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Abstract 16 
While nutrient removal has been well studied in waste stabilisation ponds (WSPs), studies of organic 17 

micropollutant removal in pond systems are limited. In this study, we investigated organic 18 

micropollutant, nitrogen and organic carbon removal in selected WSPs that differed in geographical 19 

location and pond configuration, and compared their performance to an oxidation ditch wastewater 20 

treatment plant (WWTP). Of the 232 chemicals measured, 36 were detected in wastewater influent 21 

and 33 were detected in treated wastewater effluent. New data for micropollutant removal in WSPs 22 

was generated for three pesticides or related chemicals, five pharmaceuticals, the plasticizer N-23 

butylbenzenesulfonamide, the antioxidant 2,6-di-t-butyl-p-cresol, and two flame retardants 24 

tris(dichloropropyl)phosphate and tris(chloropropyl)phosphate isomers. Most of these 25 

micropollutants were relatively well removed in WSPs. The poorest treatment efficiency was 26 

observed in the single facultative pond system, with no maturation pond, suggesting that the presence 27 

of a maturation pond is important for chemical removal. The two WSPs in temperate climates were 28 

found to have higher concentrations of motile algae that can optimise their position with respect to 29 

light and temperature. However, to-date, the micropollutant removal by these algal species is not 30 
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known. The highest removals of micropollutants in a WSP were measured in a complex WSP system 31 

with two maturation ponds, and removals achieved were comparable to the oxidation ditch system. 32 

The key factors contributing to high micropollutant removal in this WSP were high solar irradiation 33 

and warm temperatures that promoted the growth of non-motile green algae previously found to 34 

degrade micropollutants, and photodegradation. 35 

 36 

1. Introduction 37 

Waste stabilisation pond (WSP) wastewater treatment systems are comprised of large shallow ponds 38 

that utilise natural physical and biological processes to remove organic matter, pollutants and 39 

pathogens present in raw wastewater.1 The function of each pond is typically determined by its 40 

dimensions, in particular its depth. For example, facultative ponds, which range in depth from 1 m to 41 

2.5 m are stratified systems that combine an aerobic surface layer and a bottom sludge-rich layer 42 

where anaerobic decomposition processes dominate. Facultative ponds are designed to remove 43 

biological and chemical oxygen demand and nutrients although pathogens can also be partially 44 

removed.1 Maturation ponds, which follow the facultative ponds in conventional WSP systems, are 45 

shallow basins (1 – 2 m deep) in which aerobic conditions are maintained over the whole depth of the 46 

pond. While the main function of the maturation pond is the removal of pathogens, they can also 47 

contribute significantly to nutrient removal.1 48 

Many researchers have investigated the mechanisms and pathways of nitrogen removal within WSPs 49 

and the principal mechanisms for nitrogen removal in WSPs include: ammonia volatilisation, 50 

nitrification and denitrification, and algal/microbial uptake and sedimentation.2-4 The mechanisms 51 

that prevail in any given WSP depend strongly on environmental and operational conditions.  52 

In contrast, studies of organic micropollutant removal in pond systems are less prevalent. For 53 

example, our recent review has shown that out of the many hundreds of organic micropollutants 54 

identified in wastewater and in wastewater impacted environments, only a limited number of 55 
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micropollutants (approximately 40) have been studied in WSPs,5 representing a significant 56 

knowledge gap in this area. Most of the compounds studied in WSPs to date have been 57 

pharmaceuticals and personal care products (PPCPs) or endocrine disrupting compounds (EDCs).5 58 

Like most wastewater treatment processes, WSPs are not designed for micropollutant removal. 59 

However, reported removal mechanisms for organic micropollutants in WSPs include 60 

photodegradation, biodegradation and sorption onto organic matter or sludge.5, 6 Removal of organic 61 

micropollutants is also influenced by many factors, such as the type and configuration of the ponds, 62 

the operational parameters of the treatment plant, the wastewater quality, environmental factors (e.g. 63 

sunlight, temperature, redox conditions and pH), as well as the chemical and physical properties of 64 

the micropollutant.5, 6 65 

The main removal mechanisms for micropollutants in WSPs are sorption, biodegradation and 66 

photodegradation.5 In WSPs, biodegradation is influenced by reciprocal biological interactions 67 

between algae and microbial communities. For example, algal photosynthesis provides oxygen and 68 

organic exudates which can then be used by pollutant-degrading bacteria.7 Algae can also actively 69 

participate in micropollutant biodegradation, as enzymes produced by algae can transform 70 

micropollutants in a similar manner to detoxification reactions undertaken by mammalian livers.8 The 71 

degree of micropollutant removal depends on the algal species, with many studies undertaken with 72 

green microalgae.9 Because algae growth is typically controlled by sunlight, the effect of 73 

photodegradation cannot necessarily be distinguished from algal degradation.10 74 

While photodegradation upon exposure to sunlight is considered a key mechanism for micropollutant 75 

removal in WSPs, only limited studies have been published.5 Photodegradation can occur either by 76 

direct absorption of light by the contaminant, or indirectly facilitated by reactive species (e.g. 77 

hydroxyl radicals or singlet oxygen) produced by photosensitisers present in the water, such as nitrate 78 

and nitrite or chromophoric organic matter.11 Both direct and indirect photolysis have been identified 79 

as micropollutant removal mechanisms in WSP.12, 13 Micropollutants that are most likely to undergo 80 
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photodegradation will contain aromatic rings, heteroatoms and functional groups (e.g. phenol and 81 

nitro groups) that allow direct absorption of solar radiation, or react with reactive species.14  82 

Sorption onto sludge or particulate matter is facilitated by hydrophobic interactions between 83 

hydrophobic pollutants and sludge solids, and electrostatic interactions between positively charged 84 

micropollutants and negatively charged microorganisms and effluent organic matter.15 Sorption can 85 

be measured by the octanol-water partition coefficient (log KOW) or the equilibrium partition 86 

coefficient for sorption onto activated sludge (Kd-AS, L kg−1) which is typically defined for equilibrium 87 

conditions in a batch reactor.16, 17 Only micropollutants with Kd-AS > 500 L kg−1 have significant 88 

sorption onto activated sludge in municipal WWTPs.17  89 

Reuse of treated wastewater for non-potable purposes is becoming an important water management 90 

strategy in many parts of regional Australia. However, there is still little information regarding the 91 

concentration of organic micropollutants in wastewater in regional areas, or their removal in WSP 92 

systems. The aim of this study was to assess organic micropollutant removal in selected WSPs and 93 

compare their performance to an oxidation ditch wastewater treatment plant (WWTP). The oxidation 94 

ditch is a modified activated sludge biological treatment process that uses long solids retention times 95 

to remove biodegradable organic compounds, typically configured in a concrete oval, or ‘racetrack’ 96 

configuration.18  The selected WSP systems differed in geographical location, climate and design. 97 

The overall treatment performance was also assessed by considering nitrogen and dissolved organic 98 

carbon (DOC) removal in each system. The chemical removal results were also interpreted in 99 

combination with results from 16S and 18S next generation sequencing, which provided an overview 100 

of the bacterial and eukaryotic composition in each WWTP.  101 

2. Materials and methods 102 

2.1. Sampling and sampling sites 103 

Samples were collected from three waste stabilisation ponds (WWTPs 1, 2 and 3) and an oxidation 104 

ditch (WWTP 4) in Western Australia (WA), all treating domestic wastewater. A description of the 105 

sampling sites and the sampling points is presented in Table 1, while general climatic data for each 106 
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location is provided in the Supporting Information (SI) Table S1. The WSP systems studied each 107 

consisted of a facultative pond, with varying numbers of maturation ponds (see SI Figure S1). 108 

Additionally, WWTP 1 utilised an advanced facultative pond, which consisted of a deep (~4 m) 109 

anaerobic digester pit overlaid with a facultative pond.19 The advanced facultative pond is designed 110 

to optimise sedimentation and anaerobic degradation of wastewater organic solids.1, 19 111 

Samples were collected from WWTP 1 during the wet and dry season, while samples from WWTPs 112 

2, 3, and 4 were collected during summer and winter. Due to limitations of equipment, and lack of 113 

power at some sites, all samples were taken as grab samples. Field measurements were recorded for 114 

each sample using portable meters for pH, conductivity, temperature and dissolved oxygen (HQ40d, 115 

Hach Co., USA).  116 

  117 
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Table 1  118 
Description of sampling sites and sampling points. 119 

Sample 
site 

Location and 
climate 

Treatment 
process Sample points Sampling dates 

WWTP 1 

North West region 
of WA with a 
tropical climate. 
Seasons: wet and 
dry. 

Advanced 
facultative pond, 
followed by two 
maturation ponds 

Influent WW 
Post-Combined Pond  
Treated WW 

19 Feb 2015 
and 

7 Sept 2015 

WWTP 2 

Wheat belt region 
with hot dry 
summers and mild 
winters. 
Seasons: four 
distinct seasons. 

One facultative 
pond  

Influent WW 
Treated WW  

12 Feb 2015 
and  

13 Jul 2015 

WWTP 3 

South-Western 
Australia with a 
temperate climate. 
Seasons: four 
distinct seasons. 

Two primary 
facultative 
ponds, and one 
maturation pond 

Influent WW 
Post-Facultative Pond  
Treated WW  

23 Feb 2015 
and  

14 Jul 2015 

WWTP 4 

South-Western 
Australia with a 
temperate climate. 
Seasons: four 
distinct seasons. 

Oxidation 
ditches followed 
by sedimentation 
tanks 

Influent WW 
Treated WW  23 Feb 2015 

and  
14 Jul 2015 

 

Samples were collected using appropriate containers, as described in SI Table S2. Sample bottles 120 

were filled to zero headspace, kept cool (in an ice box) and transported back to the laboratory. 121 

Samples were filtered through 0.45 µm membrane filters, and refrigerated in the dark at 4°C until 122 

analysis. Trip and field blanks containing ultrapure water and preservation agent were also included 123 

during each sampling event to determine if there was any contamination through the sampling 124 

process, storage and transport. Trip blanks remained unopened until analysis, and field blanks were 125 

opened at each sampling location. 126 

2.2. Analytical standards and chemicals 127 

Ultrapure water from an ELGA purification system (resistivity of 18 mW, total organic carbon (TOC) 128 

1 µg/L) was used for preparation of solutions. All solvents and reagents used in this study were of 129 

analytical grade purity (AR grade ≥99% pure or better). Details of reagents and analyte chemicals are 130 

provided in SI Table S3.  131 
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2.3. Chemical analyses 132 

2.3.1 Nutrients and dissolved organic carbon 133 
Water quality parameters measured by standard methods 20 included DOC (5310 B) using a Shimadzu 134 

high temperature combustion TOC-L analyser at Curtin University, and ammonia (4500-NH3 G, LOR 135 

= 0.01 mg/L), nitrate and nitrite (4500-NO3ˉ F, LOR = 0.01 mg/L), total nitrogen (4500-N C, LOR = 136 

0.01 mg/L),  total phosphorus (TP) (4500-P J, LOR = 0.01 mg/L) and sulphate (4500-SO42ˉ E, LOR 137 

= 1 mg/L) by a commercial laboratory. Due to the potential negative interferences of sulphides and 138 

thiols known to occur with the indophenol reaction for the ammonia measurement method (Phan et 139 

al., 1982), the sum of ammonia and organic nitrogen, also known as Kjeldahl nitrogen,20 was 140 

considered as a combined parameter for data analysis, rather than the individual parameters of 141 

ammonia and dissolved organic nitrogen. Thus total Kjeldahl nitrogen (TKN) was determined as the 142 

difference between total nitrogen and the sum of nitrate and nitrite.  143 

2.3.2 Organic micropollutants 144 
A large suite of 232 organic micropollutants were analysed in the project. The analytical suite was 145 

derived from our previous studies of micropollutants in domestic wastewater and wastewater 146 

recycling.21-27 In addition, due to the rural nature of some of the study sites, samples were analysed 147 

for a large suite of 159 pesticides and other chemicals by Queensland Health Forensic and Scientific 148 

Services (QHFSS, see SI Table S4).  149 

Micropollutants analysed in-house at Curtin (SI Table S5) were measured using solid-phase 150 

extraction (SPE) followed by liquid chromatography-mass spectrometry (LC-MS) using validated 151 

analytical methods developed and published by our group and included pharmaceuticals,26 152 

antibiotics,24 benzotriazole and benzothiazole corrosion inhibitors,22 iodinated contrast media25 and 153 

artificial sweeteners.28 Chemicals were quantified using certified standards and deuterated internal 154 

standards. Where deuterated homologues were not available for a compound, suitable deuterated 155 

standards were chosen to represent groups of compounds. 156 
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3. Results and discussion 157 

3.1. Assessment of WWTP treatment efficiency using nitrogen, DOC, and other bulk parameters  158 

Wastewater (WW) was characterised by its bulk parameters, as described in SI Table S6 (field 159 

measurements) and Table S7 (nutrients and DOC), with a summary provided in Table 2. These bulk 160 

parameters were at concentrations typical for untreated municipal wastewater.29 161 

 162 

Table 2  163 
Concentration of nitrogen species and DOC for all sites, over two sampling events. 164 

WWTPa Sample point Nitrite  
(mg N/L) 

Nitrate  
(mg N/L) 

TKN  
(mg N/L) 

TN  
(mg N/L) 

DOC  
(mg C/L) 

%TN 
Removal 

%DOC 
Removal 

Sampling Event E1 (Summer or Wet Season) 
1 Influent WW 0.01 0.02 95.0 95 52    

Post-combined Pond 0.2 0.03 60.8 61 9    
Treated WW 0.07 0.08 20.9 21 11 78% 

 
79% 

 
2 Influent WW 0.09 0.02 42.9 43 24    

Treated WW 0.08 0.02 64.9 65 22 -51% 
 

7% 

3 Influent WW <0.1 0.07 99.9 100 41    
Post-facultative Pond <0.1 0.3 71.7 72 27    
Treated WW 0.5 1 58.5 60 22 40% 

 
46% 

4 Influent WW <0.1 0.08 99.9 100 25    
Treated WW 0.2 3.1 0 3.2 6 97% 75% 

Sampling Event E2 (Winter or Dry Season) 
1 Influent WW 0.01 <0.01 46.0 46.0 80    

Post-combined Pond <0.01 <0.01 49.0 49.0 13    
Treated WW 0.01 <0.01 33.0 33.0 20 28% 

 
75% 

 
2 Influent WW <0.01 <0.01 46.0 46.0 16    

Treated WW 0.04 0.01 46.0 46.0 17 0% 
 

-3% 
 

3 Influent WW 0.02 <0.01 54.0 54.0 33    
Post-facultative Pond 0.06 <0.01 46.9 47.0 20    
Treated WW <0.01 <0.01 40.0 40.0 21 26% 36% 

 
4 Influent WW <0.01 <0.01 79.0 79.0 33    

Treated WW 0.11 0.93 1.5 2.5 7 97% 77% 
a WWTP 1 is in a tropical region and was sampled in the wet and dry seasons, while WWTPs 2-4 are located in 165 
temperate regions and were sampled in summer and winter. 166 
 167 
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Based on removal of DOC and TN (Table 2), the efficiency of chemical removal followed in the 168 

order of: oxidation ditch system (WWTP 4) ≥ advanced facultative pond system (WWTP 1) > simple 169 

pond systems (WWTP 2, WWTP 3). WWTP 4 had the best TN removal (97% in both events), 170 

followed by WWTP 1 (up to 78% removal), WWTP 3 (up to 40% removal), and finally WWTP 2 171 

(0% removal or lower). The efficacy of N removal in WWTP 4 is attributed to optimised nitrification 172 

and denitrification in this oxidation ditch WWTP, with ammonia converted to nitrite and then to 173 

nitrate in the aerobic oxidation ditch, and nitrate is converted to nitrogen gas in an anoxic tank that 174 

receives recirculated mixed liquor from the oxidation ditch.30  175 

WWTP 1 and WWTP 3 had greater TN removals during the summer/wet season (78% and 40%, 176 

respectively) than in the winter/dry season (28% and 26%, respectively), while WWTP 4, the 177 

oxidation ditch, exhibited similar TN removals over both summer and winter. WWTP 2 had no TN 178 

removal in winter (0%), and negative removal in summer (-51%). Nitrogen removal in WSPs could 179 

occur via nitrification and denitrification or through algal/microbial uptake and sedimentation, with 180 

the relative importance of each process changing seasonally, depending on the phytoplanktonic 181 

activity.2, 3, 31 182 

The removal of DOC generally followed a similar trend to TN removal, but was not as affected by 183 

season as TN. Both WWTP 1 and WWTP 4 had similar DOC removals during both seasons (75-184 

79%), while WWTP 3 and WWTP 2 had slightly higher DOC removals during summer (46% and 185 

7%, respectively) than winter (36% and -3%, respectively). For WWTP 1 and WWTP3, most DOC 186 

removal occurred in the primary facultative pond, rather than the maturation ponds, and this agrees 187 

with typical primary facultative pond function, where organic matter may be oxidised by aerobic and 188 

facultative bacteria, as well as digested in anaerobic processes.1 The higher DOC removal observed 189 

for WWTP 1 is likely due to its advanced facultative pond, which incorporates a deep anaerobic pit 190 

designed to optimise sedimentation and anaerobic degradation of wastewater organic solids.32 191 

However, temperature also influences anaerobic waste degradation in WSPs, with increased 192 
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degradation occurring at higher temperatures.33 The DOC removals reflect the temperature patterns 193 

observed for each WSP (SI Table S1), where the monthly maximum temperature for WWTP 1 was 194 

similar for each sampling event (Event E1: 32.9 °C,  E2: 31.9 °C), compared to the WSPs in temperate 195 

climates where summer temperatures (WWTP 2: 33.6 °C,  WWTP 3: 29.6 °C) were much higher than 196 

winter (WWTP 2: 16.9 °C, WWTP 3: 17.5 °C).  197 

For WWTP 1 and WWTP 3, greater TN removal occurred in the maturation ponds than in the primary 198 

facultative pond (Table 2). Maturation ponds contribute significantly to nutrient removal via algal 199 

biomass production.31, 34 Algal productivity in WSPs can be indicated by changes in water pH, 200 

consumption of carbon dioxide via photosynthesis  typically leading to increased pH.35 Kayombo et 201 

al.36 studied diurnal fluctuations of pH and DO in a pond system and concluded that pH > 8 indicated 202 

that photosynthesis was consuming more carbon dioxide (CO2) than produced by bacterial respiration 203 

or organic matter decomposition, while pH < 8 indicated that photosynthesis did not completely 204 

utilize carbon dioxide. The rate of increase and decrease of DO in the WSPs also followed the same 205 

pattern as pH.36 206 

The pH of influent entering all three WSPs was between 7.58 and 7.9 (SI Table S6), with DO 207 

concentrations typically below 2 mg/L. The pH remained similar after primary facultative pond 208 

treatment (pH 7.32-7.94), but increased after maturation pond treatment. Significant algal production 209 

(i.e. indicated by pH > 8) in maturation ponds was observed for WWTP 1 for both sampling events 210 

(E1: 9.2, E2: 8.47), and for Event 1 (summer, 8.66) for WWTP 3, which was also when the largest 211 

increases in DO concentrations were observed (SI Table 6). Sunlight provides the energy source for 212 

photosynthesis,37 and WWTP 1 experienced consistent solar irradiation for each sampling event (E1: 213 

21-24 MJ/m2,   E2: 24-27 MJ/m2), compared to WWTP 3, where solar irradiation was significantly 214 

lower in Event 2 (E1: 24-27 MJ/m2 , E2: 9-12 MJ/m2).  215 

Both WWTP 1 and WWTP 3 had greater TN removals during Event 1 (78% and 40%, respectively) 216 

than in Event 2 (28% and 26%, respectively).  For WWTP 3, pH and DO concentrations indicate that 217 
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algal production was higher during Event 1 than Event 2, linked to the significant difference in solar 218 

irradiation and temperature between summer and winter sampling events (SI Table S1).  WWTP 1 219 

also showed evidence that algal production was higher during Event 1 (wet season, pH = 9.2, DO = 220 

16.2 mg/L) than during Event 2 (dry season, pH = 8.47, DO = 9.69 mg/L). However, solar irradiation 221 

and temperature were similar for both events (SI Table S1), with the main climatic difference being 222 

the average rainfall for each sampling month (E1: 181.0 mm, E2: 1.4 mm). Storm events can impact 223 

WSP function by changing organic or hydraulic loading, though this typically affects the anerobic 224 

treatment process.38 It is not clear how rainfall may have impacted algal biomass production in this 225 

study and further seasonal data would be required to understand this effect.  226 

WWTP 2 had considerably poorer treatment efficiency than WWTP 1 or WWTP 3, with no TN 227 

removal in winter (0%), and negative removal in summer (-51%). WWTP 2 consists of a single 228 

primary facultative pond, and the pH of treated wastewater (E1: 7.42, E2: 7.94) indicated that algal 229 

production was likely low. However, there was a marked difference between DO concentrations for 230 

the two sampling events (SI Table S6). In Event 1, the DO concentration was 0.62 mg/L in influent 231 

wastewater and 0.22 mg/L in treated wastewater. In Event 2, the DO concentration was 4.67 mg/L in 232 

influent wastewater and 5.63 mg/L in treated wastewater. The difference in the DO concentrations in 233 

wastewater influent cannot be explained, but is potentially related to increased water flow in winter 234 

compared to summer. The increased DO concentration in influent wastewater in Event 2 may have 235 

resulted in better nitrification, and this is supported by the slight increases in nitrite and nitrate. 236 

Increased DO would potentially reduce anaerobic degradation, which may explain why DOC removal 237 

was better in Event 1. However, overall DOC and TN removal was not well controlled in WWTP 2, 238 

and this WSP may benefit from additional treatment ponds to improve nutrient removal. 239 

The pH of influent for WWTP 4 was significantly higher (E1: 8.3, E2: 8.43) than the pH values 240 

obtained for influents to the WSPs (SI Table S6), and no reason is known for this. However pH in 241 

treated wastewater from WWTP 4 was much lower (E1: 7.77 E2: 7.48) than the pH of treated 242 

wastewater from the WSPs (SI Table S6), suggesting that excess CO2 produced by bacterial 243 
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respiration was not consumed by photosynthesis, as expected for an oxidation ditch WWTP.30 While 244 

the DO concentrations did increase during wastewater treatment (<0.9 mg/L for wastewater influent 245 

and >6 mg/L in treated wastewater, SI Table S6), this was due to the effect of mixing paddles designed 246 

to increase aeration in the oxidation ditch, rather than a by-product of photosynthesis. 247 

3.2. Micropollutant removal during wastewater treatment 248 
Of the 232 chemicals measured in the wastewater samples, 36 were detected in wastewater influent 249 

and 33 were measured in treated wastewater effluent. Maximum and minimum concentrations 250 

detected in wastewater influent and treated wastewater are presented in SI Tables S8 and S9, 251 

respectively. 252 

The removal of organic micropollutants, DOC and TN for each WWTP is presented in SI Table S10, 253 

calculated as the difference in concentrations between the influent and treated wastewater, as a 254 

percentage of the influent concentration. In some instances, micropollutants were reduced to below 255 

detection after treatment. In these cases, a value equal to half the limit of reporting was used as a 256 

conservative estimate of the final concentration. Removals for individual organic micropollutants 257 

varied widely (-2188% to 100%), including a significant number of negative removals, which 258 

typically resulted from the organic micropollutant not being detected in wastewater influent, but 259 

present at low concentrations in wastewater effluent. This is likely due to limitations of grab sample 260 

collection, and the potential for very highly variable micropollutant concentrations in wastewater 261 

influent, due to discrete packets of water entering the sewerage from toilet flushes or other 262 

appliances.39 It is also possible that negative removals of compounds may be due to the presence of 263 

unquantified metabolites and/or transformation products (e.g. glucuronide, methyl and glycine 264 

conjugates) which were then hydrolysed back to the parent compound during the wastewater 265 

treatment process.40 Due to the presence of negative removals, median removal was calculated for 266 

each WWTP, rather than average, because the median is less affected by outlier values. This study 267 

has generated new occurrence and removal data for a number of organic micropollutants not 268 

previously measured in WSPs (SI Table S10), including three pesticides or related chemicals (DEET, 269 
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piperonyl butoxide and 4-chloro-3,5-dimethylphenol), five pharmaceuticals (morphine, phenytoin, 270 

atorvastatin, cotinine, warfarin), the plasticizer N-butylbenzenesulfonamide, the antioxidant 2,6-di-t-271 

butyl-p-cresol (BHT), and the flame retardants tris(dichloropropyl) phosphate and tris(chloropropyl) 272 

phosphate isomers.  273 

Despite the large variation, the median percentage removal over all micropollutants was similar to 274 

the removal observed for DOC and TN (Table 2), with the order being WWTP 1 (E1: 94%, E2: 275 

93%) > WWTP 4 (E1: 91%, E2: 75%) > WWTP 3 (E1: 82%, E2: 35%) > WWTP 2 (E1: 19%, E2: 276 

0%). Median micropollutant removal was higher in summer than in winter for the WSPs (WWTP 2 277 

and WWTP 3) and the oxidation ditch plant (WWTP 4). However, WWTP 1 had consistent 278 

micropollutant removal over both sampling events, in the wet season and dry season where 279 

temperature and solar irradiation were much more similar (SI Table S1). Higher micropollutant 280 

removal in WSPs has previously been observed in summer due to higher temperatures, greater 281 

biological activity and increased solar irradiation.5, 7, 41 Temperature has also been identified as a key 282 

control parameter for treatment efficacy in oxidation ditch WWTPs.42 Generally, enhanced 283 

micropollutant removal in WWTPs is achieved at warmer temperatures due to promotion of microbial 284 

activities.43 285 

3.3. Comparison of micropollutant removal in WSPs and the oxidation ditch 286 
Table 3 compares median removal of micropollutants in all WSPs (WWTPs 1-3), to the oxidation 287 

ditch (WWTP 4), and previously reported removals in WSPs. Only micropollutants detected in more 288 

than 50% of wastewater influent samples were included in the comparison, as otherwise removal 289 

values were affected by non-detects. Eleven of the 22 micropollutants in Table 3 were well removed 290 

(>75% removal) in both the WSPs and the oxidation ditch. Micropollutants from this group which 291 

have been previously studied in WSPs (ibuprofen, naproxen, triclosan, galaxolide, and 292 

sulfamethoxazole) showed similar high removals (Table 3). 293 

Four chemicals (carbamazepine, benzotriazole, 4+5-methylbenzotriazole and sucralose) had less than 294 

25% removal in both the WSPs and the oxidation ditch.  These chemicals have been typically found 295 
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to be recalcitrant in wastewater treatment.22, 44, 45 Removals previously reported for carbamazepine 296 

and sucralose in WSPs are similar (Table 3). A single study46 did find higher removals for 297 

benzotriazole  and 4+5-methyl benzotriazole, apparently related to the very good treatment efficiency 298 

in this WSP, attributed to coexistence of different removal mechanisms, such as biodegradation, 299 

sorption and photodegradation, and the presence of microalgae in both the cold and warm season. 300 

DEET, gemfibrozil, N-butylbenzenesulfonamide, and trimethroprim had much better removal in the 301 

oxidation ditch (72-97%) than in the WSPs (-214% to 56%). Neither DEET nor N-302 

butylbenzenesulfonamide have been previously measured in WSPs, but gemfibrozil has been found 303 

to be poorly removed (15-20%) in other WSP studies.47, 48 The removal of trimethoprim in WSPs has 304 

also been found to be variable.41, 49 Tonalide, warfarin, and tris(chloropropyl) phosphate isomers all 305 

had slightly better removal in the WSPs than the oxidation ditch, with similar removal of tonalide 306 

compared to other WSP studies,46, 49 and better removal of tris(chloropropyl) phosphate isomers.46 307 

Table 3 308 
Comparison of median removal of micropollutants in all WSPs (WWTP 1-3), with median removals 309 

in the oxidation ditch (WWTP 4), and previously reported WSP studies. Only micropollutants 310 

detected in more than 50% of wastewater influent samples were included in the comparison. 311 

 
This study 

     Previously Published Values 
WSPs Oxidation 

Ditch 

>75% Removal in WSPs and Oxidation Ditch 

Ibuprofen 79% 100% 75-100% 41, 46-50 
Naproxen 83% 99% 75-100% 41, 46-48, 50 
Cotinine 97% 99%   
Triclosan 89% 99% 77-100% 41, 46, 48, 49 
Morphine 82% 99%   
4-Chloro-3,5-dimethylphenol 82% 99%   
Atorvastatin 87% 95%   
2,6-Di-t-butyl-p-cresol 93% 94%   
Piperonyl butoxide 91% 89%   
Galaxolide 84% 80% 75-96% 46, 49 
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Sulfamethoxazole 94% 75% 82-100% 41, 47, 49 

Variable Removal 

DEET 56% 97%   
Gemfibrozil -214% 95% 15-20% 47, 48 
N-Butylbenzenesulfonamide -50% 86%   
Trimethoprim 36% 72% 44-100% 41, 49 
Tonalide 87% 70% 76-96% 46, 49 
Warfarin 65% 61%   
Tris(chloropropyl) phosphate isomers 64% 40% 21% 46 

< 25% removal in WSPs and Oxidation Ditch 

Carbamazepine 20% -41% 6-29% 46-48 
Benzotriazole 10% 1% 50% 46 
4+5-Methyl Benzotriazole  2% 25% 76% 46 
Sucralose 1% 4% Not 

removed 
49 

 312 
3.4. Mechanisms of micropollutant removal in WSPs and the oxidation ditch 313 

Sorption, biodegradation and photodegradation were assessed for their likely role in micropollutant 314 

removal observed in the WWTPs in this study. The contribution of sorption to micropollutant removal 315 

was assessed by considering the octanol-water partion coefficient, log KOW,51 and the equilibrium 316 

partition coefficient for sorption onto activated sludge, Kd-AS (L kg−1), summarised in SI Table S11. 317 

Biodegradation was assessed by considering experimentally determined pseudo first-order rate 318 

constants for biodegradation in activated sludge (kbiol-AS) (SI Table S11). While photodegradation 319 

upon exposure to sunlight is considered a key mechanism for micropollutant removal in WSPs, only 320 

limited studies have been published.5, 52 The rate of photodegradation will be impacted by the mode 321 

of degradation (direct or indirect), the presence of photosensitisers in the water, and whether the 322 

micropollutant contains aromatic rings, heteroatoms and functional groups (e.g. phenol and nitro 323 

groups) that allow direct absorption of solar radiation. Of the micropollutants listed in Table 3, all 324 

except sucralose and the tris(chloropropyl) phosphate isomers contain an aromatic ring, while all 325 

micropollutants contain a heteroatom other than C or H, suggesting most of these micropollutants 326 

may be amenable to photodegradation. 327 
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When considering the contribution of sorption, triclosan, galaxolide, and tonalide were the only 328 

chemicals with Kd-AS > 500 L kg−1. All of these micropollutants also have log KOW > 4, which has 329 

also been proposed as an indicator for strong sorption onto sewage sludge.53 Galaxolide and tonalide 330 

are both known to be predominantly removed by sorption in activated sludge WWTPs15 and have 331 

also been reported to be sorbed to the biomass (i.e. algae) in high rate algal ponds.7 Triclosan has 332 

been found to be strongly sorbed to sludge,54 although biodegradation will also contribute to its 333 

removal.15, 55 334 

Six compounds in this study have not had Kd-AS determined previously (SI Table S11). Tris(1-chloro-335 

2-propyl) phosphate, 4-chloro-3,5-dimethylphenol and N-butylbenzenesulfonamide all have log KOW 336 

< 4, suggesting that minimal sorption onto wastewater sludge is expected, and this is agreement with 337 

the limited studies of these compounds. Less than 5% of dissolved tris(1-chloro-2-propyl) phosphate 338 

was found to sorb on suspended particulate matter in wastewater,56 while no sorption of 4-chloro-3,5-339 

dimethylphenol onto sludge was identified in abiotic bioreactors.57 Piperonyl butoxide, 2,6-di-t-butyl-340 

p-cresol (BHT) and atorvastatin all have log KOW > 4. Sorption of atorvastatin (log KOW  = 6.36) is 341 

limited because it is negatively charged in wastewater, which reduces sorption onto  activated sludge. 342 

Studies of piperonyl butoxide and 2,6-di-t-butyl-p-cresol (BHT) have found greater removal via 343 

biodegradation than sorption.8, 58 344 

Microbial biodegradation may occur via mineralization as a carbon and energy source for bacteria, 345 

as part of a mixed substrate, or via co-metabolism, in which degradation is facilitated by enzymes 346 

generated for other primary substrate degradation.43 Previous modelling59 has suggested that 347 

micropollutants with kbiol < 0.1 L g−1 d−1 are removed less than 20% by biodegradation in conventional 348 

wastewater treatment plants, while micropollutants with kbiol-AS = 1 L g−1 d−1 would be biodegraded 349 

by 70-80%, and micropollutants with kbiol-AS > 10 L g−1 d−1 will have more than 90% removal by 350 

biodegradation. 351 
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Of the eleven compounds with >75% removal in both the WSPs and the oxidation ditch, five 352 

(ibuprofen, naproxen, cotinine, morphine and galaxolide) have kbiol-AS > 10 (SI Table S11). Removal 353 

of ibuprofen, naproxen, cotinine, and morphine were all greater than 99% in the oxidation ditch, with 354 

relatively lower removal (79%-97%) observed in the WSPs. This suggests that the microbial 355 

community developed in the oxidation ditch is optimised for removal of these compounds. Removal 356 

of ibuprofen and naproxen in conventional wastewater treatment has been found to be predominantly 357 

through biodegradation.15 Removal of galaxolide in the oxidation ditch was lower (80%), however 358 

the reported values of kbiol-AS for galaxolide vary widely (0.03-170 L g-1 day-1, SI Table S11), 359 

suggesting that biodegradation of galaxolide can be variable.  360 

Of the remaining compounds with >75% removal, triclosan, atorvastatin and 4-chloro-3,5-361 

dimethylphenol have reported kbiol-AS values between 1.2 and 3.6, which suggest removal of >70-80% 362 

by biodegradation.59 All of these micropollutants had >95% removal in the oxidation ditch, which 363 

may suggest additional removal mechanisms existed. As discussed earlier, triclosan removal occurs 364 

by both sorption and biodegradation.15, 55 Biodegradation of atorvastatin has been found to be 365 

promoted in the presence of additional substrates to increase biological activity.60 Neither 2,6-di-t-366 

butyl-p-cresol nor piperonyl butoxide have kbiol-AS values reported (SI Table S11), but studies support 367 

greater removal via biodegradation than sorption for both chemicals.8, 58  368 

Despite >75% removal in both WSPs and the oxidation ditch and biodegradation being previosuly 369 

considered as the major removal mechanism in activated sludge wastewater treatment,15 370 

sulfamethoxazole has low (<1) kbiol-AS values (SI Table 11). However, Ianaiev61 suggested that 371 

conversion of metabolites (e.g. N-4-acetylsulfamethoxazole and sulfamethoxazole-glucuronide) back 372 

to sulfamethoxazole in wastewater through deconjugation reactions could artificially reduce 373 

measured kbiol-AS values.  374 

Of the seven compounds with removals between 25% and 75%, only tonalide had values of kbiol-AS > 375 

10 (SI Table S11), although much lower values of kbiol-AS for tonalide have also been reported. 376 
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Coupled with Kd-AS > 500, tonalide removal should be more comparable to galaxolide removal, with 377 

both chemicals reported to have similar removal (85%) in activated sludge treatment.15 The only other 378 

chemicals with reported values of kbiol-AS are gemfibrozil and trimethroprim (SI Table S11). 379 

Gemfibrozil kbiol-AS has been reported between 0 and 10, and biodegradation is the predominant 380 

removal mechanism in conventional WWTP15 which is in agreement with the 95% removal found in 381 

the oxidation ditch in this study.  However, removal in the WSPs was negative (-214%). Gemfibrozil 382 

has been found to be predominantly excreted in urine as an acyl glucuronide conjugate62 and this 383 

metabolite can be hydrolysed back to the parent compound during wastewater treatment, resulting in 384 

apparent formation.63, 64 Values of kbiol-AS for trimethoprim are < 0.24, and the relatively low rates of 385 

removal measured in both the WSPs and the oxidation ditch (Table 3) agree with previous studies 386 

indicating that trimethoprim is more resistant to biodegradation than sulfamethoxazole.65 387 

Biodegradation was still likely to be the major degradation mechanism for trimethoprim, particularly 388 

in the oxidation ditch.15  389 

Values of kbiol-AS have not been reported for DEET, N-butylbenzenesulfonamide, warfarin or 390 

tris(chloropropyl) phosphate isomers. DEET, N-butylbenzenesulfonamide, and trimethoprim were 391 

much better removed in the oxidation ditch (72-97%) than in the WSPs (-214% to 56%), suggesting 392 

that biodegradation in the activated sludge was important for their removal. DEET has previously 393 

been found to be solely removed by biodegradation in activated sludge WWTPs.15 In contrast, the 394 

removal of tris(chloropropyl) phosphate isomers was reported to be principally by sorption.15 395 

All chemicals (carbamazepine, benzotriazole, 4+5-methylbenzotriazoles, sucralose) with low (<25%) 396 

removal in both WSPs and the oxidation ditch have kbiol-AS < 0.5, with many reported values much 397 

lower than 0.1 (SI Table S11), indicating that biodegradation will not significantly remove these 398 

compounds. All of these chemicals also have Kd-AS < 500, and thus sorption to solids is also expected 399 

to be very low, in agreement with previous assessments of removal of these chemicals in conventional 400 

wastewater treatment.15  401 
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Carbamazepine has been found to undergo photodegradation in wastewater, with a half-life of 31.5 402 

hours.13 This may explain the higher removal of carbamazepine in the WSPs (20%) compared to the 403 

oxidation ditch (-41%). The negative removal in the oxidation ditch is likely due to transformations 404 

of carbamazepine metabolites back to the parent pharmaceutical during wastewater treatment. In 405 

addition to carbamazepine, seven other micropollutants (piperonyl butoxide, galaxolide, 406 

sulfamethoxazole, tonalide, warfarin, tris(chloropropyl) phosphate isomers, and benzotriazole) had 407 

higher median removals in the WSPs than in the oxidation ditch. The contribution of 408 

photodegradation to  removal in wastewater and aquatic systems has been confirmed for a number of 409 

micropollutants in Table 3, including sulfamethoxazole,8, 12 atorvastatin,52 carbamazepine,52  410 

naproxen52, benzotriazole,66 and tris(2-chloroisopropyl) phosphate.67 Additionally piperonyl 411 

butoxide has been found to be degraded by sunlight, although rates of degradation were low.68 The 412 

other chemicals with higher removal in WSPs have not yet been studied for photodegradation in 413 

wastewater systems. However, both galaxolide and tonalide can be removed by UV irradiation.69, 414 

while warfarin has been shown to be degraded in TiO2-catalysed UV and solar radiation experiments 415 

to a similar extent as carbamazepine, gemfibrozil and naproxen.70 416 

3.5. Effect of biological community on chemical removal 417 
In addition to pond configuration and climate, treatment efficiency is also influenced by the biological 418 

communities present in each WWTP. As well as the chemical analysis reported in this study, the 419 

bacterial and eukaryotic composition of each sample using next generation sequencing (NGS) has 420 

been previously reported, targeting the hypervariable region 4 (V4) of the bacterial 16S rRNA (16S) 421 

gene,71 and the hypervariable 9 (V9) region of the eukaryotic 18S rRNA (18S) gene.72 While genetic 422 

markers in water samples may be derived from both live and dead bacteria, NGS data indicated the 423 

presence of many organisms known to have specific functions in wastewater treatment.  424 

Nitrification is a fundamental process for the biological removal of nitrogen in WWTPs, with 425 

ammonia converted to nitrite by ammonia-oxidising bacteria (AOB), and nitrite oxidised to nitrate by 426 

nitrite-oxidising bacteria.33 Ammonia-oxidising bacteria were not detected in any WWTPs in this 427 
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study, while nitrite-oxidising bacteria (Nitrospira spp.) were only detected in the oxidation ditch and 428 

effluent samples of WWTP 4. There are many reasons why nitrifying bacteria were not detected, even 429 

in WWTP 4, where nitrification and denitrification are likely to be the major N removal mechanism.  430 

AOB species may not have been efficiently amplified using the 16S V4 primers employed71 and/or 431 

the short amplicon size used for NGS may have produced unreliable taxonomic assignments for AOB 432 

bacteria. Previous studies on microbial diversity of AOBs in wastewater using NGS have also 433 

reported a low abundance of AOBs using the 16S V3-V4 region,73 and suggest that species-specific 434 

qPCR analyses may be required to better determine the AOB prevalence and diversity in these 435 

WWTPs.  While amplicon NGS is a useful tool for broad taxonomic surveys of bacteria, tools such 436 

as quantitative PCR of functional genes that encode key enzymes may be useful to identify bacteria 437 

that could not be differentiated at the species or strain level.  438 

Nitrification is typically coupled with denitrification, where nitrate is reduced to nitrogen gas (N2) 439 

under anoxic conditions, enabling complete removal of nitrogen from the system. Denitrifying 440 

bacteria were detected in all WWTPs, particularly the families Comamonadaceae and 441 

Rhodocyclaceae. However, DNA from Comamonadaceae was mostly found in influent wastewater, 442 

with between 14-21% of the total 16S DNA sequences (or sequence composition) measured in these 443 

samples. This suggested these bacteria were already present in wastewater influent and were not part 444 

of treatment processes in the WWTPs. The most common Comamonadaceae in the influents were 445 

from the genus Acidovorax sp., an acid degrading proteobacteria known to exist in the human gut 446 

microbiome.74 The sequence composition of Acidovorax sp. decreased in all treated wastewater 447 

samples, indicating that it did not grow in the WSPs or the oxidation ditch. Rhodocyclaceae sequence 448 

compositions did increase with treatment for WWTP 3 (4% sequence composition in the influent and 449 

29% in the treated wastewater) and WWTP 4 (4% in the influent and 18% in the treated wastewater). 450 

Rhodocyclaceae are also linked to flocculation in activated sludge plants,75 which is important for the 451 

cultivation of floc-forming and fast settling microorganisms.76 Floc-forming bacteria secrete 452 

extracellular polymeric substances, which promote adhesion and interactions between 453 
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microorganisms and the various floc components. Thus the increasing sequence composition of 454 

Rhodocyclaceae in WWTP 4 is consistent with sludge formation in an oxidation ditch WWTP. The 455 

increasing sequence composition of Rhodocyclaceae observed in WWTP 3 suggested that floc-456 

forming bacteria also promoted sludge formation in this WSP, compared to WWTP 1 and WWTP 2. 457 

DNA from the phylum Cyanobacteria comprised >11% sequence composition in treated wastewater 458 

samples for all WSPs (WWTP 1: 19.2%, WWTP 2: 47.2%, WWTP 3: 11.7%), but only 0.7% in 459 

WWTP 4 (the oxidation ditch). The main Cyanobacterial class in WWTP 4 (the oxidation ditch) was 460 

4C0d-2, a non-photosynthetic organism which may predate on other bacteria.77 The main 461 

Cyanobacteria in the WSPs were filamentous species from the order Oscillatoriales. Arthrospira 462 

platensis comprised 46.6% total bacterial sequence composition in WWTP 2, and was predominantly 463 

detected in Event 1 (summer). DNA from the genus Planktothrix was found in treated wastewater 464 

from WWTP 1 (14.2%) and WWTP 3 (2.6%). Neither Planktothrix or A. platensis fix nitrogen from 465 

the atmosphere,78, 79 suggesting they utilise the nitrogen in the wastewater and facilitate TN removal. 466 

Both can use either ammonia or nitrate as a N source for algal biomass production.80, 81 While the pH 467 

and DO in WWTP 2 (SI Table S6) did not appear to indicate high algal productivity, a higher 468 

sequence composition for A. platensis was observed in summer in WWTP2. 469 

In addition to photosynthetic cyanobacteria, WWTP 1 had high sequence compositions in treated 470 

wastewater of the eukaryotic phylum Chlorophyta (53.2% measured by 18S NGS), much higher than 471 

all other WWTPs (<4% sequence composition). Chlorophyta is a phylum of typically unicellular 472 

photosynthetic green algae that uptake nitrogen during production of algal biomass. The Chlorophyta 473 

found in highest sequence abundance in WWTP 1 was Chlorella sorokiniana, which can use either 474 

ammonia or nitrate as a N source for algal biomass production.82 This and other Chlorella species 475 

have also been found to remove a range of pharmaceuticals,83 including carbamazepine, triclosan and 476 

trimethoprim, which were all measured in this current study, with similar removals observed to those 477 

reported in Table 3. The presence of Chlorella sorokiniana in WWTP1 may be linked to the better 478 

micropollutant removal observed in this WSP, compared to the other temperate WSPs. 479 
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In contrast to WWTP 1, the dominant groups of eukaryotic phyla in the other WSPs (WWTP 2 and 480 

WWTP 3) and the oxidation ditch (WWTP 4) were Euglenozoa (20-38% sequence composition) and 481 

Ciliophora (23-51% sequence composition). The predominant genus for Euglenozoa present in the 482 

WWTP 2 and WWTP 3 was Euglena, a motile algae previously found to predominate in facultative 483 

ponds.1 The top BLAST hit Euglenozoa gene in WWTP 4 (AB902317) could not be identified to 484 

species level but was previously reported in an oxidation ditch system in Japan.84 Euglena can 485 

optimise their vertical position within the water column in relation to the incident light intensity and 486 

temperature,1 which will ensure optimal growth in WWTP 2 and WTTP 3, where solar irradiation 487 

and temperature varied seasonally (SI Table S1). In contrast, WWTP 1 has relatively consistent 488 

temperature and solar irradiation throughout the year and non-motile algae like Chlorella are able to 489 

dominate. While Chlorella sp. are known to cause micropollutant degradation, to date, the 490 

micropollutant removal by Euglena sp has not been studied. 491 

The phylum Ciliophora includes various classes of bacterivorous ciliates that are known to play a 492 

central role in wastewater clarification in activated sludge plants, by enhancing carbon mineralization 493 

by bacteria and grazing on suspended bacteria and particles.85 Based on sequence composition, 494 

Ciliophora were more important for clarification in WWTP 2 (39.4% sequence composition) and 495 

WWTP 4 (51.1%), than WWTP1 (8.8%) and WWTP 3 (22.9%). Rotifers, a phylum of microscopic 496 

and near-microscopic pseudocoelomate animals, have also been shown to improve clarification in 497 

activated sludge WWTPs through consumption of biomass and enhanced aggregation.86 However, 498 

they also graze on green microalgae,87 which likely explains their higher presence in treated 499 

wastewater in the two WSPs with maturation ponds (WWTP 1, 9.5%  and WWTP 3, 27.9%), 500 

compared to less than 2% in WWTP 2 and WWTP 4. 501 

4. Conclusions 502 

In this study, chemical removal in selected WSPs was compared to chemical removal in an oxidation 503 

ditch WWTP, with a particular emphasis on the removal of organic micropollutants. Similar treatment 504 

efficiencies were measured in a complex tropical WSP, with an advanced facultative pond followed 505 
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by multiple maturation ponds (WWTP1), and the oxidation ditch system. Poorest treatment efficiency 506 

was observed in the single facultative pond system with no maturation pond (WWTP 2), suggesting 507 

that the presence of a maturation pond was important for chemical removal. 508 

Analysis of the bacterial and eukaryotic communities in each WWTP suggested that TN removal in 509 

WWTP 4 (the oxidation ditch) was via nitrification and denitrification, while TN removal in the 510 

WSPs was linked to algal productivity and the presence of photosynthetic cyanobacteria and 511 

eukaryotes. This interpretation was supported by changes in pH and DO that indicated increased algal 512 

productivity in the maturation ponds in WWTP 1 and WWTP 3. WSPs in temperate climates (WWTP 513 

2 and 3) had higher concentrations of motile algae (Euglena sp.) that optimise their position with 514 

respect to light and temperature, compared to the tropical WSP with multiple maturation ponds 515 

(WWTP 1), where non-motile green algae (Chlorella sp.) predominated. Chlorella sp. are also known 516 

to cause micropollutant degradation, likely contributing to high micropollutant removal rates in 517 

WWTP 1.  518 

Removal of micropollutants in WSPs in this study was comparable to previous studies, with new data 519 

for micropollutant removal in WSPs generated for three pesticides or related chemicals, five 520 

pharmaceuticals, the plasticizer N-butylbenzenesulfonamide, the antioxidant 2,6-di-t-butyl-p-cresol 521 

(BHT), and two flame retardants tris(dichloropropyl) phosphate and tris(chloropropyl) phosphate 522 

isomers. The similarity of micropollutant removal to other studies also suggested that considering 523 

median removal was an appropriate method of mitigating variability in grab samples. The main 524 

mechanism for micropollutant removal was proposed to be biodegradation, particularly for 525 

micropollutants with > 75% removal in both WSPs and the oxidation ditch. For chemicals that had 526 

better removals in the WSPs than the oxidation ditch (e.g. sulfamethoxazole, carbamazepine, 527 

piperonyl butoxide, warfarin, tris(chloropropyl) phosphate isomers, benzotriazole, galaxalide and 528 

tonalide), photodegradation in the WSPs is likely to have resulted in the additional removal. 529 

 530 

Acknowledgements 531 



 
 

 
 

24 

The authors acknowledge funding and support from the Australian Research Council (ARC 532 

LP130100602), Curtin University, Water Corporation of Western Australia and Water Research 533 

Australia. We thank the operational staff at the Water Corporation of Western Australia for assisting 534 

with site visits and sample collection. 535 

References 536 

1. D. D. Mara, Domestic Wastewater Treatment in Developing Countries, Earthscan, London, 537 
2004. 538 

2. M. Camargo Valero, L. Read, D. Mara, R. Newton, T. Curtis and R. Davenport, Nitrification-539 
denitrification in waste stabilisation ponds: a mechanism for permanent nitrogen removal in 540 
maturation ponds, Water Sci. Technol., 2010, 61, 1137-1146. 541 

3. M. A. Camargo Valero, D. D. Mara and R. J. Newton, Nitrogen removal in maturation waste 542 
stabilisation ponds via biological uptake and sedimentation of dead biomass, Water Sci. 543 
Technol., 2010, 61, 1027-1034. 544 

4. H. Maynard, S. Ouki and S. Williams, Tertiary lagoons: a review of removal mechanisms and 545 
performance, Water Res., 1999, 33, 1-13. 546 

5. Y. Gruchlik, K. Linge and C. Joll, Removal of organic micropollutants in waste stabilisation 547 
ponds: a review J. Environ. Manage., 2018, 206, 202-214. 548 

6. A. Garcia-Rodríguez, V. Matamoros, C. Fontàs and V. Salvadó, The ability of biologically 549 
based wastewater treatment systems to remove emerging organic contaminants—a review, 550 
Environ. Sci. Pollut. Res., 2014, 21, 11708-11728. 551 

7. V. Matamoros, R. Gutiérrez, I. Ferrer, J. García and J. M. Bayona, Capability of microalgae-552 
based wastewater treatment systems to remove emerging organic contaminants: A pilot-scale 553 
study, J. Hazard. Mater., 2015, 288, 34-42. 554 

8. W. Wang and K. Kannan, Inventory, loading and discharge of synthetic phenolic antioxidants 555 
and their metabolites in wastewater treatment plants, Water Res., 2018, 129, 413-418. 556 

9. G.-J. Zhou, G.-G. Ying, S. Liu, L.-J. Zhou, Z.-F. Chen and F.-Q. Peng, Simultaneous removal 557 
of inorganic and organic compounds in wastewater by freshwater green microalgae, Environ. 558 
Sci-Proc. Imp., 2014, 16, 2018-2027. 559 

10. Y. Wang, J. Liu, D. Kang, C. Wu and Y. Wu, Removal of pharmaceuticals and personal care 560 
products from wastewater using algae-based technologies: a review, Rev. Environ. Sci. Bio., 561 
2017, 16, 717-735. 562 

11. D. Vione, M. Minella, V. Maurino and C. Minero, Indirect Photochemistry in Sunlit Surface 563 
Waters: Photoinduced Production of Reactive Transient Species, Chem.-Eur. J., 2014, 20, 564 
10590-10606. 565 

12. C. C. Ryan, D. T. Tan and W. A. Arnold, Direct and indirect photolysis of sulfamethoxazole 566 
and trimethoprim in wastewater treatment plant effluent, Water Res., 2011, 45, 1280-1286. 567 

13. Y. Wang, F. A. Roddick and L. Fan, Direct and indirect photolysis of seven micropollutants 568 
in secondary effluent from a wastewater lagoon, Chemosphere, 2017, 185, 297-308. 569 

14. A. Boreen, W. Arnold and K. McNeill, Photodegradation of pharmaceuticals in the aquatic 570 
environment: A review, Aquat. Sci., 2003, 65, 320-341. 571 

15. J. Margot, L. Rossi, D. A. Barry and C. Holliger, A review of the fate of micropollutants in 572 
wastewater treatment plants, WIRES Water, 2015, 2, 457-487. 573 

16. B. Blair, A. Nikolaus, C. Hedman, R. Klaper and T. Grundl, Evaluating the degradation, 574 
sorption, and negative mass balances of pharmaceuticals and personal care products during 575 
wastewater treatment, Chemosphere, 2015, 134, 395-401. 576 



 
 

 
 

25 

17. T. A. Ternes, N. Herrmann, M. Bonerz, T. Knacker, H. Siegrist and A. Joss, A rapid method 577 
to measure the solid–water distribution coefficient (Kd) for pharmaceuticals and musk 578 
fragrances in sewage sludge, Water Res., 2004, 38, 4075-4084. 579 

18. USEPA, Wastewater Technology Fact Sheet: Oxidation Ditches, United States 580 
Environmental Protection Agency Office of Water, Washington., D.C. , 2000. 581 

19. W. Oswald, Introduction to advanced integrated wastewater ponding systems, Water Science 582 
& Technology, 1991, 24, 1-7. 583 

20. APHA, AWWA and WEF, Standard Methods for the Examination of Water and Wastewater, 584 
American Public Health Association, American Water Works Association, Water 585 
Environment Federation, Washington, DC., 22nd Edition edn., 2012. 586 

21. K. L. Linge, P. Blair, F. Busetti, C. Rodriguez and A. Heitz, Chemicals in Reverse Osmosis-587 
treated Wastewater: Occurrence, Health Risk, and Contribution to Residual Dissolved 588 
Organic Carbon, Journal of Water Supply: Research and Technology - AQUA, 2012, 61, 494-589 
505. 590 

22. C. Loi, F. Busetti, K. L. Linge and C. Joll, Development of a solid-phase extraction liquid 591 
chromatography tandem mass spectrometry method for benzotriazoles and benzothiazoles in 592 
wastewater and recycled water, J. Chromatogr. A, 2013, 1299, 48-57. 593 

23. P. Van Buynder, R. Lugg, C. Rodriguez, M. Bromley, J. Filmer, P. Blair, M. Handyside, S. 594 
Higginson, N. Turner, O. Lord, P. Taylor, K. Courtney, C. Newby, A. Heitz, K. Linge, J. 595 
Blythe, F. Busetti and S. Toze, Premier's Collaborative Research Program (2005-2008): 596 
Characterising Treated Wastewater For Drinking Purposes Following Reverse Osmosis 597 
Treatment. Technical Report, Report ISBN: 978-0-9807477-0-6, Department of Health, 598 
Western Australia, 2009. 599 

24. F. Busetti and A. Heitz, Determination of human and veterinary antibiotics in indirect potable 600 
reuse systems, International Journal of Environmental Analytical Chemistry, 2011, 91, 989-601 
1012. 602 

25. F. Busetti, K. L. Linge, J. W. Blythe and A. Heitz, Rapid analysis of iodinated X-ray contrast 603 
media in secondary and tertiary treated wastewater by direct injection liquid chromatography-604 
tandem mass spectrometry, Journal of Chromatography A, 2008, 1213, 200-208. 605 

26. F. Busetti, K. L. Linge and A. Heitz, Analysis of pharmaceuticals in indirect potable reuse 606 
systems using solid-phase extraction and liquid chromatography-tandem mass spectrometry, 607 
J. Chromatogr. A, 2009, 1216, 5807-5818. 608 

27. F. Busetti, M. Ruff and K. L. Linge, Target Screening of Chemicals of Concern in Recycled 609 
Water, Environmental Science: Water Research & Technology, 2015, 1, 659-667. 610 

28. L. Jovet, Analysis of artificial sweeteners in wastewater by LC-Orbitrap-MS. Report for four 611 
month internship for Masters of Engineering, Chimie Paris-Tech, Curtin University, Perth, 612 
2014. 613 

29. M. Henze and Y. Comeau, in Biological wastewater treatment: Principles modelling and 614 
design, ed. M. Henze, IWA Publishing, London, 2008, pp. 33-52. 615 

30. N. K. Shammas and L. K. Wang, in Biological Treatment Processes, eds. L. K. Wang, N. C. 616 
Pereira and Y.-T. Hung, Humana Press, Totowa, NJ, 2009, DOI: 10.1007/978-1-60327-156-617 
1_12, pp. 513-538. 618 

31. E. R. C. van der Linde and D. D. Mara, Nitrogen removal during summer and winter in a 619 
primary facultative waste stabilization pond: preliminary findings from N-15-labelled 620 
ammonium tracking techniques, Water Sci. Technol., 2010, 61, 979-984. 621 

32. W. Oswald, Introduction to advanced integrated wastewater ponding systems, Water Sci. 622 
Technol., 1991, 24, 1-7. 623 

33. G. Bitton, Wastewater Microbiology, Wiley, New Jersey, 3rd edn., 2005. 624 
34. O. R. Zimmo, N. P. van der Steen and H. J. Gijzen, Nitrogen mass balance across pilot-scale 625 

algae and duckweed-based wastewater stabilisation ponds, Water Res., 2004, 38, 913-920. 626 
35. M. von Sperling, Waste Stabilisation Ponds, IWA Publishing, London, UK, 2007. 627 



 
 

 
 

26 

36. S. Kayombo, T. S. A. Mbwette, A. W. Mayo, J. H. Y. Katima and S. E. Jørgensen, Diurnal 628 
cycles of variation of physical–chemical parameters in waste stabilization ponds, Ecol. Eng., 629 
2002, 18, 287-291. 630 

37. R. J. Davies-Colley, A. M. Donnison, D. J. Speed, C. M. Ross and J. W. Nagels, Inactivation 631 
of faecal indicator micro-organisms in waste stabilisation ponds: interactions of 632 
environmental factors with sunlight, Water Res., 1999, 33, 1220-1230. 633 

38. A. Cuppens, I. Smets and G. Wyseure, Definition of realistic disturbances as a crucial step 634 
during the assessment of resilience of natural wastewater treatment systems, Water Sci. 635 
Technol., 2012, 65, 1506-1513. 636 

39. C. Ort, M. G. Lawrence, J. Reungoat and J. F. Mueller, Sampling for PPCPs in Wastewater 637 
Systems: Comparison of Different Sampling Modes and Optimization Strategies, Environ. 638 
Sci. Technol., 2010, 44, 6289-6296. 639 

40. A. Jelic, M. Gros, A. Ginebreda, R. Cespedes-Sánchez, F. Ventura, M. Petrovic and D. 640 
Barcelo, Occurrence, partition and removal of pharmaceuticals in sewage water and sludge 641 
during wastewater treatment, Water Research, 2011, 45, 1165-1176. 642 

41. X. Li, W. Zheng and W. R. Kelly, Occurrence and removal of pharmaceutical and hormone 643 
contaminants in rural wastewater treatment lagoons, Sci. Total Environ., 2013, 445–446, 22-644 
28. 645 

42. J. Sun, K. Xiao, X. Yan, P. Liang, Y.-x. Shen, N. Zhu and X. Huang, Membrane bioreactor 646 
vs. oxidation ditch: full-scale long-term performance related with mixed liquor seasonal 647 
characteristics, Process Biochem., 2015, 50, 2224-2233. 648 

43. Y. Luo, W. Guo, H. H. Ngo, L. D. Nghiem, F. I. Hai, J. Zhang, S. Liang and X. C. Wang, A 649 
review on the occurrence of micropollutants in the aquatic environment and their fate and 650 
removal during wastewater treatment, Sci. Total Environ., 2014, 473-474, 619-641. 651 

44. C. G. Daughton and T. A. Ternes, Pharmaceuticals and personal care products in the 652 
environment: Agents of subtle change?, Environ. Health Perspect., 1999, 107, 907-938. 653 

45. R. Loos, B. M. Gawlik, K. Boettcher, G. Locoro, S. Contini and G. Bidoglio, Sucralose 654 
screening in European surface waters using a solid-phase extraction-liquid chromatography–655 
triple quadrupole mass spectrometry method, J. Chromatogr. A, 2009, 1216, 1126-1131. 656 

46. V. Matamoros, Y. Rodríguez and J. Albaigés, A comparative assessment of intensive and 657 
extensive wastewater treatment technologies for removing emerging contaminants in small 658 
communities, Water Res., 2016, 88, 777-785. 659 

47. D. Camacho-Muñoz, J. Martín, J. L. Santos, I. Aparicio and E. Alonso, Effectiveness of 660 
Conventional and Low-Cost Wastewater Treatments in the Removal of Pharmaceutically 661 
Active Compounds, Water Air Soil Poll., 2012, 223, 2611-2621. 662 

48. G.-G. Ying, R. S. Kookana and D. W. Kolpin, Occurrence and removal of pharmaceutically 663 
active compounds in sewage treatment plants with different technologies, J. Environ. 664 
Monitor., 2009, 11, 1498-1505. 665 

49. M. E. Hoque, F. Cloutier, C. Arcieri, M. McInnes, T. Sultana, C. Murray, P. A. Vanrolleghem 666 
and C. D. Metcalfe, Removal of selected pharmaceuticals, personal care products and artificial 667 
sweetener in an aerated sewage lagoon, Sci. Total Environ., 2014, 487, 801-812. 668 

50. M. Hijosa-Valsero, V. Matamoros, J. Martín-Villacorta, E. Bécares and J. M. Bayona, 669 
Assessment of full-scale natural systems for the removal of PPCPs from wastewater in small 670 
communities, Water Res., 2010, 44, 1429-1439. 671 

51. S. Kim, J. Chen, T. Cheng, A. Gindulyte, J. He, S. He, Q. Li, B. A. Shoemaker, P. A. Thiessen, 672 
B. Yu, L. Zaslavsky, J. Zhang and E. E. Bolton, PubChem 2019 update: improved access to 673 
chemical data, Nucleic Acids Res., 2019, 47, D1102-D1109. 674 

52. M. Patel, R. Kumar, K. Kishor, T. Mlsna, C. U. Pittman and D. Mohan, Pharmaceuticals of 675 
Emerging Concern in Aquatic Systems: Chemistry, Occurrence, Effects, and Removal 676 
Methods, Chemical Reviews, 2019, 119, 3510-3673. 677 



 
 

 
 

27 

53. H. R. Rogers, Sources, behaviour and fate of organic contaminants during sewage treatment 678 
and in sewage sludges, Sci. Total Environ., 1996, 185, 3-26. 679 

54. L. Barron, J. Havel, M. Purcell, M. Szpak, B. Kelleher and B. Paull, Predicting sorption of 680 
pharmaceuticals and personal care products onto soil and digested sludge using artificial 681 
neural networks, Analyst, 2009, 134, 663-670. 682 

55. K. Bester, Triclosan in a sewage treatment process-balances and monitoring data, Water 683 
Research, 2003, 37, 3891-3896. 684 

56. U.-J. Kim, J. K. Oh and K. Kannan, Occurrence, Removal, and Environmental Emission of 685 
Organophosphate Flame Retardants/Plasticizers in a Wastewater Treatment Plant in New 686 
York State, Environ. Sci. Technol., 2017, 51, 7872-7880. 687 

57. D. Choi and S. Oh, Removal of Chloroxylenol Disinfectant by an Activated Sludge Microbial 688 
Community, Microbes Environ., 2019, 34, 129-135. 689 

58. S. A. Rosenberg, A. E. Hueber, D. Aronson, S. Gouchie, P. H. Howard, W. M. Meylan and J. 690 
L. Tunkel, Syracuse Research Corporation's Chemical Information Databases, Science & 691 
Technology Libraries, 2004, 23, 73-87. 692 

59. A. Joss, S. Zabczynski, A. Göbel, B. Hoffmann, D. Löffler, C. S. McArdell, T. A. Ternes, A. 693 
Thomsen and H. Siegrist, Biological degradation of pharmaceuticals in municipal wastewater 694 
treatment: Proposing a classification scheme, Water Res., 2006, 40, 1686-1696. 695 

60. K. J. Ottmar, L. M. Colosi and J. A. Smith, Fate and transport of atorvastatin and simvastatin 696 
drugs during conventional wastewater treatment, Chemosphere, 2012, 88, 1184-1189. 697 

61. V. Ianaiev, MSc Thesis, 2017. 698 
62. A. Nakagawa, A. Shigeta, H. Iwabuchi, M. Horiguchi, K. I. Nakamura and H. Takahagi, 699 

Simultaneous determination of gemfibrozil and its metabolites in plasma and urine by a fully 700 
automated high performance liquid chromatographic system, Biomed. Chromatogr., 1991, 5, 701 
68-73. 702 

63. B. Kasprzyk-Hordern, R. M. Dinsdale and A. J. Guwy, The removal of pharmaceuticals, 703 
personal care products, endocrine disruptors and illicit drugs during wastewater treatment and 704 
its impact on the quality of receiving waters, Water Res., 2009, 43, 363-380. 705 

64. N. Vieno, T. Tuhkanen and L. Kronberg, Elimination of pharmaceuticals in sewage treatment 706 
plants in Finland, Water Res., 2007, 41, 1001-1012. 707 

65. S. Pérez, P. Eichhorn and D. Aga, Evaluating the Biodegradability of Sulfamethazine, 708 
Sulfamethoxazole, Sulfathiazole, and Trimethoprim at Different Stages of Sewage Treatment, 709 
Environ. Toxicol. Chem., 2005, 24, 1361-1367. 710 

66. C. Weidauer, C. Davis, J. Raeke, B. Seiwert and T. Reemtsma, Sunlight photolysis of 711 
benzotriazoles – Identification of transformation products and pathways, Chemosphere, 2016, 712 
154, 416-424. 713 

67. J. Cristale, R. F. Dantas, A. De Luca, C. Sans, S. Esplugas and S. Lacorte, Role of oxygen 714 
and DOM in sunlight induced photodegradation of organophosphorous flame retardants in 715 
river water, Journal of Hazardous Materials, 2017, 323, 242-249. 716 

68. L. Fishbein and Z. L. F. Gaibel, Photolysis of pesticidal synergists. I. piperonyl butoxide, 717 
Bulletin of Environmental Contamination and Toxicology, 1970, 5, 546-552. 718 

69. A. Godayol, R. Gonzalez-Olmos, J. M. Sanchez and E. Anticó, Assessment of the effect of 719 
UV and chlorination in the transformation of fragrances in aqueous samples, Chemosphere, 720 
2015, 125, 25-32. 721 

70. S. Murgolo, F. Petronella, R. Ciannarella, R. Comparelli, A. Agostiano, M. L. Curri and G. 722 
Mascolo, UV and solar-based photocatalytic degradation of organic pollutants by nano-sized 723 
TiO2 grown on carbon nanotubes, Catalysis Today, 2015, 240, 114-124. 724 

71. T. L. Greay, A. W. Gofton, A. Zahedi, A. Paparini, K. L. Linge, C. A. Joll and U. M. Ryan, 725 
Evaluation of 16S next-generation sequencing of hypervariable region 4 in wastewater 726 
samples: An unsuitable approach for bacterial enteric pathogen identification, Sci. Total 727 
Environ., 2019, 670, 1111-1124. 728 



 
 

 
 

28 

72. A. Zahedi, T. L. Greay, A. Paparini, K. L. Linge, C. A. Joll and U. M. Ryan, Identification of 729 
eukaryotic microorganisms with 18S rRNA next-generation sequencing in wastewater 730 
treatment plants, with a more targeted NGS approach required for Cryptosporidium detection, 731 
Water Res., 2019, 158, 301-312. 732 

73. Z. Wang, X. X. Zhang, X. Lu, B. Liu, Y. Li, C. Long and A. Li, Abundance and diversity of 733 
bacterial nitrifiers and denitrifiers and their functional genes in tannery wastewater treatment 734 
plants revealed by high-throughput sequencing, PloS One, 2014, 9, e113603. 735 

74. N. Sanapareddy, R. M. Legge, B. Jovov, A. McCoy, L. Burcal, F. Araujo-Perez, T. A. Randall, 736 
J. Galanko, A. Benson, R. S. Sandler, J. F. Rawls, Z. Abdo, A. A. Fodor and T. O. Keku, 737 
Increased rectal microbial richness is associated with the presence of colorectal adenomas in 738 
humans, ISME J., 2012, 6, 1858-1868. 739 

75. N. M. Shchegolkova, G. S. Krasnov, A. A. Belova, A. A. Dmitriev, S. L. Kharitonov, K. M. 740 
Klimina, N. V. Melnikova and A. V. Kudryavtseva, Microbial Community Structure of 741 
Activated Sludge in Treatment Plants with Different Wastewater Compositions, Front. 742 
Microbiol., 2016, 7. 743 

76. A. Suresh, E. Grygolowicz-Pawlak, S. Pathak, L. S. Poh, M. B. Majid, D. Dominiak, T. V. 744 
Bugge, X. Gao and W. J. Ng, Understanding and optimization of the flocculation process in 745 
biological wastewater treatment processes: A review, Chemosphere, 2018, 210, 401-416. 746 

77. R. M. Soo, PhD Thesis, University of Queensland, 2015. 747 
78. A. M. Dolman, J. Rücker, F. R. Pick, J. Fastner, T. Rohrlack, U. Mischke and C. Wiedner, 748 

Cyanobacteria and cyanotoxins: the influence of nitrogen versus phosphorus, PloS One, 2012, 749 
7, e38757. 750 

79. T. Fujisawa, R. Narikawa, S. Okamoto, S. Ehira, H. Yoshimura, I. Suzuki, T. Masuda, M. 751 
Mochimaru, S. Takaichi, K. Awai, M. Sekine, H. Horikawa, I. Yashiro, S. Omata, H. 752 
Takarada, Y. Katano, H. Kosugi, S. Tanikawa, K. Ohmori, N. Sato, M. Ikeuchi, N. Fujita and 753 
M. Ohmori, Genomic structure of an economically important cyanobacterium, Arthrospira 754 
(Spirulina) platensis NIES-39, DNA Res., 2010, 17, 85-103. 755 

80. G. Markou, D. Vandamme and K. Muylaert, Ammonia inhibition on Arthrospira platensis in 756 
relation to the initial biomass density and pH, Bioresource Technol., 2014, 166, 259-265. 757 

81. J. J. Hampel, M. J. McCarthy, M. Neudeck, G. S. Bullerjahn, R. M. L. McKay and S. E. 758 
Newell, Ammonium recycling supports toxic Planktothrix blooms in Sandusky Bay, Lake 759 
Erie: Evidence from stable isotope and metatranscriptome data, Harmful Algae, 2019, 81, 42-760 
52. 761 

82. S. Kim, Y. Lee and S.-J. Hwang, Removal of nitrogen and phosphorus by Chlorella 762 
sorokiniana cultured heterotrophically in ammonia and nitrate, Int. Biodeter. Biodegr., 2013, 763 
85, 511-516. 764 

83. S. N. Tolboom, D. Carrillo-Nieves, M. de Jesús Rostro-Alanis, R. de la Cruz Quiroz, D. 765 
Barceló, H. M. N. Iqbal and R. Parra-Saldivar, Algal-based removal strategies for hazardous 766 
contaminants from the environment – A review, Sci. Total Environ., 2019, 665, 358-366. 767 

84. K. Matsunaga, K. Kubota and H. Harada, Molecular diversity of eukaryotes in municipal 768 
wastewater treatment processes as revealed by 18S rRNA gene analysis, Microbes Environ., 769 
2014, 29, 401. 770 

85. P. Madoni, Protozoa in wastewater treatment processes: A minireview Ital. J. Zool., 2011, 78, 771 
3-11. 772 

86. J. Lapinski and A. Tunnacliffe, Reduction of suspended biomass in municipal wastewater 773 
using bdelloid rotifers, Water Res., 2003, 37, 2027-2034. 774 

87. V. Montemezzani, I. C. Duggan, I. D. Hogg and R. J. Craggs, Assessment of potential 775 
zooplankton control treatments for wastewater treatment High Rate Algal Ponds, Algal Res., 776 
2017, 24, 40-63. 777 

 778 


