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Abstract
Amoxicillin (AMX) is one of the most widely used antibiotics in the world and its presence in wastewater is of great concern 
for its potential to bacteria selection. However, there is still a gap about the toxicity effect of AMX in nitrifier biomass from 
activated sludge (AS). This study is based on the implementation of respirometric tests in batches in order to evaluate the 
toxic effluent toxicity in the nitrification process of AS. The tests were conducted by comparing respiration rates with efflu-
ent containing ammonia nitrogen  (NH4

+-N) and nitrite nitrogen  (NO2
−-N) called “reference” and batches containing toxic 

effluent doped with different concentrations of AMX here called “process.” Results with effluent containing concentrations 
greater than 100 mg  L−1 showed that AMX negatively affected the specific growth rate (μm) of ammonia-oxidizing bacteria 
(AOB) (from 0.50  d−1 to 0.13  d−1) and nitrite-oxidizing bacteria (NOB) (from 0.64  d−1 to 0.15  d−1). Although there is no total 
inhibition of populations, these μm values are limiting for a feasible development of the nitrification process in AS systems. 
The removal of AMX decreased from 99 to 37% (liquid phase) when the concentration of AMX increased (20 mg  L−1 to 
200 mg  L−1). A decrease in the microbial community AOB and NOB was observed through fluorescent in situ hybridization 
(FISH), corroborating the results of respirometry. In summary, the study showed that the inhibition of the AS nitrification 
process occurs in the presence of high concentrations of AMX and the most susceptible group are the NOB.

Abbreviations
µm  Maximum specific growth constant for nitrify-

ing bacteria (days)
AOB  Ammonia-oxidizing bacteria
bn  Constant decay for the nitrifying organisms 

(adopted: 0.04 × 1.03(t−20))
fn  Fraction of AS that remains an endogenous 

residue
Kn  Monod half-saturation constants (mg  L−1)
Nc  Nitrification capacity (mg  L−1)
Nl  Nitrogen concentration in excess sludge (mg 

 L−1)
NOB  Nitrite-oxidizing bacteria
OUR  Oxygen uptake rate  (mgO2  L−1 h−1)

OURend  Oxygen uptake rate to endogenous respiration 
 (mgO2  L−1 h−1)

OURexo  Oxygen uptake rate to exogenous respiration 
 (mgO2  L−1 h−1)

OURn  Oxygen uptake rate to nitrogen compounds 
 (mgO2  L−1 h−1)

Qeff  Effluent flow (L  d−1)
Qinf  Influent flow (L  d−1)
Rh  Hydraulic retention time (days)
rn  Constant specific substrate utilization (mgN 

 mgVSS−1  d−1)
Rs  Sludge age (days)
S  Substrate ammonia nitrogen  (NH4

+-N) or nitrite 
nitrogen  (NO2

−-N) (mg  L−1)
TKN  Total kjeldahl nitrogen (mg  L−1)
TKNeff  TKN concentration in the effluent (mg  L−1)
TKNinf  TKN concentration in the influent (mg  L−1)
Vr  Reactor volume (L)
Xn  Concentration of active nitrifying organisms in 

volatile biomass (mgVSS  L−1)
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Xv  Concentration of VSS in the aeration tank (mg 
 L−1)

Yn  Cell yield coefficient for nitrifying bacteria 
(adopted: 0.1 kgVSS  kgN−1

Introduction

The use of antibiotics in the world grew 65% between the 
years 2005 and 2015, with developing countries being the 
main responsible for this increase [1, 2], it is also estimated 
that the consumption of drugs will be 63.5% higher until 
2020, and that 20–50% of the use of antibiotics is undue, 
increasing those of side effects and microbial resistance 
[3, 4]. Amoxicillin (AMX), which belongs to the penicillin 
group, is one of the most widely used antibiotics, reaching 
more than half of the consumption of these drugs in Brazil 
[2, 5], for its broad action spectrum and few side effects, in 
addition to its low cost [6]. Despite the verified efficiency, 
when ingested, only 10–20% of the compound is metabo-
lized by the organism, the rest is excreted in parental and 
metabolized forms, thus reaching effluent treatment stations 
[7].

In 2018, the European Union released a new version of 
the “Watch List,” which contains the presence of several 
antibiotics, including AMX, which can present ecotoxicity 
in several species, such as algae, plants, and invertebrates, 
in concentrations from 0.75 µg  L−1, in addition to bioaccu-
mulating in fish muscles and consequently being consumed 
passively, which can generate health and microbial resist-
ance problems [6, 8, 9]. Table 1 shows the average values   
found for AMX in wastewater and surface water.

Among the biological treatment processes for wastewater, 
the process known as activated sludge (AS) is one of the 
most used in the world. It is recognized for the high perfor-
mance of removing organic material and, when optimized 
for nutrients, it is possible to obtain  NH4

+-N removal effi-
ciencies greater than 95% [10]. Most studies on AS focus on 
the removal of emerging compounds and few on the effects 
of inhibiting biochemical activities involved in the process. 
Studies described by [11] analyzed the removal of different 

emerging pollutants in AS. Among them some antibiotics, 
the study showed a 40 to 50% removal efficiency for tri-
methoprim. Regarding AMX [12], achieved removal results 
in the order of 80% from concentrations of 100 ng  L−1 in 
AS [13]. The removal of diclofenac in AS was evaluated by 
means of respirometric tests. The concentration of the anti-
inflammatory was between 5 and 50 mg  L−1, the removals 
varied between 18.4 and 57.3%, with the lowest removal rate 
referring to the highest concentration tested of 50 mg  L−1. It 
is believed that the low removal is due to a toxic effect on the 
microorganisms present in the sludge, and for better removal 
results, a previous adaptation of the sludge to diclofenac 
could be performed [14]. Bacterial sensitivity in AS was 
evaluated in different antibiotics. The concentrations were 
10 mg  L−1 for all drugs analyzed, and it was concluded that 
the antibiotics amoxicillin, roxithromycin, sulfamethoxazole, 
and tetracycline at these concentrations did not affect the 
removal of organic matter and nitrogen, requiring further 
studies with different parameters for better understanding the 
effects of these antibiotics [15]. The researchers Xing and 
Jin [15] studied the effect of heavy metals and antibiotics 
on nitrifying bacteria through respirometry, AS with partial 
 (NO2

−-N) nitrogen removal, sulfamethoxazole concentra-
tions ranged from 290–3490 mg  L−1, the concentration refer-
ring to greater inhibition (91%), was 1890 mg  L−1, which 
also corresponds to the  IC50. In addition to the toxic effect 
that drugs impose on the microbial community of AS, which 
can impair the removal of organic matter or nitrogen, there is 
also the possibility of generating resistant microorganisms, 
especially due to the presence of antibiotics [16], the pres-
ence of these resistant microorganisms can be a concern in 
the contamination of environmental matrices through reuse, 
as well as the use of sludge as a fertilizer [17]. In addition, it 
can directly affect the biological nitrogen removal process, 
as it affects the nitrification process (Ammonia-oxidizing 
bacteria (AOB) and Nitrite-oxidizing bacteria (NOB)).

Recent studies [18–22] show the toxic effects related to 
the presence of antibiotics both in the environment and in 
effluents, however, they are still limited, having studied the 
effects of few antibiotics, and also few studies address the 
nitrification process, an essential step in the treatment of 
effluents for nitrogen removal [23]. The chronic impact of 
tetracycline on biomass with enriched nitrifying community 
sustained in a lab-scale activated sludge system was evalu-
ated. Activated sludge modeling results indicated inhibi-
tory impact of tetracycline on the growth of nitrifiers with 
a significant increase of the half-saturation coefficients in 
corresponding rate equations. Tetracycline also inactivated 
biomass components of the enriched culture at a gradually 
increasing rate with time of exposure, leading to total col-
lapse of nitrification. However, the effect of AMX infor-
mation in AOB and NOB groups as well as the inhibition 
of the growth rates of these specific populations are few 

Table 1  Amoxicillin concentrations in wastewater and surface water

Source: ([6, 8, 9])

Locality Matrix Concentration (mg.  L−1)

Queensland, Australia Surface Water 2.0 × 10–5

Rio Atibaia, Brasil 1.3 × 10–3

Queensland, Australia Wastewater 9.0 × 10–4

Varese Italy 1.8 × 10–5

Hong Kong 6.0 × 10–5 – 1.7 × 10–3

United States 0.1 – 0.15
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discussed in the literature. Within this context, the objective 
of this study was to evaluate the effect of AMX on auto-
trophic nitrifying bacteria and the effect on kinetic behavior 
in the nitrification process of AS. The assessment of the 
metabolism of AOB and NOB were made at different con-
centrations of antibiotic (AMX). The effect of AMX on the 
nitrification capacity and the degradation of AMX itself by 
microorganisms was evaluated. The affected bacterial groups 
were monitored using the fluorescent in situ hybridization 
(FISH) technique.

Materials and Methods

Respirometric Test

Respirometric methods are widely used to determine kinetic 
parameters in modeling activated sludge systems. Its appli-
cation is recommended by the authors of activated sludge 
models (ASM), due to the fact that most processes of bio-
logical wastewater treatments involve the consumption of 
dissolved oxygen [24]. The main groups of microorganisms 
of interest for modeling the AS process are heterotrophic and 
autotrophic bacteria and phosphorus-accumulating organ-
isms. It is assumed that these microorganisms undergo two 
main processes: growth (synthesis) and decay (endogenous 
respiration). These processes can be evidenced by means 
of respirometric tests, such as those performed by [25]. 
Respirometric tests can be performed with AS biomass 
with different types and concentrations of substrate. It is 
assumed that the growth of the bacteria of interest is limited 
by the concentration of the available substrate (S). Thus, the 
equation proposed by Monod (Eq. 1) can be applied to most 
biological models by AS in order to quantify the growth of 
nitrifying microorganisms. The application of Monod kinet-
ics requires the estimation of two parameters: the specific 
maximum growth rate (µmax) and the half-saturation constant 
 (KS).

In the present study, the experimental investigation was car-
ried out by means of respirometry tests. The model described 
in [25] was used, which is based on the relationship between 
the oxygen consumption rate (OUR) and the amount of sub-
strate added for a given microbial community. OUR was 
obtained through data on initial and final dissolved oxygen 
(DO) concentration in the AS in a given period of time (ΔT). 
Respirometric tests were performed with domestic wastewater 
doped with 4 different concentrations of AMX: 20, 50, 100, 
and 200 mg  L−1 (all done in triplicate). These values were 

(1)μ = μmax

S

S + Ks

chosen to observe some effect of acute toxicity in the target 
bacteria group.

Tests were carried out in batches and the DO concentra-
tions were measured with an Oakton model DO-6+ oxime-
ter. Each test was performed with 1.0 L of AS, and the DO 
concentration was controlled to a minimum limit of 1.0 mg 
 O2  L−1 to a maximum of 3.0 mg  O2  L−1. The AS was col-
lected in a wastewater treatment plant with nutrient removal 
(WWTP- Parque Andreense), located at Parque Billings Res-
ervoir, Santo André—São Paulo, Brazil. WWTP is operated 
at a sludge age of 20 days, maintaining a microorganism 
food ratio (F/M) of 0.15  ±  0.05 kgBOD  kgVSS−1  d−1, VSS 
concentration of 2500 mg  L−1, and average annual tempera-
ture of 26  ±  5 ºC in tropical climate conditions. To carry out 
the tests, the AS was placed in a pilot scale reactor (volume 
20 L) and was operated in batches (8 h of cycle and feed 
flow of 12 L  day−1) and fed with synthetic domestic sewage 
(COD 600 mg  L−1, TKN 50 mg  L−1 and  NH4

+-N 40 mg L 
−1). The controlled oxygen concentration was in the range of 
1.0 to 3.0 mg  L−1 and VSS of 2122  ±  910 mg  L−1 and F/M 
of 0.15  ±  0.07 kgBOD  kgVSS−1  d−1. The tests were carried 
out after acclimatizing the sludge whose treated effluent pre-
sented an average concentration of 55 mg COD  L−1, 4.5 mg 
TKN  L−1, 1.5 mg  NH4

+-N  L−1, < 0,2 mg  NO2
−-N  L−1, and 

 NO3
−-N  L−1. To evaluate the nitrifying bacteria, two sub-

strates were used: Ammonium chloride for AOB and sodium 
nitrite for NOB. The alkalinity of the medium was initially 
adjusted before each test. Figure 1 shows the summary of 
the main stages of respirometric tests.

Kinetics of Nitrification and Experimental Methods 
for Its Determination

The maximum specific growth rates of nitrifying bacteria 
(µm), Monod half-saturation constants  (Kn), and specific 
substrate utilization rate  (rn) were determined based on the 
Eqs. 2, 3, 4, 5, 6, and 7. To determine the half-saturation 
constant  (Kn), Monod kinetics was limited. Through the 
analysis of respirograms, when µ = ½ µmax or  OURn = ½ 
 OURn.max, the ratio between the area equivalent to the con-
centration of the residual substrate (ammonia or nitrite) was 
calculated by the respective stoichiometric oxygen coeffi-
cient − 4.57 for  NH4

+-N and 1.14 for  NO2
−-N [26].

(2)OURn = OURexo − OURend

(3)rn =
OURn

4, 57
∗24

(4)
0, 1*Xv*Vr

Rs*Qifl
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Analytical Methods

Laboratory analyses were performed at the Laboratory of 
Urban Served Water Treatment (LabTAUS) at the Federal Uni-
versity of ABC-UFABC. All parameters were determined by 
methods in accordance with Standard Methods for the Exami-
nation of Water and Wastewater [27].  NH4

+-N,  NO2
−-N, and 

 NO3
−-N were quantified by ion chromatography (Dionex-100, 

AS4A-SC) [28, 29].
AMX was determined by HPLC in reverse phase with DAD 

and automatic sampler (Agilent 1220). Mobile phase consisted 
of Acetonitrile and Water (HPLC grade, 1:1, v/v), with read-
ing wavelength at 220 nm and a Zorbax 5B-CN column of 
5 µl  L−1, 4.6 × 150 mm, particle size of 5 μm, and flow rate at 
1 ml min−1, to then read the samples.

Quantification was made by external calibration curve 
at AMX concentrations 5 mg  L−1, 10 mg  L−1, 25 mg  L−1, 
100 mg  L−1, and 200 mg  L−1. The calibration curve used to 
determine the concentrations of the collected samples had 
an  R2 value of 0.9999, indicating that the data expressed by 
means of this equation have a high probability of being similar 
to the real value.

(5)Nc = TKNinf − TKNeff − Nl

(6)Xn =
Yn*Nc*Rs

(

1 + bn*Rs

)

*Rh

(7)μm n =
Yn*rn

Xn

Characterization of Groups of Microorganisms 
Active in the Process by Molecular Biology—FISH

To investigate the effect of AMX on the gene expression 
of AOB and NOB in biological sludge, 2.0 mg of sludge 
sample was fixed in 4% paraformaldehyde for 16 and 24 h at 
4 °C, and then washed twice in sodium phosphate buffer. The 
samples were dehydrated in 50%, 80%, and 100% ethanol for 
10 min each. The ethanol in the biomass was completely 
replaced by xylene, by means of 3:1 series immersion; 1:1 
and 1:3, ethanol:xylene solution, by volume, and finally in 
100% xylene, for periods of 10 min at room temperature.

Then, the biomass was incorporated into paraffin (m.p. 56 
and 57 ºC) by serial immersion in xylene-paraffin (1:1) for 
30 min at 60 ºC, followed by 100% paraffin. After paraffin 
solidification, 8-mm-thick sections were prepared and placed 
on microscopic slides coated with gelatin. The paraffin was 
removed by immersing xylene and ethanol for 30 min each, 
followed by air drying the slides. Through the FISH tech-
nique, it was possible to identify microbial groups present in 
the biomass with relative simplicity. In this technique, oligo-
nucleotide probes were used to identify specific organisms 
[30]. Table 2 shows the probes that were used in this study.

Hybridizations were performed at 46 °C for 2 h with 
a hybridization buffer (0.9 mol  L−1 NaCl, formamide, 
20 mmol  L−1 Tris/HCl, pH 8.0, 0.01% SDS) containing 
each labeled probe (5.0 ng mL.µL−1). After hybridization, 
unbound oligonucleotides were removed by a washing 
step at 48 °C for 15 min in buffer containing the same 
components as the hybridization buffer, except for the 
probes. For the detection of all DNA, 4,6-diamidino-
2-phenylindole (DAPI) was diluted with methanol to a 

Fig. 1  Schematic representation of respirometric tests
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final concentration of 1.0 ng mL µL−1. The slides were 
covered with DAPI methanol and incubated for 15 min 
at 37 °C. The slides were washed once with methanol, 
rinsed briefly with dd.H2O, and immediately dried in air. 
The hybridization images were captured using a confo-
cal laser scanning microscope (EVOS™ FL Color Imag-
ing Systems - For Fluorescence and Transmitted Light 
Applications, Thermo Fisher Scientific Inc.) installed at 
the Escola Polytechnic of the University of São Paulo 
(EP-USP, Brazil). A total of 10 images were captured for 
each probe in each size class. The representative images 
were selected and the final evaluation of the image was 
made in Adobe Photoshop.

Results and Discussion

Validation of the Respirometric Test and Laboratory 
Analysis

Initially, to validate the data obtained, it was verified 
whether the OUR exerted corresponds to the concentra-
tion of the added substrate. Initial tests were performed 
for each substrate (ammonium chloride and sodium 
nitrite) to verify if the balance between the area under 
the OUR curve and the added concentration of substrates 
was consistent. In the tests, a concentration of a standard 
solution of 10.0 mg  L−1 of  NH4

+-N and 15.0 mg  L−1 of 
 NO2

−-N was added for the AOB and NOB. For the curve 
referring to the AOB, the average area calculated was 
44.4 mg  O2  L−1, which represents, stoichiometrically, a 
concentration of (44.4 ÷ 4.57) = 9.72 mg  L−1. Likewise, 
with the curve corresponding to NOB, an average area 
of   11.2 mg  O2  L−1, which represents, stoichiometrically, 
a concentration of (16.5 ÷ 1.14) = 14.47 mg  L−1. Both 
tests showed a high recovery value (97.2%)  NH4

+-N and 
(96.5%)  NO2

−-N, so it was concluded that oxygen con-
sumption was compatible with the demand for the added 
substrate, validating the test for the conditions established 
in this study.

Impact of AMX on AS Performance

After the end of each respirometric test, an effluent sample 
was collected to determine  NH4

+-N,  NO2
−-N,  NO3

−-N, and 
AMX concentrations. For the reference AOB test (without the 
addition of AMX), the  NH4

+-N concentration in the effluent 
resulted in 0.8 mg  L−1 and for NOB the  NO2

−-N concentra-
tion was 1.0 mg  L−1; removal efficiencies were 92.0% and 
93.0%, respectively. The values of  NO3

−-N concentrations in 
the effluent after the tests were compatible with the nitrifica-
tion process. For the reference test with  NH4

+-N, the  NO3
−-N 

value was 8.2 mg  L−1 and in the nitrite test it was 13.7 mg  L−1, 
which shows that the nitrification was practically complete.

In the AOB tests called processes I, II, III, and IV (with the 
addition of AMX: 20 mg  L−1, 50 mg  L−1, 100 mg  L−1, and 
200 mg  L−1), the concentration of  NH4

+-N in the effluent was 
3.5 mg  L−1, 4.6 mg  L−1, 5.6 mg  L−1, and 7.6 mg  L−1, with 
efficiencies of 65.0%, 54.0%, 44.0%, and 24.0%. For NOB, the 
 NO2

−-N concentration in the effluent was 4.9 mg  L−1, 11.4 mg 
 L−1, 13.7 mg  L−1, and 14.0 mg  L−1; the removal efficien-
cies were 67.0%, 24.0%, 9.0%, and 4.0%, respectively. When 
comparing the results of the processes with those of reference, 
it was observed a decrease in the efficiency of removal of 
 NH4

+-N and  NO2
−-N, during the increase of AMX concentra-

tions. The decrease in efficiency is more evident in tests with 
 NO2

−-N, that is, for the NOB population.
Similar to that observed with the conversion of  NH4

+-N 
to  NO3

−-N, AMX removal was also impacted. Its concen-
trations in the effluent were < 0.1 mg  L−1, 12.9 mg  L−1, 
56.3 mg  L−1, and 126.1 mg  L−1, with efficiencies for remov-
ing 99.9%, 74.0%, 44.0%, and 37.0%, in cases I, II, III, and 
IV, respectively. Although the focuses of this study were not 
to investigate the treatment of the pollutant, but its effect 
on the nitrification process, the results show that it is pos-
sible to remove the compound from the liquid phase at high 
concentrations, i.e., higher than that found in wastewater. 
In wastewater treatment systems, the main mechanisms of 
AMX removal are adsorption and these compounds are 
hardly biodegradable, the key to the efficiency of the pro-
cess being the solid retention time (SRT) and the hydraulic 
retention time (HRT) [22, 34, 35].

Table 2  Oligonucleotide probes 
and target microbial groups

Probes Sequence (5′-3′) Target group Reference

NOB mix
Ntspa662 GGA ATT CCG CGC TCC TCT Nitrospira-like organism [31]
NIT1035 CCT GTG CTC CAT GCT CCG Nitrobacter [32]
AOB mix
NSO1225 CGC CAT TGT ATT ACG TGT GA All AOB [33]
NSO190 CGA TCC CCT GCT TTT CTC C All AOB [33]
NEU653 CCC CTC TGC TGC ACT CTA Nitrosomonas [31]
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Fig. 2  a Respirogram obtained during one of the tests for AOB. b Respirogram obtained during one of the tests for NOB. Process I (with the 
addition of 20 mg  L−1 of AMX), process II (50 mg  L−1), process III (100 mg  L−1), and process IV (200 mg  L−1)
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Kinetic Behavior of Nitrifying Autotrophic Bacteria

The respirograms show the OUR referring to endogenous 
and exogenous respiration during the tests (Fig. 2) for pro-
cesses I, II, III, and IV (20 mg  L−1, 50 mg  L−1, 100 mg  L−1, 
and 200 mg  L−1), respectively. It is noted that there were 
small differences in oxygen consumption for  OURend in rela-
tion to the reference tests, this is due to the change of AS 
during the end of each test. For comparison of results, data 
were  OURend normalized. In general, the AS responded well 
to experimental conditions, which allowed the determination 
of the kinetic behavior of AOB and NOB and to evaluate the 
effect of AMX on nitrifying bacteria population.

OUR can directly reflect microbial activity and the rate 
of oxygen utilization from the nitrification process dur-
ing aerobic wastewater treatment. As shown in Fig. 3, the 
OUR exhibited a gradual decrease with increasing AMX 
concentration in the AOB tests. There was a 37.5% reduc-
tion for OUR at 20 mg  L−1 compared to 0 mg  L−1 of AMX 
(p < 0.05). The reduction in OUR in processes II, III, and IV 
was 31.2%, 62.5%, and 75.0%, respectively. It is observed 
that the increase in AMX from 20 mg  L−1 to 50 mg  L−1 did 
not increase the OUR reduction.

The effect of OUR reduction is most visible in tests with 
NOB. A 32.0% reduction is observed for OUR at 20 mg  L−1 
compared to 0 mg  L−1 of AMX (p < 0.05). When the AMX 
concentration was greater than 50 mg  L−1, the reduction 
was 74.0%, which clearly states that AMX inhibited the use 
of oxygen by NOB from this range. Some antibiotics such 

as ampicillin, norfloxacin, sulfadiazine, and oxytetracycline 
have a negative effect on the OUR of activated sludge and 
biofilms [20, 36–39].

Yu et al. [20] demonstrates that ampicillin inhibited the 
activities of AOB and NOB at concentrations greater than 
30 mg  L−1. In the study, the reduction was 27.5%. [40] 
pointed out that sulfamethoxazole could also restrict OUR 
in activated sludge. In the study, there was a decrease of 
20.5% for OUR (AOB) and 32.5% for (NOB), for concentra-
tions of 30 mg  L−1 of sulfamethoxazole suggesting that the 
antibiotic could produce more inhibitory impacts on NOB 
activities than AOB. This statement is in line with the results 
obtained in the present study, which demonstrates that the 
effect of AMX is more pronounced in NOBs and with a 
similar inhibitory potential to other groups of antibiotics. 
However, in the study by [23] with effluent treatment with 
activated sludge tetracycline showed that the chronic impact 
was much more pronounced in the community of ammonia-
oxidizing bacteria (AOB). This had a negative impact on the 
growth kinetics of nitrifying bacteria.

With the OUR values, the maximum specific growth rates 
of AOB and NOB (µm) and the maximum utilization rates 
of  NH4

+-N and  NO2
−-N  (rn.max) were determined, presented 

in Table 3. The results presented were corrected to a tem-
perature of 20 °C. The determinations followed the model 
described in [25] and the details of each term are described 
in the nomenclature list. For example, for the AOB´s test 
reference, the following values were adopted:

Fig. 3  Impact of AMX on 
the OUR in activated sludge. 
Asterisks indicate the statistical 
difference (p < 0.05) from OUR 
at 0 mg/L AMX. Error bars 
represent standard deviations 
of triplicate measurements. 
(complete data in supplemen-
tary material)
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Therefore, it is calculated as follows:
Concentration of autotrophic bacteria:

Concentration of nitrified NH4
+-N:

Concentration of nitrogen required for sludge 
production:

Maximum OUR of nitrating bacteria obtained through 
respirometric tests:

fn = adopted 0.10; RS = 20day; Vr = 20.0 L−1; TKNinf

= 50.0mgL−1; TKNeff = 4.5mgL−1; Xv = 2, 122mgL−1; Qinf

= 12 L d−1; Yn = 0.1; bn = 0.04 × (1.04)(25.5−20.0); OURexo

= 26 mgO2L
−1h−1; OURend = 10mgO2L

−1h−1

Xn =Yn × Rs × Nc ÷
(

1 + bn × Rs

)

× Rh

= 0.1 × 20 × 28 ÷ (1 + 0.05 × 20) × 1.67 = 16.8mgXnL
−1

Nc = TKNinf − TKNeff − Nl = 50.0−4.5−17.7 = 27.8mgL−1

Nl = fn × Xv × Vr ÷ Rs × Qinf = 0, 1 × 2.122 × 20 ÷ 20 × 12 = 17.7mgL−1

According to the kinetic model used as a reference [25], 
the maximum rate of nitritation and nitration can be calcu-
lated as follows:

rn = OURn.max ÷ 4.57 = 16 ÷ 4.57 = 3.5  mg  L−1  h−1 or 
84.0 mg  L−1  d−1.

Therefore, the maximum growth rate of AOB (μm) is cal-
culated as follows:

µm = (Yn × rn.max ÷ Xn) × 24 = (0.1 × 3.5 × 24.0 ÷ 16.8) = 0
.50  d−1.

The average values of μm for the reference test were 0.50 

 d−1 (AOB) and 0.64  d−1 (NOB). These values are compatible 
with those found in the literature and in the models (ASM 1, 

OURn.max = OURexo−−OURend = 26−−10 = 16.0mgO2L
−1h−1

Table 3  Average values of the µm and  rn.max-AOB and NOB (reference) and (processes)

Variable AOB  (d−1)
(reference)

NOB  (d−1)
(reference)

Fractions µm rn.max µm rn.max

Media 0.50 82.07 0.64 106.70
Maximum 0.65 108.71 1.27 212.42
Minimum 0.35 59.08 0.19 31.58
S.D 0.11 17.62 0.30 49.50
CV (%) 0.21 0.21 0.46 0.46
No. measurements 19 17

Variable AOB  (d−1)
(process I)

AOB  (d−1)
(process II)

AOB  (d−1)
(process III)

AOB  (d−1)
(process IV)

Fractions µm rn.max µm rn.max µm rn.max µm rn.max

Media 0.30 50.99 0.34 56.54 0.20 32.93 0.13 21.17
Maximum 0.32 54.43 0.38 63.59 0.22 37.02 0.22 37.02
Minimum 0.27 45.69 0.30 49.63 0.02 3.56 0.04 6.30
S.D 0.02 3.56 0.03 4.37 0.02 3.93 0.05 9.11
CV (%) 0.07 0.07 0.08 0.08 0.12 0.12 0.43 0.43
No. measurements 7 7 6 6
Variable NOB  (d−1) (process I) NOB  (d−1) (process II) NOB  (d−1) (process III) NOB  (d−1) (process 

IV)
Fractions µm rn.max µm rn.max µm rn.max µm rn.max

Media 0.42 71.13 0.16 27.56 0.18 30.32 0.15 24.91
Maximum 0.55 91.58 0.35 58.18 0.26 42.95 0.28 47.37
Minimum 0.28 47.37 0.00 0.00 0.12 20.75 0.01 2.11
S.D 0.07 11.44 0.13 22.27 0.06 9.62 0.12 19.61
CV (%) 0.17 0.16 0.80 0.80 0.32 0.32 0.78 0.78
No. measurements 14 7 6 6
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ASM 2, and ASM 3) for AS (µm = 0.20–1.02) described in 
[24]. The µm constant represents the total growth of microor-
ganisms per unit time. Thus, a µm = 0.50  d−1 value means that 
the mass of synthesized microorganisms has a rate of 50% per 
day. As the growth rate is exponential, when there is no sub-
strate limitation, the growth in one day would be  N1 ÷ N0 = exp. 
(0.50 × 1.0) = 1.65, that is, the mass of AOB can increase in 
a day up to a factor of 1.65 or 65%. When analyzing the µm 
results for the process tests, a significant decrease in the growth 
of AOB and NOB populations was observed.

The mean µm values for AOB were 0.30  d−1, 0.34  d−1, 
0.20  d−1, and 0.13  d−1 and for NOB they were 0.42  d−1, 
0.16  d−1, 0.18  d−1, and 0.15  d−1 (processes I, II, III, and 
IV), respectively. When considering that there was no 
limitation of substrate “food” for microorganisms, it is 
observed that the increase in AMX concentrations had a 
significant impact on the activities of nitrifying bacteria. 
As, for example, in process III (addition of 100 mg  L−1 of 
AMX), the AOB population had its growth rate reduced 
to 22% per day and for NOB process II (with 50 mg  L−1) 
the reduction was 17%.

Generally, for municipal wastewater the  NH4
+-N con-

centration available for nitrification is always much higher 

than the half-saturation constant (Monod model-Eq. 1), 
in this case the sludge age  (Rs) of the AS system can be 
simplified to  Rs = 1 ÷ (µm-bn). This equation expresses 
that until a minimum sludge age, nitrification does not 
develop, because AOB removal rate is higher than the 
maximum rate of net growth. In this sense, it can inferred 
that in a WWTP with sludge age above the minimum for 
the development of the nitrification process, its efficiency 
can be affected by the presence of AMX without acting 
completely inhibiting the process, as it will depend on the 
above all on the µm. As observed, the value of µm varies a 
lot, however, the value of 0.4 is the most recommended in 
the literature [41], which is higher than that obtained in 
the tests of processes I, II, III, and IV.

Microscopic FISH Image

To observe the toxicity effect of AMX on the development 
of nitrifying bacteria during the tests, a combination of 
oligonucleotide probes specific for Mix (AOB and NOB), 
shown in Table 2, was used. Images obtained using the FISH 
technique of samples collected before and after respirometric 
tests are shown in Fig. 4.

Fig. 4  Microscopic FISH image on AS. Mix of nitrifying bacteria (AOB and NOB). a Reference; b Process I (20 mg  L−1 AMX), c Process II 
(50 mg  L−1 AMX), d Process III (100 mg  L−1 AMX), *Process IV image was discarded (AOB and NOB were not observed)
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A decrease in the total amount of AOB and NOB is 
observed in Fig. 4 during respirometric tests, which were 
subjected to a gradual increase in AMX concentrations. In 
Fig. 4a, the AOB and NOB populations represent a consider-
able fraction of the entire microbial population present in the 
AS reference image. In Fig. 4b, the image showed a small 
decrease in AOB and NOB populations, which resulted in a 
35% reduction in the nitrification process efficiency.

Figure 4c shows the image of AOB and NOB when the 
concentration of AMX ranged from 20 mg  L−1 to 50 mg 
 L−1. The inhibition effect was greater in the NOB popu-
lation, and the reduction in  NO2

−-N removal efficiency 
was 76% and  NH4

+-N 46%. However, in tests with AMX 
concentration at 100 mg  L−1, the image in Fig. 4d shows a 
significant decrease in the population of AOB and NOB, 
which reflected significantly in the removal of  NO2

−-N. 
The inhibition effect was 91% for NOB and 56% for AOB.

Microscopy FISH images for process IV, with 200 mg 
 L−1 of AMX, do not show the presence of AOB and NOB. 
In this test, the inhibition in the AOB population increased 
significantly, the inhibition in  NH4

+-N removal was 76% 
and  NO2

−-N was 96%. With these results it can be inferred 
that NOB population is more susceptible to the toxic 
effects of AMX than the AOB populations. However, all 
microbial populations are negatively affected, with their 
greatest effect at concentrations above 100 mg  L−1.

Conclusion

The study shows that the respirometry technique can be 
used as an excellent tool to monitor the metabolic activity 
of nitrifying bacteria in activated sludge systems and can 
be incorporated directly into the treatment process. The 
results showed that the specific growth rate (μm) of AOB 
is significantly affected at concentrations of AMX in the 
order of 100 mg  L−1 and for NOB, starting at 50 mg  L−1. 
The results also show that the population of NOB was the 
most sensitive to AMX toxicity. The complete inhibition 
of the nitrification process in the activated sludge occurred 
at a concentration of 200 mg  L−1. The study shows that 
the activated sludge system, even if it is old enough for the 
development of the nitrification process, AMX negatively 
affects the growth rate of this population.

Although AMX negatively influences nitrification at 
higher concentrations than found in wastewater, it is an 
alert to the question of the need for technologies to remove 
this antibiotic from wastewater, aiming not only to ensure 
the nitrification process operation, but mainly at protecting 
aquatic organisms and human health.
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