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ABSTRACT 

This research analyzes the different amoxicillin (AMX) removal routes, i.e. 

biodegradation, biological absorption and adsorption, within a “NIPHO” activated 

sludge reactor treating urban wastewater. Moreover, the impact of different AMX 

concentrations (15-75 mg L-1) on the kinetic performance of the heterotrophic biomass 

was evaluated. The “NIPHO” bioreactor worked at 4.8±0.7 h of hydraulic retention 

time, 20.9±1.4ºC of temperature, and 2000±120 mgTSS L-1 of mixed liquor total 

suspended solids. High Pressure Liquid Chromatography was used to evaluate AMX 

removal by the different pathways and a respirometric method was applied to model the 

heterotrophic kinetics in absence and presence of AMX. Additionally, a multivariable 

statistical analysis was carried out to determine the influence of the operation variables 

on the response of the system. The results showed that the removal of AMX was 

essentially carried out via biological absorption (11.06-87.13%), and biomass 

concentration and sludge volume index were the most influential variables on it. 

Additionally, the study concluded that the heterotrophic biomass of the bioreactor was 
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not significantly influenced by AMX, although the net heterotrophic biomass growth 

rate at 75 mg L-1 AMX concentration showed statistically significant differences with 

the rest of concentrations, and was reduced up to 8.84 mgVSS L-1 h-1. 

Keywords: Absorption; Amoxicillin; Heterotrophic biomass; Kinetic modeling; 

Removal route; Respirometry  

Abbreviations: AMX, amoxicillin; BOD5, five-day biochemical oxygen demand; 

COD, chemical oxygen demand; DO, dissolved oxygen; HRT, hydraulic retention 

time; MLSS, mixed liquor suspended solids; OC, oxygen consumption; OUR, static 

oxygen uptake rate; SRT, sludge retention time; SVI, sludge volume index; T, 

temperature; TN, total nitrogen; TSS, total suspended solids; VSS, volatile suspended 

solids; WWTP, wastewater treatment plant.  
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1. Introduction 

During last thirty years, the presence of new organic pollutants considered as persistent 

but scarcely legislated, called ‘emerging pollutants’, has increased in wastewater and 

aquatic environment [1]. Among the different categories in which these micropollutants 

are divided, pharmaceuticals are one of the most significant groups detected [2]. 

Specifically, antibiotics are highly used for human therapy, veterinary medicine, 

agriculture and aquaculture [3, 4]. In fact, some authors, like Gelband et al. [5], 

indicated an increase (higher than 30%) in the global consumption of antibiotics in the 

first decade of the century, (from 50 to 70 billion standard units), however, others like 

Wise [6] or Baghapour et al. [7] did not report a rise in the antibiotic world consumption 

although indicated a global use between 100 and 200 millions of kilograms in 2002 and 

2012, respectively. Furthermore, Versportent et al. [8] reported Spain as one of the 

European Union countries with a higher consumption of antibiotics. Besides, its global 

extensive use has resulted in an increase of its presence in different water bodies [7] 

since a high percentage of antibiotics, which are consumed by humans and animals, are 

excreted without being metabolized or in conjugated forms of the initial pharmaceutical. 

This implies their transfer to the aquatic environment through rain or wastewater [9], 

when the unused antibiotics are disposed to the environment as occurs in 

pharmaceutical industry, hospitals and residential facilities waste [4]. Moreover, a 

global concern has appeared for the last years since these substances and their 

degradation products are persistent, which leads to its bioaccumulation in the 

environment [3, 10-11]. In this regard, apart from the immune toxicity, neurotoxicity, 

endocrine disruption and carcinogenicity consequences of the direct exposure to these 

contaminants [12], the main problems may result in the human consumption of food 
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where the pollutants have been bioaccumulated leading to undesired results in human 

health like immune-allergic responses or the development, transfer and spread of 

antibiotic-resistant bacteria, which compromise the effectiveness of pharmaceuticals as 

the antibiotic resistance of microorganisms is becoming more and more problematic [4, 

13].  

Among the most important antibiotic groups in medicinal and veterinary therapy, 

penicillins containing β-lactam antibiotics are remarkable because they are widely 

consumed. In fact, they are responsible of the 50-70% of the global antibiotic 

consumption [3]. Amoxicillin (AMX), which belongs to this category, was also 

included in the last Commission Implementing Decision (EU) 2018/840 published by 

the European Union [14]. It is a semi-synthetic drug which is effective against a wide 

range of infections caused by gram-positive and gram-negative bacteria and is used for 

the treatment and prevention of respiratory, gastrointestinal, urinary and skin bacterial 

infections [4]. Furthermore, since above 75% of amoxicillin consumed is not 

metabolized and it is released to wastewater [15], several research have been conducted 

in order to study the effect of its presence in the aquatic environment and its removal 

pathways [4, 16-18]. Among the most common biological removal pathways, i.e. 

assimilation or biological absorption, biosorption or biological adsorption and 

biodegradation [19], these last two of them have been reported as the main ones for the 

reduction of drugs [20-21]. However, investigation about the most significant AMX 

removal routes has not been widely investigated yet [22].  

Additionally, although biological treatments implemented in the wastewater treatment 

plants (WWTPs) have been reported not to guarantee an efficient removal of antibiotics 

[23-27], there is scarce information about the impact of these micropollutants on the 
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activated sludge within the bioreactor. Several authors have studied the effect of some 

pharmaceutical emerging pollutants on the heterotrophic and/or autotrophic biomass of 

an activated sludge reactor [26, 28-29]. However, there are no studies related to the 

impact of AMX on the heterotrophic kinetic of this kind of biological reactor, although 

Rezaei et al. [22] studied two common models to predict the removal rate of substrate in 

a membrane bioreactor-hollow fiber (MBR-HF). 

Thus, the main aim of this research was to evaluate the AMX removal pathways in a 

variation of the conventional activated sludge (CAS) reactor, called NIPHO reactor, of 

the WWTP of Villapérez (Asturias, Spain). This study was complemented by the 

simulation and assessment of the effect of an intrusion of AMX on the heterotrophic 

bacteria through its kinetic modeling by a respirometric technique. 

2. Materials and methods 

2.1. NIPHO bioreactor and sampling procedure 

The WWTP of Villapérez (Asturias, Spain), which has a NIPHO biological reactor, was 

studied in this research. This WWTP treats wastewater from the Central University 

Hospital of Asturias and urban wastewater from Oviedo, Siero, Noreña, Llanera and 

Sariego councils. The pretreatment includes a coarse pit, two bar screens for coarse and 

fine solids, a grit removal and a degreasing area prior to the primary settling and the 

NIPHO biological process. 

NIPHO configuration is based on an activated sludge system combining anoxic, 

anaerobic and aerobic zones, as shown in Fig. 1.  
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Fig. 1. Description of the NIPHO activated sludge reactor of the WWTP of Villapérez 

(Asturias, Spain). 

 

The research period extended from June to October 2019 (five months) in order to 

collect activated sludge samples corresponding to the steady state of the NIPHO 

bioreactor. The values of the operation variables are indicated in Table S1.  

The determination of chemical oxygen demand (COD), five-day biochemical oxygen 

demand (BOD5), total suspended solids (TSS), volatile suspended solids (VSS), sludge 

volume index (SVI), total phosphorus (TP) and PO4-P concentration were carried out 

according to APHA [30]. Total nitrogen (TN) and NH4-N concentration were assessed 

by using a cuvette kit for nitrogen determination provided by Merck. This test is in 

accordance with the UNE-EN-ISO 11905-1. 

A 2 L sample of activated sludge was, twice a week, specifically collected from the 

aerobic zone of the NIPHO biological reactor the day before the respirometric test. 

These samples had a mixed liquor total suspended solids (XTSS) of 2000±120 mgTSS L-

1. Afterwards, sludge samples were aerated for 18 h to ensure the total removal of the 
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substrates contained in the mixed liquor (endogenous conditions) before starting the 

respirometric tests [31] and the evaluation of the AMX removal routes. 

2.2. Evaluation of the biological removal pathways 

Activated sludge samples were taken to analyze the AMX either assimilated, adsorbed 

or biodegraded by the activated sludge once finished the respirometric tests. Firstly, the 

reactor liquor was put in a 1 L test tube in order to settle until a clear separation between 

the supernatant and the sludge volume was observed (at least 30 min of settling). The 

sedimented sludge was washed by distilled water until a final volume of 300 mL, to 

remove the AMX dissolved in the remaining supernatant, and to desorb the AMX from 

the sludge. Then, the washed sludge was sedimented by a second time and sonicated for 

62 min [32] by a SONOREX RK 100 ultrasonic bath supplied by Bandelin (Equipment 

Nominal Power:80 W, Frequency: 35kHz, V:230V, I:0.4 A). The sonication was carried 

out to break the sludge floccules and to release the AMX absorbed by the biomass. A 2 

mL sample of washed and sonicated sludge and 2 mL of the supernatant were filtered 

by a syringe nylon filters supplied by Dismed S.A. (pore size: 0.45 µm) and analyzed by 

High Pressure Liquid Chromatography (HPLC).  

AMX determination was carried out through Agilent 1200 with an UV-VIS detector 

operating in a wavelength of 230 nm [15] and a 150 mm ZORBAX Extend-C18 column 

(Agilent, Santa Clara, CA 95051, USA). Solvents used for High Pressure Liquid 

Chromatography (HPLC) were ultrapure water (Milli-Q) (solvent A) and acetonitrile 

(≥99.9%, CAS No.: 75-05-8, MW: 41.05 g mol-1) (solvent B), which was supplied by 

VWR Chemicals (Fontenay-sous-Bois, F-94126, France). Elution of AMX started with 

5% solvent B for 10 min linear gradient to 53% solvent B with a flow rate of 1 mL min-
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1. The operation temperature was 30ºC and the sample volume of injection was 40 μL 

[15]. 

Add to AMX, due to its fast hydrolysis to various degradation products, piperazine-2,5-

dione oligomer and AMX dimer were detected in the HPLC [3, 33]. The quantification 

of AMX was carried out by considering both the degradation products and the number 

of carbon atoms, according to the procedure proposed in the literature. In this regard, 

Eq. (1) enables to calculate the real concentration of AMX (AAMX):  

AAMX = RFPip·APip+ 2·RFDim·ADim + AAMX,det          (1) 

where APip is the area of the AMX piperazine-2,5-dione oligomer, ADim is the area of the 

AMX dimer, AAMX,det is the area of AMX detected in the HPLC, RFPip is the response 

factor for piperazine-2,5-dione (1.1) and RFDim is the response factor for dimer (0.64) 

[34]. 

2.3. Assessment of the heterotrophic kinetics 

2.3.1. Respirometric assays 

The respirometric test began with the introduction of the preconditioned active sludge in 

a 1 L biological batch reactor. This bioreactor was provided with a jacket connected to a 

water thermostatic bath to keep the temperature of the activated sludge samples at 

20.0±0.1ºC. A 1 L min-1 air flow rate, measured by a rotameter, was continuously 

supplied to the activated sludge by a diffuser fed by an air pump. The homogeneity in 

the mixed liquor was accomplished by a mechanical stirrer, which operated at 150 rpm. 

Additionally, the pH had a constant value of 7.44±0.23 in the period of study (Table 

S1). Dissolved oxygen (DO) and temperature were continuously measured in the mixed 
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liquor sample by the optical O2 electrode LDO70 (oximeter XS, OXY70) and a built-in 

temperature sensor, respectively. A scheme of the experimental setup used for the 

respirometric assays is shown in Fig. S1. 

Each experiment day, two respirometric tests were done in absence and presence of 

AMX at different concentrations of study (15, 30, 45, 60 and 75 mg L-1) in order to 

determine the heterotrophic kinetic parameters in absence and presence of the antibiotic. 

The tests were performed with high concentrations in order to assess the effect of AMX 

on the heterotrophic kinetics at most unfavorable conditions; additionally, this range of 

concentration allowed for monitoring the changes in AMX concentration and carrying 

out fractionation for the evaluation of the biological removal pathways. Each of the 

respirometric tests consisted of an initial exogenous part and a final endogenous part 

performed in the presence and absence of a continuous supply of air, respectively [31]. 

In presence of AMX, once a constant DO line was ensured, the exogenous part started 

by adding the required volume of the 2000 mg L-1 AMX stock solution to obtain the 

desired concentration in the mixed liquor samples. Once the DO trend line was stable, 

the experiment continued with the 10 mL sodium acetate additions at increasing 

concentrations, which were prepared from a 500 mg L-1 stock solution (250, 400 and 

500 mg L-1). As a consequence of the degradation of the substrate by the heterotrophic 

bacteria, a decrease in the DO of the mixed liquor was observed after each addition. The 

endogenous test was carried out without any additional substance and the absence of air 

was ensured. In absence of AMX, the experiment was carried out in a similar way 

without AMX addition. 
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2.3.2. Estimation of heterotrophic kinetic parameters 

The dynamic oxygen uptake rate (RS) and the static oxygen uptake rate (OUR) were 

calculated through the derivation of DO depending on the time for the exogenous and 

endogenous respirometric experiments, respectively (Fig. S2 and Fig. S3, respectively). 

In this way, heterotrophic kinetic parameters such as the decay coefficient in absence 

and presence of AMX (bH,n/AMX and bH,AMX, respectively), the yield coefficient in 

absence and presence of AMX (YH,n/AMX and YH,AMX, respectively), the maximum 

specific growth rate in absence and presence of AMX (μm,H,n/AMX and μm,H,AMX, 

respectively) and the half-saturation coefficient for carbon source in absence and 

presence of AMX (KM,n/AMX and KM,AMX, respectively), were obtained from the 

endogenous part of the respiration test (the first of them) and from the exogenous part of 

the respirometric assay (the rest of them), according to the procedure proposed by 

Leyva-Díaz et al. [28]. These two last kinetic parameters (μm,H and KM) were calculated 

by applying the linearization of the Monod model equation, which assumes that the 

biomass growth rate occurs due to substrate limitation [35]. The supplementary 

parameters required for the heterotrophic kinetic study are specified in Text S1 in the 

Supplementary Material.  

The analysis of heterotroph kinetics was complemented by the evaluation of the 

degradation rate for carbon source in absence and presence of AMX (rsu,H,n/AMX and 

rsu,H,AMX, respectively) and the net heterotrophic biomass growth rate in absence and 

presence of AMX (r´x,H,n/AMX and r´x,H,AMX, respectively) [28]. 
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2.4. Statistical analysis 

A multivariable statistical analysis was addressed by Canoco 4.5 for Windows 

(ScientiaPro, Budapest, Hungary). This software allowed for determining the influence 

of the operation variables on the removal rate for AMX biodegradation (RRAMX,biod), 

removal rate for AMX absorption (RRAMX,abs), removal rate for AMX adsorption 

(RRAMX,ads), heterotrophic kinetic parameters, rsu,H and r´x,H. Additionally, SPSS 22.0 

was used to evaluate the existence of statistically significant differences between the 

results obtained for the rsu,H and r´x,H in absence and presence of AMX. The software 

conditions for both statistical programs are indicated in Text S2 in the Supplementary 

Material. 

 

3. Results  

3.1. Amoxicillin (AMX) removal routes 

A mass balance is proposed in Eq. (2) in order to determine the contributions of the 

different AMX removal routes. In this regard, the initial amount of AMX (mAMX,i) is the 

sum of the following contributions: biodegraded, not discarding other chemical routes 

(mAMX,biod), dissolved in the supernatant at the end of the respirometric test (mAMX,dis), 

absorbed in the sludge (mAMX,abs), and, finally, adsorbed on the sludge (mAMX,ads).  

mAMX,i = mAMX,biod + mAMX,abs + mAMX,ads + mAMX,dis          (2) 

In that way, both mAMX,i and mAMX,dis are obtained from the liquor HPLC analysis. The 

mass of biodegraded AMX was obtained from the ratio of consumed oxygen and 

chemical oxygen demand (COD) due to AMX, being the oxygen consumption 

determined from the numerical integration of RS after the addition of each AMX 



 12 

concentration in the respirometric test (Fig. S4). The mass of absorbed AMX was 

determined from the concentration of the washed sonicated sludge, and, finally, the 

adsorbed AMX mass is obtained by difference. 

Fig. 2 shows the AMX removal rates via biodegradation, absorption and adsorption. 

 

Fig. 2. Evaluation of the amoxicillin (AMX) removal pathways for AMX concentrations of 15, 

30, 45, 60 and 75 mg L-1. 

 

AMX was biodegraded at removal rates varying from 0.21 to 8.47% for the AMX 

concentrations tested in this research (15-75 mg L-1). The highest removal percentage 

(8.47%) corresponded to the lowest AMX concentration (15 mg L-1), which was 

supported by the highest values of RS for the addition of AMX (Fig. S4a) with a 

maximum value close to 3.5 mgO2 L-1 h-1. However, the rest of additions of higher 

AMX concentrations caused a reduction of the maximum values of RS, which were, in 

general, below 2.5 mgO2 L-1 h-1 (Fig. S4b-e). Regarding the contribution of the 

biological adsorption to the removal of AMX, the removal rate ranged from 0.19 to 

3.36% (Fig. 2). It should be noted that biological absorption is the major process of 
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removal of AMX in the NIPHO activated sludge reactor, with RRAMX,abs varying from 

11.06 to 87.13% (Fig. 2). 

Fig. 3a shows the results of the multivariable statistical analysis of the different AMX 

removal pathways depending on the operation variables.  

 

 

Fig. 3. Triplot diagram for redundancy analysis of the removal rate for AMX biodegradation 

(RRAMX,biod), removal rate for AMX absorption (RRAMX,abs) and removal rate for AMX 

adsorption (RRAMX,ads) in relation to the operation variables HRT, XVSS, T, SRT, SVI, pH and 

concentration of AMX (a), and triplot diagram for redundancy analysis of the heterotrophic 

kinetic parameters (YH, μm,H, KM and bH), degradation rate for carbon source (rsu,H) and net 

heterotrophic biomass growth rate (r´x,H) in relation to the same operation variables in absence 

of amoxicillin (AMX) (b) and presence of AMX (c). [AMX] represents the concentration of 

AMX. 
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It should be highlighted that the removal rates for AMX absorption and biodegradation 

(RRAMX,abs and RRAMX,biod) had a positive correlation with two operation variables 

closely related to biomass, such as mixed liquor volatile suspended solids (XVSS) and 

sludge volume index (SVI). However, the most detrimental operation variable was the 

concentration of AMX, which was negatively correlated with RRAMX,abs and RRAMX,biod. 

In relation to RRAMX,ads, it had a positive correlation with operation variables closely 

related to residence time, such as sludge retention time (SRT) and hydraulic retention 

time (HRT), as well as temperature and concentration of AMX. Additionally, RRAMX,ads 

was negatively correlated with pH. 

 

3.2. Heterotrophic kinetic modeling 

The results of respirometric test times and maximum oxygen uptake rates from Fig. S2 

and S3 are developed in Text S3 in the Supplementary Material. The heterotrophic 

kinetic parameters were assessed from the different evolutions for RS and OUR through 

the respirometric procedure indicated in section 2.3.2. Table 1 shows the kinetic 

parameters for heterotrophic bacteria in absence and presence of AMX for the different 

concentrations evaluated. 

The values of YH were higher in presence of AMX (YH,AMX) for concentrations of 15, 

45 and 60 mg L-1, with increases from 0.8 to 6.2%, producing a higher amount of 

heterotrophic biomass per carbonaceous substrate oxidized in presence of AMX. The 

contrary trend is observed for 30 and 75 mg L-1 AMX concentrations, with reductions of 

1.0 and 2.6%, respectively, and a lower amount of heterotrophs produced per carbon 

source biodegraded. Furthermore, the values of YH,AMX were reduced when the AMX 
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concentration increased in relation to the lowest concentration (15 mg L-1), as shown in 

Table 1.  

Table 1. Kinetic parameters for modeling the heterotrophic biomass in absence and presence of 

amoxicillin (AMX). 

Parameter 

Concentration of amoxicillin (mg L-1) 

15 30 45 60 75 

Absence of AMX 

YH,n/AMX 

(mgVSS mgCOD-1) 
0.5860±0.0030 0.5698±0.0059 0.5719±0.0447 0.5843±0.0161 0.5959±0.0357 

μm,H,n/AMX 

(h-1) 
0.0105±0.0043 0.0178±0.0022 0.0169±0.0014 0.0145±0.0049 0.0159±0.0006 

KM,n/AMX 

(mg O2 L-1) 
0.1612±0.0424 3.7603±0.8383 2.7207±0.3448 2.0451±1.3322 2.0930±1.3602 

bH,n/AMX 

(day-1) 
0.0784±0.0163 0.0800±0.0042 0.0878±0.0103 0.1005±0.0094 0.1541±0.0406 

Presence of AMX 

YH,AMX 

(mgVSS mgCOD-1) 
0.6248±0.0162 0.5642±0.0173 0.5765±0.0179 0.6011±0.0184 0.5806±0.0299 

μm,H,AMX 

(h-1) 
0.0130±0.0102 0.0157±0.0011 0.0171±0.0033 0.0180±0.0029 0.0126±0.0010 

KM,AMX 

(mgO2 L-1) 
0.4780±0.1166 3.1602±0.4096 2.4443±1.0861 2.7419±0.7305 1.2254±0.4484 

bH,AMX 

(day-1) 
0.0652±0.0318 0.0620±0.0196 0.0988±0.0217 0.1019±0.0053 0.1279±0.0156 

 

A similar trend was observed for μm,H with increase percentages varying from 1.2 to 

19.4%, with the exception of 30 and 75 mg L-1 AMX concentrations. In these two last 

concentrations, the reduction rates were 11.8 and 20.8% for 30 and 75 mg L-1, 

respectively, implying more time to oxidize carbonaceous substrate by heterotrophs in 

presence of AMX. It should be highlighted that the lowest value of μm,H (0.0126 h-1) 

corresponded to the highest AMX concentration (75 mg L-1). 
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Regarding the values of bH, they decreased in presence of AMX, except for the 

concentration of 45 mg L-1. The highest AMX concentration (75 mg L-1) had the 

greatest value of bH (0.1279 day-1). As indicated in Table 1, the quantity of 

heterotrophic biomass oxidized per day ranged from 6.20 to 12.79% in presence of 

AMX. 

Fig. 4 shows the values of rsu,H and r´x,H in absence and presence of AMX for the 

different concentrations analyzed of this emerging pollutant.  

 

Fig. 4. Degradation rate for carbon source (rsu,H) (a), and net heterotrophic biomass growth rate 

(r´
x,H) (b) in absence and presence of amoxicillin (AMX). 

 

In Fig. 4a it is observed a slightly increasing trend of rsu,H in presence of AMX for 

concentrations ranging from 15 to 60 mg L-1. Despite this, there were no statistically 

significant differences between rsu,H in absence and presence of AMX for the different 
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concentrations tested since the p-values obtained from the LSD post hoc procedure 

surpassed α=0.05, according to Table 2 including p-values of ANOVA analysis for the 

comparison between rsu,H and r´x,H in absence and presence of AMX. However, rsu,H,AMX 

showed statistically significant differences between 15 and 45 mg L-1 with a p-value of 

0.0349, and between 45 and 75 mg L-1 with a p-value of 0.0175 (Table 2). A similar 

behavior resulted from the comparison between r´x,H in absence and presence of 

different AMX concentrations, without statistically significant differences (p-values > 

0.05) (Table 2 and Fig. 4b). It should be noted that there were statistically significant 

differences between r´x,H,AMX corresponding to 75 mg L-1 and the rest of concentrations, 

with p-values of 0.0482, 0.0478, 0.0110 and 0.0143 for 15, 30, 45 and 60 mg L-1, 

respectively (Table 2). In general, the comparison between rsu,H,n/AMX or r´x,H,n/AMX for 

the blanks of different AMX concentrations did not show statistical significant 

differences (Table 2).  

Regarding the variables that most influenced the heterotrophic kinetics, Fig. 3b-c show 

the results of the multivariable statistical analysis in absence and presence of AMX. In 

absence of AMX, YH,n/AMX, μm,H,n/AMX and bH,n/AMX had a positive correlation with HRT 

and temperature, and a negative correlation with SRT and XVSS (Fig. 3b). In relation to 

KM,n/AMX, it was directly proportional to XVSS. However, it was negatively correlated 

with pH, SVI and HRT. Moreover, rsu,H,n/AMX had a strongly positive correlation with 

temperature, and r´x,H,n/AMX was positively correlated with SRT, pH and SVI. 
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Table 2. p-values of sequential comparison (ANOVA analysis) of the degradation rate for 

carbon source (rsu,H) and net heterotrophic biomass growth rate (r´x,H) in absence and presence of 

amoxicillin. 

  Degradation rate for carbon source (rsu,H)  

  Blank of amoxicillin concentration(1) / Concentration of amoxicillin(2) (mg L-1) 

  15 30 45 60 75 

Blank of 

amoxicillin 

concentration(1)   

/ 

Concentration 

of amoxicillin(2) 

 (mg L-1) 

15 - 0.6504 0.0349 0.1105 0.8948 

30 0.1019 - 0.0821 0.2514 0.5313 

45 0.0093 0.2276 - 0.4069 0.0175 

60 0.2372 0.5058 0.0579 - 0.0590 

75 0.0590 0.8927 0.2335 0.3746 - 

  Comparison between rsu,H,n/AMX and rsu,H,AMX 

  0.4282 0.6445 0.8913 0.1499 0.1694 

  Net heterotrophic biomass growth rate (r´x,H) 

Blank of 

amoxicillin 

concentration(1)   

/ 

Concentration 

of amoxicillin(2) 

 (mg L-1) 

15 - 0.8298 0.4854 0.7265 0.0482 

30 0.1956 - 0.3653 0.5602 0.0478 

45 0.0383 0.3695 - 0.6751 0.0110 

60 0.5956 0.3602 0.0700 - 0.0143 

75 0.8043 0.2366 0.0409 0.7501 - 

  Comparison between r´x,H,n/AMX and r´x,H,AMX 

  0.1542 0.9438 0.9503 0.1239 0.4189 

(1) The results of the statistical comparison of rsu,H and r´x,H in absence of amoxicillin (rsu,H,n/AMX and  

r´x,H,n/AMX) are shown in the white grids.  
(2) The results of the statistical comparison of rsu,H and r´x,H in presence of amoxicillin (rsu,H,AMX and  

r´x,H,AMX) are shown in the gray grids.  

 

The presence of AMX modified the results obtained in absence of AMX, as observed in 

Fig. 3c. In this case, the concentration of AMX was the variable that most influenced 

rsu,H,AMX, YH,AMX, μm,H,AMX and bH,AMX, whereas the rest of variables were negatively 

correlated with these species. Regarding KM,AMX, it had a strongly positive correlation 

with SRT. In general, r´x,H,AMX was positively correlated with all the operation variables 

and had a negative correlation with the concentration of AMX. 
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4. Discussion  

The reduction of RRAMX,biod for AMX concentrations higher than 15 mg L-1 (0.21-

0.36%) could be explained by the higher chance of exposure and penetration into the 

cells, which are essential for biodegradation, at higher concentration gradients of this 

antibiotic [7]. In this regard, Alexy et al. [36] did not detect any significant 

biodegradation of AMX in a Closed Bottle Test, with RRAMX,biod of 3% and 5% after 14 

and 28 days, respectively. Githinji et al. [15] also concluded that AMX was probably 

not biodegraded efficiently in WWTPs. 

The values obtained for RRAMX,ads could be explained by the low value for the solid-

water partition coefficient (Kd) of AMX in activated sludge, which is 1.06 L kgMLSS-1 

according to Jones et al. [37]. Abegglen et al. [38] indicated that pharmaceuticals with 

values for Kd lower than 300 L kgMLSS-1 are considered to have low affinity to 

activated sludge (<10% elimination). Githinji et al. [15] analyzed the biosorption 

potential for AMX in synthetic wastewater and also obtained low RRAMX,ads (0.5 to 

1.5%) in the first five hours for pH=7.5. In addition to this, the values of RRAMX,ads for 

the different AMX concentrations are fitted to the mathematical expression proposed by 

Fernández-Fontaina et al. [39] for the evaluation of RRAMX,ads as a function of the initial 

AMX concentration, Kd, XTSS and concentration of AMX of the supernatant. If a Kd 

value of 1.06 L kgMLSS-1 [37] was considered, RRAMX,ads ranged from 0.20 to 2.94%, 

which are similar to the values obtained in this research. 

Despite the fact that the biological absorption is the main mechanism of removal of 

AMX in this research, Matsubara et al. [40] concluded that adsorption and 

biodegradation represented the largest removed fraction of AMX (68%) in a pre-
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denitrification membrane bioreactor (A/O-MBR) system working at higher HRT values 

than that corresponding to this study (20-40 h and 4.8 h, respectively).  

The trend observed in the present study differs from that of other β-lactam antibiotics, 

such as cefalexin and ampicillin [41]. In particular, cefalexin was significantly removed 

via biodegradation with a RRAMX,biod of around 95% in 5 h, and the major removal route 

for ampicillin was adsorption with 38.7% rapidly adsorbed by the activated sludge 

during the first 15 min. According to Li and Zhang [41], the removal routes for β-

lactam antibiotics could vary greatly in wastewater treatment processes, possibly due to 

their different chemical structures, such as the variable side chains. 

The negative correlation of RRAMX,biod with the concentration of AMX was in 

accordance with the results obtained by Baghapour et al. [7], as previously mentioned. 

In turn, the negative correlation of RRAMX,ads with pH was supported by Githinji et al. 

[15], who concluded that sorption decreased as the pH was raised. 

Regarding the heterotrophic kinetic modeling, Calero-Díaz et al. [26] analyzed the 

effect of other antibiotic (ciprofloxacin) together with other pharmaceuticals 

(carbamazepine and ibuprofen) on the heterotrophic biomass of a membrane bioreactor 

system. In general, these authors worked at most favorable operation conditions with 

values of HRT of 6 h and XTSS of 4551 mg L-1. They obtained similar values of YH, 

although had values of KM around 10-fold higher and values of μm,H about 3-fold higher 

than those corresponding to this work (Table 1). Thus, in presence of ciprofloxacin, 

there could be a certain inability to biodegrade carbon substrates (high KM values), 

although the required time was lower than that in presence of AMX (high μm,H values). 

In addition, Monteoliva-García et al. [42] studied the effect of the same pharmaceuticals 

on the heterotrophic bacteria of a moving bed biofilm reactor-membrane bioreactor at 
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an HRT of 6 h and XTSS of 5773 mg L-1. These authors also obtained higher values of 

KM than those corresponding to this research, remaining the rest of kinetic parameters 

similar. 

Nevertheless, the values of YH corresponding to this research almost doubled previous 

results for nalidixic acid in a NIPHO activated sludge reactor [29]. Additionally, the 

values of μm,H obtained in presence of nalidixic acid (0.0080-0.0093 h-1) were lower 

than those corresponding to AMX (Table 1). Regarding the values of KM, these were 

higher (1.9073-6.3391 mgO2 L-1) for the nalidixic acid than those obtained in the 

present research for AMX. Thus, the generation of heterotrophic biomass per 

carbonaceous substrate biodegraded could be higher and heterotrophs could require less 

time to biodegrade the carbon source in presence of AMX. Moreover, in presence of 

nalidixic acid, heterotrophic biomass could have a possible inability to oxidize 

carbonaceous substrates, as indicated by higher KM values. As indicated for 

ciprofloxacin, in addition to the influence of the kind of antibiotic, the different 

performance could be due to the operation conditions, which were less advantageous for 

the research carried out with nalidixic acid (HRT=2.8-3.8 h, T=12.6-14.8ºC). 

The results obtained for bH values were similar to those obtained by Calero-Díaz et al. 

[26] and Monteoliva-García et al. [42] analyzing ciprofloxacin, and Leyva-Díaz et al. 

[29] studying nalidixic acid. 

The existence of statistically significant differences between r´x,H,AMX corresponding to 

75 mg L-1 and the rest of concentrations could explain a possible change of trend for the 

highest concentration (75 mg L-1) since r´x,H is lessened in presence of AMX. This 

concurred with the reduction observed for rsu,H at 75 mg L-1 AMX concentration.  The 

negative correlation of r´x,H,AMX with the concentration of AMX (Fig. 3c) could support 
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the most noticeable effect on r´x,H,AMX at the highest concentration (75 mg L-1), as 

explained previously. Additionally, this confirms the trends observed for YH and μm,H. 

Consequently, AMX did not modify significantly the values of rsu,H and r´x,H. This could 

be explained by the existence of resistant bacteria and genes encoding resistance against 

certain β-lactams in WWTPs, according to Kümmerer [43]. In this regard, Bouki et al. 

[44] indicated that WWTPs provide an environment that has potential for the 

development and spread of antibiotic resistant bacteria, which could transfer resistance 

genes to resident bacteria, favoring their acclimatization. Likewise, Proia et al. [45] 

demonstrated that WWTPs could be hotspots for antibiotic resistance spread to 

nonresistant bacteria, with the presence of heterotrophic bacteria resistant to AMX, 

nalidixic acid, sulfamethoxazole and tetracycline. Zhang et al. [46] also identified and 

characterized antibiotic-resistant heterotrophic bacteria from WWTPs. In spite of this, 

as previously indicated, a more noticeable impact was detected for the highest 

concentration of AMX (75 mg L-1). The reason could be based on the results obtained 

by Baghapour et al. [7], who stated that at high concentration gradient, AMX has more 

opportunities to be exposed to and penetrate into the cells that are responsible for 

biodegradation processes. In light of this, Matsubara et al. [40] analyzed the kinetic 

behavior of heterotrophic bacteria from a pre-denitrification membrane bioreactor (A/O-

MBR) exposed to AMX concentrations ranging from 1 to 100 mg L-1. These authors 

found that AMX level did not inhibit heterotrophic bacteria metabolism, although the 

highest tested concentration (100 mg L-1) could affect the properties of sludge and 

respiration rate. 

The values of rsu,H,AMX are lower to those obtained in presence of ciprofloxacin by 

Calero-Díaz et al. [26] and Monteoliva-García et al. [42], which ranged from 183.97 to 
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192.88 mgO2 L
-1 h-1 and from 76.12 to 116.34 mgO2 L

-1 h-1, respectively. This could be 

due to the higher XTSS values, which were 2.3-fold [26] and 2.9-fold [42] higher than 

that corresponding to this research (Table S1). This fact could compensate the high 

values of KM, add to the high values of μm,H in the research carried out by Calero-Díaz 

et al. [26]. Besides differences concerning operation conditions, the antibiotic structure 

could also support this behavior. In this sense, it should be highlighted that the 

amoxicillin is a β-lactam, which is mainly time dependent (slow antimicrobial activity), 

whereas the ciprofloxacin is a quinolone, which is concentration dependent in its 

activity. This could imply different minimum inhibitory concentrations [47]. In relation 

to other quinolone (nalidixic acid), the values of rsu,H,AMX are similar to those obtained 

in presence of nalidixic acid by Leyva-Díaz et al. [29]. However, the values of r´x,H,AMX 

almost double those corresponding to the presence of nalidixic acid. 

 

5. Conclusions  

• Biological absorption played a major role in the removal of AMX, with removal 

rates varying from 11.06 to 87.13%. This behavior was different in relation to other 

β-lactam antibiotics in which biodegradation and biological adsorption were 

predominant. This was likely due to the different chemical structures. The operation 

variables that positively affected RRAMX,abs and RRAMX,biod were XVSS and SVI, and 

the concentration of AMX exerted an important negative impact. Meanwhile, SRT, 

HRT, temperature and concentration of AMX were the variables with the highest 

influence on RRAMX,ads, and it was inversely proportional to pH.   

• The degradation rate for carbon source (rsu,H) and net heterotrophic biomass growth 

rate (r´x,H) were not significantly affected by the presence of AMX. However, a 
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negative impact could be observed at the highest AMX concentration (75 mg L-1), 

reducing the values of rsu,H,AMX and r´x,H,AMX until 27.82 mgO2 L-1 h-1 and 8.84 

mgVSS L-1 h-1, respectively, with the existence of statistically significant differences 

between this concentration and the rest of them. This could be due to higher 

probability of penetration of AMX into the cells at high concentration gradients. 

• In absence of AMX, the variable with the highest influence on rsu,H was the 

temperature, whereas SRT, pH and SVI were the variables with the greatest effect on 

r´x,H. The presence of AMX negatively affected r´x,H, which could justify the most 

noticeable impact at 75 mg L-1 AMX concentration. In light of this, the trend was 

opposed for rsu,H, which could suggest an acclimatization behavior against the shock 

caused by AMX for concentrations from 15 to 60 mg L-1.  
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Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the online version, at doi: 

Nomenclature 

bH decay coefficient for heterotrophic biomass 

bH,AMX decay coefficient for heterotrophic biomass in presence of AMX 

bH,n/AMX decay coefficient for heterotrophic biomass in absence of AMX 

KM half-saturation coefficient for carbon source 

KM,AMX half-saturation coefficient for carbon source in presence of AMX 

KM,n/AMX half-saturation coefficient for carbon source in absence of AMX 

mAMX,abs mass of AMX removed via absorption 

mAMX,ads mass of AMX removed via adsorption 

mAMX,biod mass of AMX removed via biodegradation, not discarding other chemical 

routes 

mAMX,i initial mass of AMX added to the sludge 

mAMX,dis mass of AMX dissolved in the supernatant after the respirometric test 

RRAMX,abs removal rate for AMX absorption 

RRAMX,ads removal rate for AMX adsorption 

RRAMX,biod removal rate for AMX biodegradation 

rsu,H degradation rate for carbon source 

rsu,H,AMX degradation rate for carbon source in presence of AMX 

rsu,H,n/AMX degradation rate for carbon source in absence of AMX 

r´x,H net heterotrophic biomass growth rate 

r´x,H,AMX
 net heterotrophic biomass growth rate in presence of AMX 
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r´x,H,n/AMX
 net heterotrophic biomass growth rate in absence of AMX 

RS dynamic oxygen uptake rate 

XTSS Mixed liquor total suspended solids 

XVSS Mixed liquor volatile suspended solids 

XH concentration of heterotrophic biomass 

XT total biomass concentration 

YH yield coefficient for heterotrophic biomass 

YH,AMX yield coefficient for heterotrophic biomass in presence of AMX 

YH,n/AMX yield coefficient for heterotrophic biomass in absence of AMX 

Greek symbols 

μm,H maximum specific growth rate for heterotrophic biomass 

μm,H,AMX maximum specific growth rate for heterotrophic biomass in presence of AMX 

μm,H,n/AMX  maximum specific growth rate for heterotrophic biomass in absence of AMX 

 

 

6. References 

[1] Deblonde, T., Cossu-Leguille, C., Hartemann, P., Emerging pollutants in 

wastewater: A review of the literature. Int. J. Hyg. Environ. Health 2011, 

214(6), 442-448.  

[2] Martín-Pascual, J., López-López, C., Fenice, M., Calero-Díaz, G., Torres, J.C., 

Poyatos, J.M., Effect of biomass and operating condition on biodegradation 

capacity of a mix of pharmaceuticals (carbamazepine, ibuprofen, and 

ciprofloxacin) in a membrane bioreactor. J. Environ. Eng. 2020, 146(6), 

04020047. 

https://www.ncbi.nlm.nih.gov/pubmed/21885335


 27 

[3] Gozlan, I., Rotstein, A., Avisar, D., Amoxicillin-degradation products formed 

under controlled environmental conditions: Identification and determination in 

the aquatic environment. Chemosphere 2013, 91(7), 985-992.  

[4] Elizalde-Velázquez, A., Gómez-Oliván, L.M., Galar-Martínez, M., Islas-Flores, 

H., Dublán-García, O., SanJuan-Reyes, N., Amoxicillin in the Aquatic 

Environment, Its Fate and Environmental Risk, in: Environmental Health Risk - 

Hazardous Factors to Living Species, InTech 2016, pp. 1-23. 

[5] Gelband, H., Miller-Petrie, M., Pant, S., Gandra, S., Levinson, J., Barter, D., 

White, A., Laxminarayan, R. (Eds.), State of the World’s Antibiotics, Center for 

Disease Dynamics, Economics & Policy (CDDEP), Washington D.C. 2015. 

[6] Wise, R., Antimicrobial resistance: priorities for action. J. Antimicrob. 

Chemother. 2002, 49(4), 585-586.  

[7] Baghapour, M.A., Shirdarreh, M.R., Faramarzian, M., Amoxicillin removal 

from aqueous solutions using submerged biological aerated filter. Desalination 

Water Treat. 2015, 54(3), 1-12.  

[8] Verspotent, A., Coenen, S., Adriaenssens, N., Muller, A., et al., European 

Surveillance of Antimicrobial Consumption (ESAC): outpatient cephalosporin 

use in Europe (1997-2009). J. Antimicrob. Chemother. 2011, 66(6), 25-35. 

[9] Rao, R. N., Venkateswarlu, N., Narsimha, R., Determination of antibiotics in 

aquatic environment by solid-phase extraction followed by liquid 

chromatography–electrospray ionization mass spectrometry. J. Chromatogr. A 

2008, 1187(1-2), 151-164.  

https://ideas.repec.org/b/ito/pbooks/3985.html
https://ideas.repec.org/b/ito/pbooks/3985.html


 28 

[10] Rocha, A. C., Camacho, C., Eljarrat, E., Peris, E., et al., Bioaccumulation of 

persistent and emerging pollutants in wild sea urchin Paracentrotus lividus. 

Environ. Res. 2018, 161, 354-363.  

[11] Rasheed, T., Adeel, M., Nabeel, F., Bilal, M., Lqbal, H.M.N., TiO2/SiO2 

decorated carbon nanostructured materials as a multifunctional platform for 

emerging pollutants removal. Sci. Total Environ. 2019, 688, 299-311.  

[12] Pereira, L. C., Souza, A. O., Bernardes, M. F. F., Pazin, M., et al. A perspective 

on the potential risks of emerging contaminants to human and environmental 

health. Environ. Sci. Pollut. Res. Int. 2015, 22(18), 13800-13823.  

[13] Rodriguez-Mozaz, S., Chamorro, S., Marti, E., Huerta, B., et al., Occurrence of 

antibiotics and antibiotic resistance genes in hospital and urban wastewaters and 

their impact on the receiving river. Water Res. 2015, 1(69), 234-242.  

[14] European Commision, Commission Implementing Decision (EU) 2018/840, of 5 

June 2018, establishing a watch list of substances for Union-wide monitoring in 

the field of water policy pursuant to Directive 2008/105/EC of the European 

Parliament and of the Council and repealing Commission Implementing 

Decision (EU) 2015/495. Official Journal of the European Union, 2018, number 

L 141, p. 9. 

[15] Githinji, L.J.M., Musey, M.K., Ankumah, R.O., Evaluation of the fate of 

ciprofloxacin and amoxicillin in domestic wastewater. Water Air Soil Pollut. 

2011, 219, 191-201.  

[16] Espina de Franco, M.A., Bonfante de Carvalho, C., Bonetto, M.M., Soares, R.P., 

Féris, L.A., Removal of amoxicillin from water by adsorption onto activated 



 29 

carbon in batch process and fixed bed column: Kinetics, isotherms, experimental 

design and breakthrough curves modelling. J. Clean. Prod. 2017, 161, 947-956.  

[17] Kidak, R., Dogan, S., Medium-high frequency ultrasound and ozone based 

advanced oxidation for amoxicillin removal in water. Ultrason. Sonochem. 

2018, 40, 131-139.  

[18] Chaba, J. M., Nomngongo, P.N., Effective adsorptive removal of amoxicillin 

from aqueous solutions and wastewater samples using zinc oxide coated carbon 

nanofiber composite. Emerg. Contam. 2019, 5, 143-149.  

[19] Wu, Y., Li, T., Yang, L., Mechanisms of removing pollutants from aqueous 

solutions by microorganisms and their aggregates: A review. Bioresour. 

Technol. 2012, 107, 10-18.  

[20] Kim, S., Eichhorn, P., Jensen, J.N., Weber, A.S., Aga, D.S., Removal of 

antibiotics in Wastewater: Effect of Hydraulic and Solid Retention Times on the 

Fate of Tetracycline in the Activated Sludge Process. Environ. Sci. Technol. 

2005, 39(15), 5816-5823.  

[21] Pérez, S., Eichhorn, P., Aga, D.S., Evaluating the biodegradability of 

sulfamethazine, sulfamethoxazole, sulfathiazole and trimethoprim at different 

stages of sewage treatment. Environ. Toxicol. Chem. 2005, 24(6), 1361-1367.  

[22] Rezaei, J., Bouteh, E., Torabian, A., Ghulami, H., Evaluation of membrane 

bioreactor-hollow fiber (MBR-HF) pilot performance in the treatment of 

wastewater facing with different concentrations of amoxicillin (AMX) as shock 

loads. J. Environ. Chem. Eng. 2020, 8(4). doi: 10.1016/j.jece.2020.103944 



 30 

[23] Schaar, H., Clara, M., Gans, O., Kreuzinger, N., Micropollutant removal during 

biological wastewater treatment and a subsequent ozonation step. Environ. 

Pollut. 2010, 158(5), 1399-1404.  

[24] Boehler, M., Zwickenpflug, B., Hollender, J., Ternes, T., et al., Removal of 

micropollutants in municipal wastewater treatment plants by powder-activated 

carbon. Water Sci. Technol. 2012, 66(10), 2115-2121.  

[25] Knopp, G., Prasse, C., Ternes, T. A., Cornel, P., Elimination of micropollutants 

and transformation products from a wastewater treatment plant effluent through 

pilot scale ozonation followed by various activated carbon and biological filters. 

Water Res. 2016, 100, 580-592.  

[26] Calero-Díaz, G., Monteoliva-García, A., Leyva-Díaz, J.C., López-López, C., et 

al., Impact of ciprofloxacin, carbamazepine and ibuprofen on a membrane 

bioreactor system: Kinetic study and biodegradation capacity. J. Chem. Technol. 

Biotechnol. 2017, 92, 2944–2951.  

[27] Bourgin, M., Beck, B., Boehler, M., Borowska, E., et al., Evaluation of a full-

scale wastewater treatment plant upgraded with ozonation and biological post-

treatments: Abatement of micropollutants, formation of transformation products 

and oxidation by-products. Water Res. 2018, 129, 486-498.  

[28] Leyva-Díaz, J.C., Calero-Díaz, G., López-López, C., Martín-Pascual, J., et al., 

Kinetic study of the effect of bisphenol A on the rates of organic matter removal, 

decay and biomass generation in a membrane bioreactor. Biochem. Eng. J. 2017, 

128, 45-53.  



 31 

[29] Leyva-Díaz, J.C., Phonbun, R.A., Taggart, J., Díaz, E., Ordóñez, S., Influence of 

nalidixic acid on tandem heterotrophic-autotrophic kinetics in a “NIPHO” 

activated sludge reactor. Chemosphere 2019, 218, 128-137.  

[30] APHA, Standard Methods for the Examination of Water and Wastewater (22nd 

ed.), American Public Health Association, Washington D.C. 2012. 

[31] Leyva-Díaz, J.C., Calderón, K., Rodríguez, F.A., González-López, J., et al., 

Comparative kinetic study between moving bed biofilm reactor-membrane 

bioreactor and membrane bioreactor systems and their influence on organic 

matter and nutrients removal. Biochem. Eng. J. 2013, 77, 28–40.  

[32] Wang, F., Lu, S., Ji, M., Components of released liquid from ultrasonic waste 

activated sludge disintegration. Ultrason. Sonochem. 2006, 13, 334–338. 

[33] Roets, E., De Pourcq, P., Toppet, S., Hoogmartens, J., et al., Isolation and 

structure elucidation of ampicillin and amoxicillin oligomers. J. Chromatogr. A 

1984, 303, 117-129.  

[34] United States Pharmacopeial Convention, Boletín de Revisión de Amoxicilina, 

Tabletas, United States Pharmacopeial (USP) Convention Meeting Center, 

Maryland 2018. 

[35] Leyva‑Diaz, J.C., Poyatos, J.M., Barghini, P., Gorrasi, S., Fenice, M., 

Kinetic modeling of Shewanella baltica KB30 growth on different 

substrates through respirometry. Microb. Cell Fact. 2017, 16, 189. 

[36] Alexy, R., Kümpel, T., Kümmerer, K., Assessment of degradation of 18 

antibiotics in the Closed Bottle Test. Chemosphere 2004, 57, 505–512.  



 32 

[37] Jones, O.A.H., Voulvoulis, N., Lester, J.N., Human pharmaceuticals in 

wastewater treatment processes. Crit. Rev. Environ. Sci. Technol. 2005, 35(4), 

401–427.  

[38] Abegglen, C., Joss, A., McArdell, C.S., Fink, G., et al., The fate of selected 

micropollutants in a single-house MBR. Water Res. 2009, 43, 2036-2046.  

[39] Fernández-Fontaina, E., Omil, F., Lema, J.M., Carballa, M., Influence of 

nitrifying conditions on the biodegradation and sorption of emerging 

micropollutants. Water Res. 2012, 46, 5434-5444.  

[40] Matsubara, M.E., Helwig, K., Hunter, C., Roberts, J., et al., Amoxicillin removal 

by pre-denitrification membrane bioreactor (A/O-MBR): Performance 

evaluation, degradation by-products, and antibiotic resistant bacteria. Ecotox. 

Environ. Safe. 2020, 192, 110258. doi: 10.1016/j.ecoenv.2020.110258 

[41] Li, B., Zhang, T., Biodegradation and Adsorption of Antibiotic in the Activated 

Sludge Process. Environ. Sci. Technol. 2010, 44(9), 3468-3473.  

[42] Monteoliva-García, A., Leyva-Díaz, J.C., López-López, C., Poyatos, J.M., et al., 

Heterotrophic Kinetic Study and Nitrogen Removal of a Membrane Bioreactor 

System Treating Real Urban Wastewater under a Pharmaceutical Compounds 

Shock: Effect of the Operative Variables. Water 2019, 11, 1785. doi: 

10.3390/w11091785 

[43] Kümmerer, K., Antibiotics in the aquatic environment: a review - Part II. 

Chemosphere 2009, 75, 435-441.  

[44] Bouki, C., Venieri, D., Diamadopoulos, E., Detection and fate of antibiotic 

resistant bacteria in wastewater treatment plants: a review. Ecotox. Environ. 

Safe. 2013, 91, 1–9.  



 33 

[45] Proia, L., Anzil, A., Subirats, J., Borrego, C., et al., Antibiotic resistance in 

urban and hospital wastewaters and their impact on a receiving freshwater 

ecosystem. Chemosphere 2018, 206, 70-82.  

[46] Zhang, S., Han, B., Gu, J., Wang, C., et al., Fate of antibiotic resistant cultivable 

heterotrophic bacteria and antibiotic resistance genes in wastewater treatment 

processes. Chemosphere 2015, 135, 138–145.  

[47] Mazzei, T., Cassetta, M.I., Fallani, S., Arrigucci, S., Novelli, A. 

Pharmacokinetic and pharmacodynamic aspects of antimicrobial agents for the 

treatment of uncomplicated urinary tract infections. Int. J. Antimicrob. Agents 

2006, 28, 35–41.  

 

 


