as it is considered as a compound of very high concern. The proposed risk limit in the Netherlands is 50 μg/L for surface water and 1 μg/L near drinking water abstraction points (RIVM, 2021). According to Soltermann et al. (2017), the addition of hydrogen peroxide (H2O2) can partially suppress the bromate formation during wastewater ozonation as then lower ozone concentrations are needed by obtaining the same oxidation potential. The hydrogen peroxide addition is recommended to consider in future research.
For coagulation, the coagulant dosage needs to be high to be effective for AR removal, compared to the dose for P removal. Although some removal took place with the minimum dosages of iron and aluminum, much higher results are obtained with the optimal dosages for sweep coagulation (Figure 4). Above the optimum sweep coagulation concentration, the increase in removal stagnated, implying higher concentrations are not necessarily favorable, especially as the superfluous coagulant add to the amount of sludge that should then be removed from the water. To entrap (antibiotic resistant) bacteria in the flocs, after ozonation of WWTP effluent, higher coagulant concentrations than currently dosed in the ozonation + GAC filter for P removal should thus be dosed (0.2 mmol/L for PAX-214 and 1 mmol/L for FeCl3, as shown in Figure 4). When the phosphorus concentration is low enough (below 0.15 mg P/L), which is often the case at WWTP HM, the coagulant is even not added at all and thus bacteria removal by coagulation is absent. The implication of a higher coagulant dosage is that a larger amount of sludge may be produced. This affects the GAC filter as it will most likely result in a pressure increase and accordingly an increased need for backwashing and waste production.
Another implication for practice is the increased AR in activated carbon filters. After the GAC filter of the pilot plant ozonation + GAC filter (location C) the percentage of VRE in Enterococci increased to 14% whilst after ozonation this was only 2%. This means that the ozone prevents the enhancement of antibiotic resistance in the filter, but the GAC filter has a negative impact on the relative ARB concentration in the water. For E. coli and ESBL E. coli, this relative increase is not found. With respect to the full-scale plant, the GAC filter contained a matured biofilm that in the pilot plant ozonation + GAC filter was not yet fully present but the GAC filter can be assumed to develop a biofilm over time. After the full-scale GAC-filter (location F), the percentage of VRE in comparison with Enterococci rose to 48%. In the full-scale GAC filter VRE showed an increase of 0.5 log whilst the antibiotic sensitive Enterococci was removed with 0.5 log (Figure 6). The same phenomenon of VRE increase was observed in the backwash water of the biologically active full-scale GAC filter. Over time, when a biofilm has grown over the filter, a similar relative and absolute increase in AR may occur at the pilot plant ozonation + GAC filter as well. The possible abundance of ARGs, due to cell lysis by ozonation could potentially add to the selective pressure in this filter. It is therefore recommended to monitor these changes in AR caused by the GAC-filter.
In general, tertiary treatment steps focused on the removal of OMPs and nutrients, did not achieve a high removal of AR and even a slight increase was found. In theory increase of ozone or coagulant dose are options for better bacteria removal, but there are several disadvantages as well. In secondary effluents with a relatively high bromide concentration, different techniques than ozone should be considered to remove ARB/ARGs. Several membrane techniques have proven to be effective for the removal of ARB and ARGs as well (Le et al., 2018; Hembach et al., 2019). However, membrane filtration technologies are expensive and energy consuming and it is important to come with a sufficient solution for the concentrate as these ARGs are present in increased levels in the concentrate. This shows that the selection of an extra treatment step is always a consideration of costs, energy consumption and the type of pollutant that has to be removed.
CONCLUSION
The purpose of this research was to test what the impact is of an additional tertiary treatment step consisting of ozonation, coagulation, granular activated carbon filtration, or combinations of these, on the spread of AR by WWTPs. Microbiological analysis focused on antibiotic resistant bacteria (ABR) and antibiotic sensitive bacteria (ASB).
Lab results showed no significant differences between the removal of ARB and ASB when applying ozonation and coagulation, implying that ASB may be used as an initial proxy for the removal of ARB during ozonation and coagulation. This is a large benefit as ARB are usually found at much lower concentrations than ASB and are therefore harder to detect. ASB is a commonly used technique as most water quality guidelines include measures for ASB and as such does not require additional training or specialist expertise. implement, Coagulation and ozonation are both effective in the removal of (AR) bacteria. However, for both coagulation and ozonation a higher dose is needed for attenuation the ARB and ASB than what is currently applied for P-removal and OMPs removal. In the tested full-scale granular activated carbon (GAC) and pilot plant ozonation + GAC, a 250 times higher coagulant dose and a 2.5–4 times higher ozone dose was necessary to achieve 2-3 log ARB and ASB removal. An increase of the ozone dose results in a higher (AR) bacteria removalBy increasing the coagulant dose, a higher bacteria removal is obtained. Furthermore, the bacteria removal by applying coagulation is limited to around 2 log. Above the optimum sweep coagulant dosage, the removal stagnated.
A GAC filter impacts Enterococci and VRE differently: there is an increase in the VRE to Enterococci ratio. In a matured, biologically active GAC filter, VRE may even increase. ARB might grow in the biofilm during the GAC filtration step and although these bacteria are not necessarily directly harmful, they can pass down their resistance to harmful bacteria using horizontal gene transfer.
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