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Abstract  19 

Novel wastewater treatment plants (WWTPs) are expected to be less energetically 20 

demanding than conventional ones. However, scarce information is available about the 21 

fate of organic micropollutants (OMPs) in these novel configurations. Therefore, the 22 

objective of this work is to assess the fate of OMPs in three novel WWTP 23 

configurations by using a plant-wide simulation that integrates multiple units. The 24 

difference among the three configurations is the organic carbon preconcentration 25 

technology: chemically enhanced primary treatment (CEPT), high-rate activated sludge 26 

(HRAS) combined or not with a rotating belt filter (RBF); followed by a partial-27 

nitritation (PN-AMX) unit. The simulation results show that the three selected novel 28 

configurations lead mainly to comparable OMPs removal efficiencies from wastewater, 29 

which were similar or lower, depending on the OMP, than those obtained in 30 

conventional WWTPs. However, the presence of hydrophobic OMPs in the digested 31 

sludge noticeably differs among the three configurations. Whereas the configuration 32 

based on sole HRAS to recover organic carbon leads to a lower presence of OMPs in 33 

digested sludge than the conventional WWTP, in the other two novel configurations this 34 

presence is noticeable higher. In conclusion, novel WWTP configurations do not 35 

improve the OMPs elimination from wastewater achieved in conventional ones, but the 36 

HRAS-based WWTP configuration leads to the lowest presence in digested sludge so it 37 

becomes the most efficient alternative. 38 

Keywords: biotransformation, chemically enhanced primary treatment, high-rate 39 

activated sludge, plant-wide simulation, rotating belt filters, thermal hydrolysis.  40 



1. Introduction 41 

Conventional wastewater treatment plants (WWTPs) are expected to be replaced by a 42 

new generation, which offers up to 60% reduction in aeration requirements and 43 

consequently in energy consumption. This fact allows the WWTPs to approach the 44 

energy autarky or even become net electrical producers (Gikas, 2017; Gu et al., 2017; 45 

Wan et al., 2016). In novel WWTPs, chemical oxygen demand (COD) is recovered in a 46 

first stage followed by a partial nitritation-anammox (PN-AMX) unit. Several pre-47 

concentration alternatives can be applied, such as rotating belt filters (RBF), chemically 48 

enhanced primary treatment (CEPT), high-rate activated sludge (HRAS) or 49 

combinations thereof (Lotti et al., 2014). The COD recovered as sludge is pretreated 50 

through different technologies, such as thermal hydrolysis (TH), to increase biogas yield 51 

and reduce sludge production after anaerobic digestion (AD) (Sapkaite et al., 2017). 52 

A great effort has been made over the last two decades to determine the occurrence of 53 

OMPs in wastewater and their fate in the different units of conventional WWTPs, such 54 

as primary clarifiers (Behera et al., 2011; Carballa et al., 2004), activated sludge 55 

reactors (Alvarino et al., 2014; Radjenović et al., 2009; Santos et al., 2009; Suarez et al., 56 

2010) or anaerobic digesters (Gonzalez-Gil et al., 2016; Narumiya et al., 2013; Yang et 57 

al., 2016). However, these novel technologies are yet at their early stages of industrial 58 

implementation, although preliminary works studying the fate of OMPs in RBF systems 59 

(Taboada-Santos et al., 2019b), HRAS reactors and CEPT (Taboada-Santos et al., 2020), 60 

PN-AMX reactors (Alvarino et al., 2015; Kassotaki et al., 2018; Laureni et al., 2016) or 61 

sludge TH (Reyes-Contreras et al., 2018; Taboada-Santos et al., 2019a; Zhang and Li, 62 

2018) can already be found in the literature. However, these units are commonly studied 63 

individually, so it is essential to integrate multiple units to holistically assess the fate of 64 

OMPs in novel WWTPs. Plant-wide simulation can be an appropriate approach since it 65 



has been successfully applied in wastewater treatment, mainly focused on energetic 66 

and/or economic aspects (Behera et al., 2018; Flores-Alsina et al., 2014, 2011; Mbamba 67 

et al., 2019). Few full-scale modelling studies are also available on OMPs removal in 68 

conventional WWTPs (Lautz et al., 2017; Polesel et al., 2016; Pomiès et al., 2013; Snip 69 

et al., 2014; Struijs et al., 2016; Xue et al., 2010). However, to the best of our 70 

knowledge, there are not works available on the fate of in novel configurations of 71 

WWTPs.  The goal of this work is to evaluate the fate of OMPs in novel WWTP 72 

configurations by using an empirical mechanistical model. The results obtained were 73 

compared with the fate of OMPs in conventional WWTPs. 74 

2. Materials and methods  75 

2.1. Novel WWTP configurations 76 

Three novel WWTP configurations based on HRAS (Figure 1A), a combination of RBF 77 

and HRAS (Figure 1B) and CEPT (Figure 1C) for COD capture, followed by a 78 

mainstream PN-AMX were considered. The sludge line was common for the three 79 

configurations: a sludge thickener, a TH unit, an anaerobic digester and a dewatering 80 

unit.  81 

A fourth configuration, representing a conventional WWTP based on conventional 82 

primary treatment (CPT) + conventional activated sludge (CAS) in the water line and 83 

thickener + anaerobic digester + dewatering in the sludge line was also included (Figure 84 

1D).  85 

2.2. Plant-wide modelling  86 

The WWTP size considered for the plant-wide analysis was 100,000 inhabitants 87 

equivalents with an average flowrate of 20,800 m
3
/d (Gernaey et al., 2011).  88 

2.2.1. CPT, CEPT and RBF systems 89 

The CPT was modelled based on the gravity settling principle by which heavier solids 90 



settle down faster. The performance of primary clarifiers can be enhanced by the 91 

addition of chemicals or polymers, known as CEPT, which boost not only the 92 

particulate matter but also the soluble matter removal. The CEPT unit was modelled as 93 

an ideal separator where, by the addition of 125-150 mg/L of ferric chloride, particulate 94 

COD matter removal was set to 99% and the soluble COD fraction was set to 50-60%  95 

(Taboada-Santos et al., 2019b).The RBF unit works based on cake filtration and sieving. 96 

It was modelled as described elsewhere (Behera et al., 2018; Boiocchi et al., 2019).  97 

2.2.2. HRAS and CAS reactors 98 

The HRAS which works on bio-sorption principle was modelled as a continuous stirred-99 

tank reactor (CSTR) followed by a settler (Smitshuijzen et al., 2016). The hydraulic 100 

retention time (HRT) and solid retention time (SRT) were set to 30 min and 0.3 d, 101 

respectively. The dissolved oxygen (DO) concentration inside the reactor was set to 0.2 102 

mg/L to avoid unnecessary oxidation of biodegradable COD.  103 

Likewise, the CAS unit was modelled as a Modified Ludzack-Ettinger (MLE) system 104 

with two anoxic tanks (for pre-denitrification) and three aerobic tanks (for nitrification) 105 

(Gernaey et al., 2014), followed by a settler. The activated sludge model ASMG1 (Guo 106 

and Vanrolleghem, 2014) was used to model both tanks. The DO in the aerobic tanks 107 

was maintained at 1 mg/L and a constant addition of external carbon (800 kg/d) to 108 

anoxic tanks was assumed for complete denitrification. A HRT of 21 hours and a SRT of 109 

14 days were maintained in CAS system to ensure efficient nitrification.  110 

The settler of both CAS and HRAS was modelled as a 10 layers non-reactive settling 111 

tank using the exponential settling velocity function proposed by Takács et al. (1991). 112 

2.2.3. PN-AMX reactor 113 

The PN-AMX unit was considered as integrated fixed film activated sludge system 114 

(IFAS), a promising technology for mainstream nitrogen removal application 115 



(Malovanyy et al., 2015). The IFAS system is modelled using a multiscale approach 116 

where the carrier geometry was assumed to be a flat sheet. The biofilm growth was 117 

simplified to one dimensional, a commonly used approach in other studies (Eberl et al., 118 

2006; Lindblom et al., 2016; Vangsgaard et al., 2013). A relatively low DO (0.1 mg/L) 119 

compared to CAS system was maintained to suppress the nitrite oxidizing bacteria 120 

growth (Cao et al., 2017; Malovanyy et al., 2015).  121 

2.2.4. TH and AD units 122 

The TH unit was modelled by converting inert and slowly biodegradable particulate 123 

COD to soluble biodegradable COD (Bougrier et al., 2008) in the same percentage as 124 

anaerobic biodegradability increased after TH, according to Taboada-Santos et al. 125 

(2019c).  126 

The anaerobic digester was modelled using ADM1 (Batstone et al., 2002), assuming a 127 

SRT of 19 days in all configurations (Gernaey et al., 2014).   128 

2.2.5. Thickening and dewatering units 129 

The thickening and the dewatering units were modelled using a constant thickening and 130 

dewatering factor (Gernaey et al., 2014). 131 

2.3. Incorporation of OMPs to the plant-wide model 132 

2.3.1. Raw wastewater 133 

Most of the authors in the literature disregard the solid phase when they determine the 134 

occurrence of OMPs in the influents of WWTPs. However, in this work, both liquid and 135 

solid phases were considered in order to perform a more sensitive analysis. Total OMPs 136 

concentration in a stream (Ct, mg/m
3
) is normally expressed as the sum of its soluble 137 

concentration (Cw, mg/m
3
) and its sorbed concentration (Cs, mg/m

3
) (Eq. 1). 138 

𝐶𝑡 = 𝐶𝑤 + 𝐶𝑠 (1) 

A common approach to determine the fraction of OMPs sorbed onto suspended solids is 139 



the use of the solid–water distribution coefficient (KD, m
3
/kg TSS), defined as the ratio 140 

between the concentrations in the solid and liquid phases at equilibrium conditions (Eq. 141 

2). 142 

𝐾𝐷 =
𝐶𝑠

𝐶𝑤 · 𝑇𝑆𝑆
 

(2) 

Where (TSS, kg/m
3
) is the total suspended solids concentration in that stream. 143 

Combining Eq.1 and Eq. 2, Ct, can be obtained by Eq. 3. 144 

𝐶𝑡 = 𝐶𝑤 + 𝑇𝑆𝑆 · 𝐾𝐷 · 𝐶𝑤 (3) 

2.3.2. CPT, RBF and CEPT units 145 

The fate of OMPs in the physico-chemical separation units was modelled assuming that 146 

no biodegradation occurred, so the removal of OMPs in these units is attributed to TSS 147 

separation (Carballa et al., 2004). As sorption depends on several factors, such as the 148 

physico-chemical properties of TSS, the chemicals involved or the ambient conditions 149 

(pH, ion strength, temperature, etc) (Carballa et al., 2008), different KD values in CPT, 150 

RBF an CEPT sludges were considered, and soluble and particulate concentrations were 151 

calculated by Eq. 1-3. 152 

2.3.3. CAS, HRAS and PN-AMX units 153 

Considering pseudo steady-state conditions and assuming a CSTR and negligible 154 

volatilisation as previously stated (Alvarino et al., 2014), the following mass balance 155 

can be established (Eq. 4) in any biological reactor (CAS, HRAS and PN-AMX): 156 

𝐹𝑏𝑖𝑜𝑑 = 𝐹𝑖𝑛𝑓 − 𝐹𝑒𝑓𝑓 − 𝐹𝑠 (4) 

where Finf, Feff, and Fs represent the mass flows (in mg/d) corresponding to the influent, 157 

effluent and the purged sludge. Finf Feff and Fs can be expressed as the product of the 158 

flowrate (FR,inf, FR,eff, FR,s, m
3
/d) by the total OMP concentration in that stream (Ct,inf, 159 

Ct,eff, Ct,s, mg/m
3
), respectively (Eq. 5). 160 



𝐹𝑏𝑖𝑜𝑑 = 𝐹𝑅,𝑖𝑛𝑓 · 𝐶𝑡,𝑖𝑛𝑓 − 𝐹𝑅,𝑒𝑓𝑓 · 𝐶𝑡,𝑒𝑓𝑓 − 𝐹𝑅,𝑠 · 𝐶𝑡,𝑠 (5) 

Assuming a pseudo-first kinetic biotransformation, the flux of biotransformed OMP 161 

(Fbiod, mg/d) can be expressed as shown in Eq. 6. 162 

𝐹𝑏𝑖𝑜𝑑 = 𝑘𝑏𝑖𝑜𝑙 · 𝑉𝑆𝑆 · 𝐶𝑡,𝑒𝑓𝑓 · 𝑉 (6) 

where kbiol (m
3
/kgVSS·d) represents the pseudo-first order kinetic constant, VSS is the 163 

biomass concentration in the reactor (kg VSS/m
3
) and V is the reactor volume (m

3
). 164 

Assuming that soluble OMP concentration in the effluent (Cw,eff, mg/m
3
) and in sludge 165 

(Cw,sl, mg/m
3
) is exactly the same and that the liquid and solid phase of each stream are 166 

in equilibrium, the Cw,eff  can be calculated by Eq. 7. 167 

𝐶𝑤,𝑒𝑓𝑓 =
𝐶𝑡,𝑖𝑛𝑓 · 𝐹𝑅,𝑖𝑛𝑓

𝑘𝑏𝑖𝑜𝑙 · 𝑉𝑆𝑆 · 𝑉 · (1 + 𝑇𝑆𝑆𝑒𝑓𝑓 · 𝐾𝐷) + 𝐹𝑅,𝑒𝑓𝑓 · (1 + 𝑇𝑆𝑆𝑒𝑓𝑓 · 𝐾𝐷) + 𝐹𝑅,𝑠 · (1 + 𝑇𝑆𝑆𝑠 · 𝐾𝐷)
 (7) 

where KD (m
3
/kg TSS) is the OMP solid-liquid equilibrium constant in the biological 168 

sludge, TSSeff and TSSs (kg/m
3
) the TSS concentration in the effluent and in waste 169 

sludge, respectively. From Cw,eff, sorbed concentration in the effluent and in the sludge 170 

can be calculated by Eq. 2. 171 

2.3.4. Sludge thickener 172 

The fate of OMPs during sludge thickening was modelled assuming that there is no 173 

variation in soluble neither specific sorbed OMPs concentration (µg/g of TSS). 174 

Therefore, the total OMP concentration in thickened sludge (Ct,thick, mg/m
3
) was 175 

calculated by Eq. 1. 176 

2.3.5. TH unit 177 

It is well known that TH causes a partial solubilisation of particulate solids and organic 178 

matter; however, the information in the literature assessing the fate of OMPs in TH 179 

plants is quite scarce. A recent study carried out by Taboada-Santos et al. (2019a) found 180 

that after TH the sorbed OMPs concentration in sludge (Cs,pt, mg/m
3
) was reduced with 181 



respect to that in the influent (Cs,fresh, mg/m
3
)  in the same percentage as TSS were 182 

solubilised, and can be calculated by Eq. 8. 183 

𝐶𝑠,𝑝𝑡 = 𝐶𝑠,𝑓𝑟𝑒𝑠ℎ ·
𝑇𝑆𝑆𝑝𝑡

𝑇𝑆𝑆𝑓𝑟𝑒𝑠ℎ
 

(8) 

Being TSSfresh (kg TSS/m
3
) the TSS of sludge before TH and TSSpt (kg TSS/m

3
) the TSS 184 

of pretreated sludge.  185 

They also found that the soluble (and solubilised) concentrations of some OMPs 186 

decreased during TH. Therefore, OMPs soluble concentration in pretreated sludge can 187 

be calculated by Eq. 9. 188 

𝐶𝑤,𝑝𝑡 = (𝐶𝑤,𝑓𝑟𝑒𝑠ℎ + 𝐶𝑠,𝑓𝑟𝑒𝑠ℎ ·
𝑇𝑆𝑆𝑓𝑟𝑒𝑠ℎ − 𝑇𝑆𝑆𝑝𝑡

𝑇𝑆𝑆𝑓𝑟𝑒𝑠ℎ
) · (1 − 𝑅) 

(9) 

Being R (0-1) the removal of soluble and solubilised OMPs achieved during TH. Total 189 

OMPs concentration in pretreated sludge (Ct,pt, mg/m
3
)  is subsequently calculated as 190 

the sum of its soluble and particulate concentration (Eq. 10). 191 

𝐶𝑡,𝑝𝑡 = 𝐶𝑠,𝑓𝑟𝑒𝑠ℎ ·
𝑇𝑆𝑆𝑝𝑡

𝑇𝑆𝑆𝑓𝑟𝑒𝑠ℎ
+ (𝐶𝑤,𝑓𝑟𝑒𝑠ℎ + 𝐶𝑠,𝑓𝑟𝑒𝑠ℎ ·

𝑇𝑆𝑆𝑓𝑟𝑒𝑠ℎ − 𝑇𝑆𝑆𝑝𝑡

𝑇𝑆𝑆𝑓𝑟𝑒𝑠ℎ
) · (1 − 𝑅) 

(10) 

2.3.6. AD unit 192 

Contrary to the mainstream biological units, the fate of OMPs during sludge AD was 193 

not modelled as a pseudo-first kinetics, since in a recent study Gonzalez-Gil et al. 194 

(2018) found that OMPs biotransformation during AD is likely limited by 195 

thermodynamic rather than kinetic constraints, and using pseudo-first order kinetics 196 

could lead to an overestimation of the biotransformation capacity. Therefore, for 197 

modelling this unit, a fixed OMPs biodegradability (Bt) was considered, and the total 198 

OMPs concentrations in digested sludge (Ct,dig, mg/m
3
) was calculated by Eq. 11. 199 

𝐶𝑡,𝑑𝑖𝑔 = 𝐶𝑡,𝑓𝑒𝑒𝑑 · (1 −
𝐵𝑡
100

) 
(11) 

Being Ct,feed the total OMPs concentration (mg/m
3
) in the anaerobic digester feeding. 200 



The soluble and sorbed OMPs concentration in digested sludge can be calculated by Eq. 201 

1-3. 202 

2.3.7. Digested sludge dewatering  203 

The fate of OMPs in the digested sludge dewatering unit was modelled as previously 204 

explained in section 2.3.3. for the sludge thickener. 205 

2.4. Selection of OMPs and data input for the model 206 

Seventeen compounds commonly used in daily life were considered in this study: three 207 

musk fragrances, galaxolide (HHCB), tonalide (AHTN) and celestolide (ADBI); three 208 

anti-inflammatories, ibuprofen (IBP), naproxen (NPX) and diclofenac (DCF); four anti-209 

biotics, sulfamethoxazole (SMX), trimethoprim (TMP), erythromycin (ERY) and 210 

roxithromycin (ROX); three neurodrugs, fluoxetine (FLX), carbamazepine (CBZ), 211 

diazepam (DZP); one endocrine disrupting compound, triclosan (TCS); and three 212 

hormones, estrone (E1), 17β-estradiol (E2) and 17α-ethinylestradiol (EE2). 213 

The occurrence of OMPs in urban wastewater is quite wide, and OMPs concentrations 214 

in the influent were selected in the range of the values reported by Luo et al. (2014) and 215 

Verlicchi et al. (2012); 1 ppb for estrogens and 10 ppb for the rest of compounds. As 216 

previously indicated, both soluble and sorbed fractions of OMPs in the influent were 217 

considered. Figure S1 shows the relative presence in the liquid and solid phase of the 17 218 

selected OMPs for this study for an influent with 380 mg/L of TSS. 219 

2.4.1. Solid-liquid distribution coefficient (KD) of OMPs in the different sludges 220 

The technology selected to recover organic matter strongly affects the nature of the 221 

sludge produced (i.e. RBFs mainly captures cellulose, CEPT captures not only 222 

particulate matter but also soluble one, etc.) and might lead to different solid-liquid 223 

equilibrium coefficients of OMPs. Therefore, for each sludge, different coefficients 224 

were considered to take the sludge characteristics into account. Table 1 shows the KD 225 



values for the different sludges considered in this work found in the literature and the 226 

most representative value, which was the one used to carry out this work. 227 

2.4.2. Pseudo-first order biotransformation constants (kbiol) of OMPs in the different 228 

main-stream biological reactors 229 

Table 2 displays the kbiol values found in the literature for the different biological units 230 

considered in this work, and the most representative value, which was the one used to 231 

carry out this work. 232 

The number of studies in CAS based on the nitrification-denitrification process is huge; 233 

however, for HRAS and PN-AMX reactors, the information is still scarce (Table 2) and 234 

only one work for each technology was found in the literature, so the modelling 235 

assumptions included in this paper should be further supported with additional 236 

experimental work around the technologies considered. Moreover, for the PN-AMX 237 

technology the only study found studied the fate of OMPs in a reactor treating the 238 

sludge supernatant rather than in mainstream conditions (Alvarino et al., 2015), . 239 

However, a recent study from Laureni et al. (2016) reported, for some OMPs, very 240 

comparable removal efficiencies in a CAS and a mainstream PN-AMX reactor, and 241 

considering that the kbiol values reported by Alvarino et al. (2015) were in the same 242 

range of those found for CAS, they were taken as representative for mainstream PN-243 

AMX unit. 244 

2.4.3. OMPs removal in sludge TH and AD 245 

The range of removal efficiencies of OMPs during AD in the literature is quite wide, 246 

and sometimes controversial. Table 3 summarises the results found in the literature for 247 

the selected OMPs and the representative values considered in this work. The removal 248 

efficiency of the soluble and solubilised fraction of OMPs during sludge TH was taken 249 

from Taboada-Santos et al. (2019a). 250 



2.5. Sensitivity analysis 251 

The prediction of the fate of the OMP in the WWTP depends critically on the values of 252 

the parameters governing the kinetics of OMP biotransformation and the phase 253 

equilibria. We performed a global uncertainty and sensitivity analysis of the input 254 

parameter space, the values of the kinetic and equilibrium parameters as well as the 255 

biotransformation efficiency during AD with two goals: i) estimating the uncertainty 256 

associated to the simulations of the fate of OMPs  and ii) identifying the most sensitive 257 

parameters for the simulations. From these two results it is possible to decide whether 258 

the uncertainty of the predictions is acceptable for a future design and, if this 259 

uncertainty was to be reduced, the experimental campaign should focus first on the 260 

parameters identified as most sensitive for the simulation outcome (Sin et al., 2009). 261 

All the parameters related to OMP fate are considered to be uncorrelated and, 262 

furthermore, that the fate of a given OMP does not influence the rest. Their expected 263 

value and uncertainty were approximated as the mean and standard deviation of the 264 

values in Tables 1-3 of the literature review. The parameter space was sampled using the 265 

Latin Hypercube Sampling methods to ensure a maximal coverage of the parameter 266 

space (Helton and Davis, 2003). Following a Monte Carlo procedure, each of the 267 

scenarios was simulated 400 times and the OMP concentration in the effluent and 268 

digested sludge were recorded.  These model outputs were the basis for the subsequent 269 

sensitivity analysis. It was considered that the behaviour of the plants with respect to 270 

nutrients, solids and COD was perfectly known and therefore the rest of parameters 271 

were not included in the uncertainty analysis.  272 

A global sensitivity analysis was carried out to determine what parameters have a higher 273 

influence on the effluent and sludge OMP content. The method of standardised 274 

regression coefficients (SRC) was chosen, consisting on fitting a first order linear 275 



multivariable model between the predictions and the parameter values (θi) by a least 276 

squares method (Saltelli et al., 2008): 277 

𝑦𝑘 = 𝑏𝑘,0 +∑𝑏𝑘,𝑖 · 𝜃𝑖
𝑖

 (12) 

where yk are the content of OMP k in a given stream, bk,0 and bk,i are the linear 278 

regression coefficients and θi the parameters, with index k varying from 1 to the number 279 

of OMP and index i from 1 to the number of parameters. To assume the model linear, 280 

the squared coefficient of correlation (R
2
) between the Monte Carlo simulation output 281 

(Y) and the values produced with the regression model with the estimated SRC (Eq. 9) 282 

regressed linear output should be above 0.7 (Vangsgaard et al., 2012), which was 283 

confirmed for all the cases analysed. After standardisation of the outputs and 284 

parameters, the absolute magnitude of the regression coefficients indicates the 285 

sensitivity of the outputs to a given parameter and, therefore, can be used to rank the 286 

parameters with a higher influence on the predictions. Only those parameters with an 287 

expected influence larger than 5% were retained for further analysis. 288 

3. Results and discussion 289 

3.1. Aeration demand, methane production and effluent quality of novel WWTP 290 

configurations 291 

As expected, novel configurations lead to considerably lower aeration demand than the 292 

conventional configuration (Table 4). This is primarily because of the implementation of 293 

the mainstream PN-AMX which greatly reduces the energy consumption compared to 294 

the CAS reactor, supporting other studies findings (Cao et al., 2017; Malovanyy et al., 295 

2015). Moreover, lower TN concentrations in the effluent are achieved in the novel 296 

configurations, since nitrate removal is only partial in the conventional configuration 297 

due to insufficient COD. 298 



Novel configurations also achieve considerable higher methane production than the 299 

conventional alternative, not only due to the higher COD recovery from wastewater but 300 

also due to the increase of methane productivity after sludge pretreatment. Regarding 301 

sludge production, it also results higher in novel configurations, as previously reported 302 

by Taboada-Santos et al. (2019c). 303 

3.2. Removal efficiency of OMPs from the water line in novel WWTP 304 

configurations 305 

Figure 2 shows the removal efficiency of the selected OMPs from wastewater 306 

(attributed to biotransformation and sorption into sludge) in the three novel WWTPs 307 

configurations and also in the conventional one. For compounds, such as AHTN, 308 

HHCB, ADBI, TCS, E1+E2, IBP and NPX, high removal efficiencies (>70%) were 309 

found in both novel and conventional configurations. Other OMPs, such as TMP, DZP, 310 

CBZ and DCF also presented similar removal efficiencies in novel and conventional 311 

WWTPs configurations, but with lower values (< 40%). Finally, E2, FLX, ROX, SMX 312 

and ERY displayed much lower removal efficiencies in novel WWTPs (between 13% 313 

and 61%) than in the conventional ones (between 84% and 95%). The parameters with 314 

an expected influence larger than 5% on the OMP removal efficiency were retained for 315 

the analysis and are shown in Table S1 in the Supporting Information. In novel WWTPs 316 

configurations it was found that, for hydrophilic OMPs, kbiol in both the HRAS and PN-317 

AMX reactors are the only parameters that influence the OMP removal from 318 

wastewater, whereas the KD value in the HRAS sludge is also relevant for hydrophobic 319 

compounds in the HRAS- and RBF+HRAS-based configurations. Contrary, in the 320 

conventional configuration, the kbiol value in CAS reactors is the only parameter that 321 

plays a significant role for most of the OMPs regardless their hydrophobicity. 322 



The lower removal efficiencies obtained in novel configurations can be attributed to two 323 

reasons. First, the low HRT applied in HRAS reactors to minimize COD mineralization, 324 

since for most of them medium or high kbiol values were obtained by Taboada-Santos et 325 

al. (2019d), indicating that their biotransformation is limited by the low HRT applied. 326 

Furthermore, according to Jimenez et al. (2005), particulate and colloidal COD is 327 

removed from wastewater by biological flocculation and subsequent settling, whereas 328 

the soluble fraction is eliminated by intracellular storage, biosynthesis or biological 329 

oxidation. Therefore, less COD is metabolized in this unit than in CAS reactors, 330 

producing a reduction of co-metabolism activity, which is thought to be the main 331 

mechanism for OMPs biotransformation (Gauthier et al., 2010; Kassotaki et al., 2016). 332 

Second, whereas in CAS units it is desired that 100% of the ammonia is converted to 333 

nitrite and afterwards to nitrate, in PN-AMX units only the 50% of ammonia is oxidized 334 

to nitrite. Considering again a co-metabolic approach, this lower ammonia oxidation 335 

could result on a lower biotransformation efficiency of OMPs. Moreover, the lack of 336 

nitrite oxidizing microorganisms in PN-AMX reactors might limit OMPs 337 

biotransformation. Even though some works in the literature indicate that the removal of 338 

OMPs in CAS is linked to nitrifying activities (Fernandez-Fontaina et al., 2016), other 339 

works suggest that there is a potential overestimation of the contribution of ammonia 340 

oxidizers to OMP biotransformation to the detriment of nitrite oxidizers (Men et al., 341 

2017). 342 

3.3. Fate of OMPs in novel WWTP configurations 343 

According to the fate of selected OMPs in novel WWTP configurations, they were 344 

classified into four groups. 345 

Group I: Hydrophobic OMPs (log KD ≥3.5) 346 



Hydrophobic OMPs, such as AHTN, HHCB, ADBI and TCS, are well eliminated from 347 

wastewater, attaining removal efficiencies between 73% and 88% (Figure 2). Although 348 

the removal efficiencies were quite comparable in the three configurations, important 349 

differences were found regarding their fate (TCS, was selected as representative of this 350 

group of OMPs in Table 5). The HRAS-based configuration is the alternative that leads 351 

to the lowest flux in the final effluent and digested sludge (Table 5). This is due to the 352 

high biotransformation efficiency of TCS (up to 43%) achieved in the HRAS reactor 353 

(Figure S2), even with the very low HRT (30 min) applied, attributed to its very high 354 

kbiol value under heterotrophic conditions (Table 2). In contrast, the PN-AMX unit did 355 

barely contribute to biotransform TCS (<4%, Figure S2). Additionally, 41% of TCS is 356 

removed from wastewater sorbed into sludge (Figure S2), attributed to its high 357 

hydrophobic behaviour, but its presence in the digested sludge (Table 5) is reduced due 358 

to its medium biotransformation efficiency during AD. 359 

The partial TSS removal achieved in the RBF causes that approximately 33% of TCS in 360 

the influent is diverted to the sludge line before reaching the biological units (Figure 361 

S3). As a consequence, its biotransformation efficiency decreases to 25%, although not 362 

affecting the mass flux in the final effluent (Table 5), whereas removal by sorption into 363 

sludge increases up to 60% (Figure S3). Therefore, a slightly higher mass flux in 364 

digested sludge is obtained in this configuration (Table 5). 365 

A slightly higher effluent mass flux is obtained in the CEPT-based configuration (Table 366 

5) attributed to the lack of a HRAS reactor The high TSS elimination achieved in the 367 

CEPT unit produces a removal efficiency of almost 80% due to sorption (Figure S4). 368 

Subsequently, its mass flux in digested sludge is the highest one (Table 5).  369 

Group II: Hydrophilic OMPs (log KD≤ 3.2) with kbiol ≥10 L/g VSS·d in the HRAS reactor 370 

and/or ≥5 L/g VSS·d in the PN-AMX reactors. 371 



This group includes those hydrophilic OMPs that present high kbiol values in the HRAS 372 

and/or in the PN-AMX reactors, such as E1, E2, IBP and NPX. These compounds are 373 

well biotransformed in both biological units reaching removal efficiencies from 374 

wastewater above 95% in the three configurations. IBP was selected as representative of 375 

this group in Table 5. 376 

The mass fluxes in the final effluent (Table 5) are very comparable in the three 377 

configurations, which is explained by the high biotransformation efficiencies in both 378 

biological systems, 69-79% in the HRAS unit and 93-94% in the PN-AMX one. In the 379 

HRAS- and RBF+HRAS-based configurations, approximately 70-80% of IBP is 380 

biotransformed under heterotrophic conditions, noticeably reducing the mass flux that 381 

reaches the PN-AMX reactor (Figure S2 and S3), in which just 20-30% of the OMP in 382 

the influent is biotransformed (Figure S2 and S3).  383 

Contrary, in the CEPT-based configuration the PN-AMX reactor biotransforms 94% of 384 

the IBP in the influent (Figure S4), fact might be important since different 385 

transformation products (TP) are formed due to the different mechanisms involved 386 

(heterotrophic or ammonium oxidizer biomass) in the different configurations, and these 387 

TP might present different kbiol values and/or toxicity (Collado et al., 2012). 388 

The presence of these OMPs in the digested sludge is very low in all configurations 389 

(Table 5) since sorption into sludge hardly contributes to their removal from wastewater 390 

(Figures S1-S3). 391 

Group III: Hydrophilic OMPs with kbiol<10 L/g VSS·d in the HRAS reactor and (1≤ kbiol 392 

<5 L/g VSS·d) in the PN-AMX reactor. 393 

This group includes those hydrophilic OMPs which are partially or not removed in the 394 

HRAS reactor but show a medium-high removal efficiency in the PN-AMX one, such 395 

as EE2.  396 



Similarly to the previous group, the presence of these OMPs in the digested sludge is 397 

very low in all configurations (Table 5) since sorption into sludge barely contributes to 398 

their removal from wastewater. Regarding the water line, no major differences in their 399 

removal were found among the different novel WWTP configurations (Table 5), 400 

achieving removal efficiencies of approximately 50-60%, mainly due to the PN-AMX 401 

reactor, since the biotransformation efficiency in the HRAS reactors results below 15% 402 

(Figure S2 and S3). 403 

Group IV: Hydrophilic OMPs with kbiol <10 L/gVSS·d in the HRAS and kbiol <1 L/gVSS·d 404 

in the PN-AMX reactors. 405 

This group contains those hydrophilic OMPs that are not removed neither in the HRAS 406 

nor in the PN-AMX reactors (Figure S2-S4) such as ROX, SMX, ERY, TMP DZP, CBZ 407 

and DCF, so they show a recalcitrant behaviour. CBZ was selected as the compound 408 

representative of this group. Due to their hydrophilic behaviour, sorption does not 409 

contribute to their removal (Figure S2-S4), so their presence in digested sludge is very 410 

low in all configurations (Table 5). Medium-low biotransformation efficiencies from 411 

wastewater (between 0 and 40%) are obtained, so they achieve a noticeable presence in 412 

the WWTPs effluents (Table 5). It must be highlighted that for part of the OMPs of this 413 

group including ROX, SMX or DZP, their biotransformation efficiency in the HRAS- 414 

and RBF+HRAS-based WWTPs could be enhanced to comparable values to those 415 

obtained in the CAS in the conventional configuration (Figure S5) by increasing the 416 

HRT, since they present medium kbiol values in the HRAS reactor, demonstrating that 417 

their biotransformation is limited by the low HRT. However, increasing the HRT would 418 

lead to a lower methane production and therefore energy recovery due to a higher COD 419 

oxidation, as reported by Jimenez et al. (2015).  420 



It must be highlighted that the kbiol values considered for the HRAS reactor were 421 

obtained with a DO concentration of approximately 3 mg O2/L (Taboada-Santos et al., 422 

2020), whereas this model suggests to decrease it in order to minimize COD oxidation. 423 

This variation could lead to lower kbiol values and therefore different biotransformation 424 

efficiencies, proving that more experimental works should be carried out in order to 425 

validate the assumptions made in this work. 426 

3.4. Fate of OMPs in the sludge line of WWTPs 427 

Not only the removal from wastewater but also the presence of OMPs in sludge is an 428 

important issue, particularly when sludge is used as fertilizer in agriculture. Important 429 

differences were found among the novel scenarios, being the CEPT-based configuration 430 

the alternative reaching the highest OMP load in the sludge line (Figure S4) and the 431 

HRAS-based configuration the lowest one (Figures S2). Again, the parameters with an 432 

expected influence larger than 5% on the OMP removal efficiency were retained for the 433 

analysis and are shown in Table S2 in the Supporting Information. The KD coefficient of 434 

OMPs in anaerobic sludge influences the presence of most of them in digested sludge in 435 

both novel and conventional configurations. Besides, other parameters such as the kbiol 436 

and KD values in the different mainstream biological units can be relevant in some 437 

cases, since they might significantly impact the presence of OMPs in the sludge line and 438 

therefore in digested sludge. 439 

Besides increasing biogas production in AD, TH contributes to a partial removal of 440 

OMPs, linked to TSS solubilisation (Taboada-Santos et al., 2019a). This is especially 441 

relevant for hydrophobic compounds (Group I), attaining mass fluxes reduction of 26% 442 

in the HRAS-based configuration (Figure S1), 32% in the RBF+HRAS-based 443 

configuration (Figure S2) and 18% in the CEPT- based alternative (Figure S3). 444 

However, the low-medium anaerobic biodegradability reported in the literature for this 445 



group of compounds (Table 3) causes that AD only contributes to a partial removal from 446 

sludge. Consequently, most OMPs are present in the digested sludge (Figure 3), but this 447 

presence of course depends on the characteristics of each specific compound, mainly 448 

hydrophobicity and anaerobic biotransformability. For hydrophilic compounds, less than 449 

6% of the influent mass flow is present in digested sludge, whereas for hydrophobic 450 

compounds, this number can increase up to 40% (Table 5). 451 

Therefore, this paper gives a first insight about the fate of OMPs in novel schemes for 452 

wastewater treatment, but more experimental works should be carried out to obtain 453 

more data for the inputs of the model that allow to achieve more robust results. 454 

4. Conclusions 455 

In general, the technology selected for organic matter recovery in novel WWTP 456 

configurations does not influence the removal efficiency of OMPs from wastewater, 457 

which was found comparable for most of them. Moreover, these novel configurations 458 

achieve, depending on the OMP, comparable or lower removal efficiency than a 459 

conventional WWTP configuration. However, the organic matter recovery technology 460 

determines the presence of hydrophobic OMPs in the sludge line, and subsequently, in 461 

the digested sludge. Whereas the HRAS-based WWTP achieves comparable or even 462 

lower OMPs presence in digested sludge than the conventional configuration, in the 463 

HRAS+RBF and mainly CEPT-based alternatives, their presence is expected to be 464 

considerably higher. Therefore, the HRAS-based WWTP configuration is the preferable 465 

option in terms of OMPs elimination. 466 
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Table legends 774 

Table 1. Average and standard deviation of the solid-liquid distribution constants (KD) 775 

values (in bold) considered in this study and range of the values found in the literature. 776 

Table 2. Average and standard deviation of the pseudo first-order biotransformation 777 

constants (kbiol) (in bold) considered in this study and range of the values found in the 778 

literature. 779 

Table 3.  Average and standard deviation of the OMP removal efficiency in AD (in 780 

bold) and range of the values found in the literature. 781 

Table 4. Comparison of energy requirements, digested sludge production, methane 782 

production and effluent quality in novel and conventional WWTP configurations. 783 

Table 5. Presence of the representative OMPs of each group in the WWTPs effluents 784 

and in digested sludge. 785 

 786 



 

Table 1. 787 

OMP 
KD (L/kg TSS) 

Influent  CEPT sludge HRAS sludge RBF sludge  Primary sludge CAS sludge Anaerobic sludge 

AHTN 

8,857 ± 2,148 
1
 5,286 ± 1,066 

1
 9,969 ± 2,557 

1
  

 

24,247 ±  6,069 
2
 5,300 ± 205 

5,300 ± 1,900 
3
 

5,010 
4
 

4,200 ± 1,356 

2,400 ± 960 
3
 

6000 ± 300 
5
 

2,714 ± 1,313 
6
 

2,571-2,838 
7
 

3,347 ± 1,900 
8
 

14,050 ± 6,082 

3,000 ± 2,000 
5
 

11,375 
9
 

15,200 ± 7,800 
10

 

16,500 - 72,000 
11

 

ABDI 
3,856 ± 845 

1
 2,461 ± 411 

1
 4,574 ± 832 

1
 

 

12,003 ± 4,037 
2
 5,010 ± 0 

4
 5,142 ± 2,531 

6
 1,200 ± 500 

5
 

HHCB 

5,927 ± 2,168 
1
 3,412 ± 679 

1
 6,853 ± 1,945 

1
 

 

57,450 ± 9,770 
2
 4,920 ± 64 

4,920 ± 2,080 
3
 

5,010 
4
 

2,110 ± 396 

1,616 ± 772 
6
 

2,214-2,478 
7
 

2428 ± 1297 
8
 

9,700 ± 5,208 

3,700 ± 1,200 
5
 

12,000 
9
  

13,300 ± 5,500 
10

 

TCS 
10,439 ± 2,170 

1 5,918 ± 225 
1
 8,748 ± 1,635 

1
 

 

27,947 ± 18,228 
2
 3,650 ± 1,230 

1,000-6,310*
12

 

*Mixed sludge 

5,725 ± 2,703 

1,905-9,549 
13

 
7,020 ± 1,519 

3,630-22,390 
11

 

794-1,259 
12

 

IBP 

8 ± 8 
1
 15 ± 2 

1
 16 ± 16 

1
 92 ± 25 

2
 225 ± 217 

<20 
3
 

9.5 ± 3.1 
14

  

453 
15

  

<30 
16

 

210 ± 139 

7 ± 2 
3
 

240 ± 10 
5
 

24 ± 5 
6
 

33-80 
7
 

<30 
16

 

144-417 
13

 

6 ± 4 
17

 

60 ± 29 

100 ± 100 
5
 

31 
9
 

38 ± 14 
10

 

11-58 
11

 

20-40 
12

 

NPX 

9 ± 9 
1
 0 ± 0 

1
 18 ± 12 

1
 

 

1 ± 1 
2
 125 ± 125 

217 
15

 

<30 
16

 

125 ± 86 

100 ± 10 
5
 

17 ± 6 
6
 

36-58 
7
 

217 
15

 

<30 
16

 

79-245 
13

 

10 ± 1 
17

 

10 ± 6 

0 
5
 

<50 
9
 

11 
10

 

0 
11
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Table 1 (cont.). 789 

OMP 
KD (L/kg SS) 

Influent  CEPT sludge HRAS sludge Cellulosic sludge  Primary sludge CAS sludge Anaerobic sludge 

DCF 

13 ± 3 
1
 7 ± 5 

1
 21 ± 2 

1
 

1
 

10 ± 8 
2
 245 ± 207 

459 ± 32 
3
 

500 
10

 

194 ± 134 
14

 

459 ± 210 
18

 

<30 
16

 

 

155 ± 110 

16 ± 3 
3
 

0 
5
 

32 ± 14 
6
 

<6 
7
 

120 
14

 

232 ± 139 
18

 

<30 
16

 

81-309 
13

 

79 ± 6 

0 
5
 

600 
9
 

66 ± 23 
10

 

79-158 
12

 

ERY 

25 ± 10 
1
 87 ± 18 

1
 40 ± 11 

1
 

 

6 ± 4 
2
 235 ± 102 

309 ± 272 
14

 

165 
15

 

 

50 ± 19 

50 ± 10 
5
 

28 ± 10 
6
 

49-70 
7
 

74 ± 26 
8
 

630 ± 557 

30 ± 15 
5
 

40-1,260 
12

 

ROX 

54 ± 13 
1
 200 ± 25 

1
 69 ± 12 

1
 

 

14 ± 5 
2
 400 ± 0 

400 
19

 
296 ± 183 

100 ± 10 
5
 

51 ± 11 
6
 

80-99 
7
 

75 ± 48 
8
 

170 
19

 

570 ± 60 
17

 

1,000 ± 982 

40 ± 30 
5
 

2,000 
9
 

83 
10

 

80-2,000 
12

 

 

SMX 

35 ± 11 
1
 45 ± 15 

1
 52 ± 20 

1
 

 

14 ± 2 
2
 15 ± 19 

3.2 ± 4.5 
14

 

<30 
16

 

50 ± 28 

80 ± 10 
5
 

11 ± 7 
6
 

33-63 
7
 

<30 
16

 

50 ± 13 
17

  

87-851
13

 

250 ± 212 

45 ± 30 
5
 

500 
9
 

23 
10

 

16-25 
12

 

 

 

 

 



 

Table 1 (cont.). 790 

OMP 
KD (L/kg SS) 

Influent  CEPT sludge HRAS sludge Cellulosic sludge  Primary sludge CAS sludge Anaerobic sludge 

TMP 

162 ± 42 
1
 108 ± 18 

1
 188 

188 ± 28 
1
 

 

48 ± 2 
2
 339 ± 124 

427 ± 238 
14

 

251 ± 99 
16

 

 

212 ± 125 

80 ± 5 
5
 

25 ± 8 
6
 

61-90 
7
 

45 ± 30 
8
 

119 ± 49 
16

 

193 ± 104 
16

 

178-398 
13

 

330 ± 25 
17

 

368 ± 335 

12 ± 7 
5
 

83 - 724 
11

 

 

FLX 

1,420 ± 124 
1
 1,518 ± 219 

1
 1,7501,750 ± 

575 
1
 

 

228 ± 37 
2
 639 ± 69 

590-687 
11

 
1,430 ± 798 

2,500 ± 200 
5
  

355 ± 145 
6
 

762-1,043 
7
 

1,603 ± 905 
8
 

851-1,820 
13

 

1,515 ± 1326 

700 ± 200 
5
 

275-2,754 
11

 

 

CBZ 

53 ± 15 
1
 101 ± 21 

1
 76 ± 15 

1
 

 

17 ± 13 
2
 167 ± 131 

<20 
3
 

314 ± 205 
14

 

178 
15

 

65 ± 5 
16

 

 

117 ± 69 

1.2 ± 0.5 
3
 

0 
5
 

<1.0 
6
 

15-20 
7
 

135 
14

 

36 ± 2 
16

 

50 ± 1 
16

 

47-234 
13

 

<75 
17

 

17 ± 1 
20

 

300 ± 74 

0 
5
 

20 
9
 

35 
10

 

40 - 186 
11

 

 

 

 

 

 

 

 



 

Table 1 (cont.). 791 

OMP 
KD (L/kg SS) 

Influent  CEPT sludge HRAS sludge Cellulosic sludge  Primary sludge CAS sludge Anaerobic sludge 

DZP 

95 ± 17 
1
 141 ± 22 

1
 166 ± 14 

1
 

 

237 ± 123 
2
 168 ± 160 

44 ± 26
3
 

291 ± 50 
16

 

131 ± 91 

21 ± 8 
3
 

30 ± 10 
5
 

50 ± 14 
6
 

78-137 
7
 

116 ± 52 
8
 

197 ± 31 
16

 

241 ± 59 
16

 

81-295 
13

 

53 ± 1 
20

  

290 ± 179  

400 ± 250 
5
 

0 
9
 

71 - 76 
11

 

 

E1 

399 ± 49 
1
 322 ± 22 

1
 346 ± 150 

1
 

 

131 ± 8 
2
 636 ± 104 

636 ± 104 
16

 
373 ± 290 

150 ± 30 
5
 

607 ± 48 
16

 

645 ± 87 
16

 

<100 
17

 

235 ± 162 

300 ± 250 
5
 

<250 
9
 

303 ± 59 
10

 

58 - 813 
11

 

E2 

359 ± 53 
1
 265 ± 23 

1
  

599 ± 19 
1
 

 

132 ± 39 
2
 560 ± 67 

560 ± 67 
16

 
667 ± 147 

800 ± 100 
5
 

771 ± 108 
16

 

533 ± 34 
16

 

436 ± 152 

250 ± 150 
5
 

<1,000 
9
 

461 ± 212 
10

 

166 - 2,188 
11

 

EE2 

529 ± 44 
1
 407 ± 26 

1
 464 ± 6 

1
 

 

76 ± 23 
2
 634 ± 435 

278 ± 3 
3
 

251 
10

 

1,017 ± 105 
16

 

875 ± 539 

349 ± 4  7 
3
 

200 ± 100 
5
 

1,103 ± 76 
16

 

1,550 ± 223 
16

 

300-500 
17

 

224 ± 207 

300 ± 250 
5
 

<1,000  
9
 

432 ± 168 
10

 

16-25 
11

 

1. Taboada-Santos et al., (2020), 2. Taboada-Santos et al. (2019b), 3. Ternes et al. (2004), 4. Suárez et al. (2008), 5. Alvarino et al. (2014), 6. Fernandez-Fontaina et al. 

(2013), 7. Fernandez-Fontaina et al. (2014), 8. Fernandez-Fontaina et al. (2012), 9. Carballa et al. (2007), 10. Carballa et al. (2008), 11. Gonzalez-Gil et al. (2016), 12. 

Narumiya et al. (2013), 13. Hyland et al. (2012), 14. Radjenović et al. (2009), 15. Jones et al. (2002), 16. Stevens-Garmon et al. (2011), 17. Abegglen et al. (2009), 

18. Wick et al. (2009), 19. Joss et al. (2005), 20. Wick et al. (2009). 



 

Table 2. 792 

OMP 
kbiol (L/g VSS ·d) 

HRAS sludge PN-AMX sludge CAS sludge 

AHTN 

15 ± 5 
1
 

 

0.5 ± 0.3 
21

 60 ± 43 

38 ± 16 
5
 

2 ± 2 
5
 

3.9 
6
 

14.2 
7
  

15.7 
7
 

115 
22

 

0.02 
23

   

ADBI 

16 ± 4 
1
 

 

1.3 ± 0.6 
21

 40 ± 36 

6 ± 1 
5
 

63 ± 25 
5
 

9.1 
6
 

75 
22

 

HHCB 

11 ± 4 
1
 

 

0.8 ± 0.3 
21

 30 ± 17 

7 ± 1 
5
 

41 ± 42 
5
 

1.7 
6
 

20.9 
7
 

32.9 
7
 

170 
22

 

TCS 13 ± 5 
1
 0.7 ± 0.3 

21
 0.7 ± 0.3 

1
 

IBP 

29 ± 9 
1
 

 

38 ± 7 
21

 20 ± 12 

2 ± 1 
5
 

24 ± 7 
5
 

6 
6
 

2.4 
7
 

4.3 
7
 

1.3-3 
17

 

20 
22

 

21-35 
23

 

NPX 

7 ± 3 
1
 17 ± 0 

21
 5.0 ± 3.6 

1 ± 0 
5
 

9 ± 2 
5
 

0.5 
6
 

1.4 
7
 

2.6 
7
 

0.1 
17

 

9 
22

 

1-1.9 
23

 

DCF 

0.5 ± 0.4 
1
 0.9 ± 0.1 

21
 0.05 ± 0.04 

2 ± 1 
5
 

0.1 ± 0.1 
5
 

0.02 
6
 

0 
7
 

<0.02 
17

 

1.2 
22

 

0.03-0.05 
23

  

  793 



 

Table 2 (cont.). 794 

OMP 
kbiol (L/g VSS ·d) 

HRAS sludge PN-AMX sludge CAS sludge 

ERY 

0.9 ± 0.8 
1
 

 

0.5 ± 0.3 
21

 3.0 ± 2.1 

1 ± 1 
5
 

3 ± 0 
5
 

0.5 
6
 

0.8 
7
 

3 
7
 

6 
22

 

0.1 
23

 

ROX 

3.3 ± 2.1 
1
 0.3 ± 0.1 

21
 5.0 ± 3.4  

8 ± 3 
5
 

2.2 ± 1.5 
5
 

1.2 
6
 

2.3-3.4 
7
 

0.023 ± 0.018 
17

 

9 
22

 

0.1 
23 

SMX 

1.5 ± 0.8 
1
 

 

0.3 ± 0.1 
21

 4.5 ± 3.6 
0.7 ± 0.9 

5
 

9 ± 1 
5
 

0.1 
6
 

1 
7
 

0.3 
7
 

0.2 
17

 

0.3 
22

 

5.9-7.6 
23

 

TMP 

0.4 ± 0.3 
1
 0.2 ± 0.1 

21
 0.3 ± 0.2 

0.6 ± 0.3 
5
 

0 
5
 

0.09 
6
 

0 
7
  

0.9 
7
 

0.22 ± 0.02 
17

 

0.15 
22

 

FLX 

1.3 ± 1.1 
1
 0.10 ± 0.05 

21
 6.0 ± 4.3 

10 ± 1 
5
 

0.8 ± 0.5 
5
 

1.98 
6
 

0.6 
7
 

1.3 
7
 

9 
22

 

CBZ 

0.4 ± 0.3 
1
 0 ± 0 

21
 0.1 ± 0.1 

0.2 ± 0.1 
5
 

0 
5
 

0.01 
6
 

0 
7
 

<0.008 
17

 

<0.1 
20

 

0.1 
22

 

<0.01 
23

 

  795 



 

Table 2 (cont.). 796 

OMP 
kbiol (L/g VSS ·d) 

HRAS sludge PN-AMX sludge CAS sludge 

DZP 

2.6 ± 1.6 
1
 0 ± 0 

21
 0.2 ± 0.2 

0.4 ± 0.1 
5
 

0.02 ± 0.00 
5
 

0.19 
6
 

0 
7
 

<0.16 
20

 

0.4 
22

 

0.02-0.04 
23

 

E1 

57 ± 20 
1
 

 

53 ± 14 
21

 85 ± 79 

2 ± 4 
5
 

14 ± 13 
5
 

170 
22

 

>100 
23

 

162 ± 25 
24

 

E2 

46 ± 10 
1
 

 

27 ± 12 
21

 180 ± 149 

19 ± 14 
5
 

11 ± 13 
5
 

170 
22

 

>100
23

 

350 ± 42 
24

 

EE2 

1.7 ± 0.9 
1
 2 ± 1 

21
 10 ± 1 

7 ± 4 
5
 

2 ± 1 
5
 

20 
22

 

5-10 
23

 

8 ± 2 
24

 

1. Taboada-Santos et al. (2020), 5. Alvarino et al. (2014), 6. Fernandez-Fontaina et al. (2013), 7. 

Fernandez-Fontaina et al. (2014), 17. Abegglen et al. (2009), 20. Wick et al. (2009), 21. Alvarino et al. 

(2015), 22. Suarez et al. (2010), 23. Joss et al. (2006), 24. Joss et al. (2004). 



 

Table 3. 797 

OMP Biotransformation during AD 

AHTN 

30 ± 25 

60 
9
 

0 
11

 

0/45 
25

 
40 

26
 

30/60 
27 

ABDI 30 ± 0 * 

HHCB 

30 ± 23 

60 
9
 

10 
11

 
40 

26
 

50/70 
27

 

TCS 

40 ± 18 

20 
11

 

30 
12

 

50 
26

 

65 
28

 

50 
29 

IBP 

45 ± 29 

45 
9
 

30 
11

 

25 
26

  

70-75 
27

 

95 
28

 

10 
29

 

30 
30

 

NPX 

90 ± 13 

85 
9
 

100 
11

 

60 
26

 

100 
27

 

85 
28

 

90 
29

 

85 
30

 

DCF 

50 ± 38 

0/80 
9
 

25 
12

 
20 

26
 

95 
28

 
25 

30
 

ERY 
45 ± 7 

45 
12

 

35 
26

 

ROX 

50 ± 34 

95 
9
 

85 
11

 

65 
12

 
25 

26
 

65/70 
27

 

0 
29

 

SMX 

95 ± 5 

100 
9
 

80 
11

 

100 
12

 

100 
26

 

 



 

Table 3 (cont.). 798 

OMP Biotransformation during AD 

TMP 

70 ± 27 

75 
11

 

100 
12

 
75 

26
 

35/40 
27

 

90 
29

 
100 

30
 

FLX 

35 ± 22 

70 
11

 
35 

26
 

25-30 
27

 

30 
29

 
0  

30
 

30 
31

 

CBZ 

20 ± 10 

5 
9
 

30 
11

 

0 
12

 
10 

26
  

10/20 
27

 

15 
30

 

0 
29

 

DZP 

55 ± 20 

30 
9
 

50 
11

 
35 

26
 

70/75 
27

 

E1+E2 

40 ± 31 

80 
9
 

0 
11

  
35 

26
 

0/10 
27

 

0 
30

 

50 
32

 

EE2 

50 ± 35 

40/95 
9
 

75 
11

 
45 

26
 

0 
30

 

20 
32

 

9. Carballa et al. (2007), 11. Gonzalez-Gil et al. (2016), 12. Narumiya et al. (2013), 25. Clara et al. 799 

(2011), 26. Gonzalez-Gil et al. (2018), 27. Taboada-Santos et al. (2019a), 28. Samaras et al. (2014), 29. 800 

Yang et al. (2016), 30. Malmborg and Magnér (2015), 31. Bergersen et al. (2012), 32. Paterakis et al. 801 

(2012). 802 

* Assumed as the one of other musk fragrances.   803 



 

Table 4. 804 

Parameters HRAS RBF+HRAS CEPT Conventional 

Aeration demand (kWh/d) 1,997 1,881 1,311 4,216 

CH4 production (Nm
3
/d) 2,161 2,295 2,351 1,719 

Digested sludge (ton TS/d) 2.7 2.6 3.6 2.3 

Effluent COD (g COD/m
3
)  46 45 28 47 

Effluent TN (g N/m
3
) 4.4 3.8 4.2 17.6 

  805 



 

Table 5 806 

Stream  TCS  IBP EE2 CBZ 

Influent WWTP (mg/d) 206 206 20.6 206 

Effluent HRAS (mg/d) 26 2.5 8.2 191 

Effluent RBF+HRAS (mg/d) 25 3.6 8.6 195 

Effluent CEPT (mg/d) 34 12 9.3 202 

Effluent conventional (mg/d) 46 6 1.0 172 

Digested sludge HRAS (mg/d) 36 0.1 0.8 3.5 

Digested sludge RBF+HRAS (mg/d) 48 0.2 0.8 3.1 

Digested sludge CEPT (mg/d) 78 0.4 1.1 3.0 

Digested sludge conventional (mg/d) 74 0.5 0.7 3.7 

  807 



 

 808 

Figure captions 

Figure 1. Novel and conventional WWTP configurations considered for assessing the 809 

fate of OMPs. 810 

Figure 2. OMPs removal efficiency from wastewater achieved in the HRAS-based 811 

configuration ( ), the RBF+HRAS configuration ( ), the CEPT-based configuration 812 

( ) and the conventional configuration ( ). 813 

Figure 3. Presence of OMPs in digested sludge in the HRAS-based configuration ( ), 814 

the RBF+HRAS configuration ( ), the CEPT-based configuration ( ) and the 815 

conventional configuration ( ). 816 
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Figure 3.  
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