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ABSTRACT
The use of anaerobic biomass attached to a support has been recently presented as a good
prospect in the treatment of wastewater containing recalcitrant compounds, such as
sulfamethazine (SMZ). SMZ has been found in swine wastewater and sewage treatment plants,
which motivates assessing their degradation by new wastewater treatment technologies. Thus,
this paper describes the use of a continuous fixed structured bed bioreactor for the purpose of
evaluating SMZ removal kinetics present in lab-made wastewater. The analysis of SMZ used
online solid-phase extraction coupled to liquid chromatography/tandem mass spectrometry (SPE
online-LC-MS/MS). Chemical oxygen demand (COD) was also monitored to evaluate the organic
matter removal. The bioreactor was operated under mesophilic conditions (30◦C), with a
hydraulic retention time of 24 h. In order to evaluate SMZ removal, four different concentration
levels were studied: 200, 400, 600, and 800 ng L−1. COD removal efficiency obtained for filtered
effluent kept at 91.01% and there was no interference due to the increase of SMZ concentration.
For SMZ, the removal efficiencies were of 52.8+ 12.1% for 200 ng L−1 concentration level;
55.0+ 8.15% for 400 ng L−1; 53.0+ 6.14% for 600 ng L−1, and 48.8+ 5.44% for 800 ng L−1.
COD removal kinetics presented a first-order apparent removal rate constant (kapp) of
0.281+ 0.0295 h−1. SMZ also showed a first-order apparent removal rate constant of
0.158+ 0.0093 h−1 for the following concentrations levels: 200, 400, 600, and 800 ng L−1.
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1. Introduction

Antibiotics are an important category of pharmaceuti-
cals commonly used in human or veterinary medicine
[1,2]. According to Gracia-Lor et al. [3], depending on
the compound nature, up to 95% of the administered
dose is excreted in urine and feces in its non-trans-
formed form (NT). Potential sources for the occurrence
of pharmaceuticals in the environment derive from:
waste generated by the pharmaceutical industry and
pharmacies, hospital waste, excretion of medicines
applied in livestock, and agricultural use of biosolids
as organic fertilizers through leaching that can reach
groundwater [4,5].

Sulfamethazine (SMZ) is an antimicrobial member of
the sulfonamide class [6]. Owing to its high use, this
antimicrobial has been found in receiving bodies of
wastewater [7–9]. According to Focazzio et al. [10], in
the United States SMZ concentrations are found in
WWTP effluents at a mean concentration of 360 ng L−1.

Figure 1 shows the chemical structure of SMZ, an antimi-
crobial widely used as a growth promoter in farming and
as treatment and prevention of infections, such as
urinary tract infections, rheumatic fever, toxoplasmosis,
and other diseases [12].

Studies have been conducted for genotoxic and eco-
toxicological effects on flora and fauna [13]. The
increased use of antimicrobials over the last five
decades may have resulted in a genetic selection of
resistant bacteria, with chronic effects that remain
unknown, resulting in the need for new research on
the removal evaluation of antimicrobials in WWTP
[14,15]. Moreover, the United Kingdom Department of
Health (UK) published a Review on Antimicrobial Resist-
ance (AMR) 2016, in which it is pointed out that 10
million patients will die by infections caused by microor-
ganisms resistant to antibiotics in 2050. Nowadays, about
700,000 patients die from AMR infections [16]. Poor sani-
tation condition is an important cause of AMR infections.
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The Brazilian Institute of Geography and Statistics pub-
lished in 2010 an official statistical survey related to Bra-
zilian sanitation conditions. Only 55 % of households
presented sewage collection, and about 27% of this
sewage is treated [17].

The detection of antimicrobials in receiving water
bodies from WWTP effluents indicates the inefficiency
of current wastewater treatment processes for the
removal of these recalcitrant compounds, which are
found at low concentrations (ng L−1 to μg L−1) [18–
21]. Based on this fact, alternative improvements are
crucial to overcome this issue in order to effectively
remove pharmaceutical compounds such as SMZ.
Anaerobic bioreactor is widely applied and a versatile
treatment technology, since it presents a low ener-
getic demand and produces less excess of sludge
compared to aerobic reactors. Furthermore, waste-
water with high chemical oxygen demand (COD) or
even with low COD could be treated by anaerobic bio-
reactors only requiring an acclimation period. This
technology is suitable to tropical climate regions,
requires a small area, and generates an energy
source such as methane following the biorefinery
concept [22,23]. Anaerobic technology can eventually
require post-treatment processes and removal effi-
ciency varies significantly with bioreactors operation
parameters such as pH, temperature, and hydraulic
retention time (HRT).

This study aims to evaluate SMZ removal efficiency
found at a concentration level of ng L−1 by a fixed struc-
tured bed bioreactor (ABFSB). This anaerobic reactor
favors the growth of a microbial community retained in
the foams strips used as support which avoids accumu-
lation of solids in the bed, avoiding undesirable effects
such as channeling and clogging. The use of foam
strips permits biomass acclimation and optimal con-
dition for the removal of recalcitrant compounds, such

as antimicrobials [24]. The ABFSB has been used success-
fully by [25] in the removal of Cd2+ and Cu2+ from waste-
water. ABFSB reactor configuration was successfully
applied for removal of sulfate present in lab-made
sewage [26].

2. Materials and methods

2.1. Reactor

The acrylic bench-scale ABFSB was used to evaluate COD
and SMZ removal. The ABFSB was planned as described
in [25] using a working volume of 2.5 L. The reactor was
filled with polyurethane foam (16 fixed foam strips, 190
cm3 volume, 23 kg m3 apparent density, and 95% poros-
ity), obtaining 190 mL of working volume. The inoculum
was collected from a bioreactor used for the treatment of
slaughterhouse wastewater. The inoculum immobiliz-
ation in the polyurethane foam procedure was carried
out as described by Zaiat et al. [27].

Sampling ports were inserted in the lower and the
upper part of the reactor for sample collection. There
were also three intermediate collection points. The dis-
tance between the sampling ports was 10.0 cm and the
ABFSB height was 60.0 cm, consisting of 6.50 cm of
headspace.

2.2. Reactor operation

The ABFSB was operated at 30◦C and total HRT of 24 h
during 262 days. A lab-made sewage was used as a
reactor substrate with a COD of 550 mg O2 L−1 as
described in Table 1. SMZ was spiked in the lab-made
sewage after the ABFSB achieved the steady-state
regime. Four different SMZ concentrations were studied:
200, 400, 600, and 800 ng L−1. Influent (lab-made
sewage) and reactor effluent analyses were carried out
using LC-MS/MS. SMZ is reported in the WWTP effluent
at a mean concentration of 360 ng L−1 [10,28]. Based on
this value, concentration levels were selected to evaluate
SMZ removal efficiency. SMZ removal kinetics was

Figure 1. SMZ chemical structure adapted from [11].

Table 1. Lab-made sewage composition adapted from [25].
Component Concentration (mg L−1)

Sucrose 47.8
Starch 148
Cellulose 47.2
Meat extract 215
Soybean oil 51.0
NaHCO3 728
KH2PO4 120
NaCl 250
CaCl2 7.00
MgCl2 4.50
Surfactant 15.0
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assessed by a spatial profile collected in the ABFSB. COD
removal kinetics was also evaluated.

2.3. LC-MS/MS analysis

A liquid chromatography/tandem mass spectrometry
(LC-MS/MS) developed and validated method was
applied to determine SMZ in the reactor influent and
effluent. As the SMZ is polar and soluble in water, LC-
MS/MS is the technique of choice for its analysis due to
the ability to separate and quantify this kind of com-
pounds with high detection capacity, selectivity, and effi-
ciency [29–31].

The SMZ removal was analyzed using online solid-
phase extraction coupled with liquid chromatography
by a column switching technique (SPE online-LC-MS/
MS). This method followed the same procedure of a pre-
vious method developed by Lima Gomes et al. [32]. The
method involves a simple sample preparation procedure,
samples’ pH was adjusted to 3.0 with formic acid 0.1%
solution followed by two filtrations using two different
membranes (pore size: 0.70 and 0.22 μm). The samples
were then injected into the SPE online-LC-MS/MS
system. Approximately 5 mL of samples were collected
to perform this analysis. After pH adjustment and fil-
tration, the samples were stored in 15 mL falcon tubes
and refrigerated for 1 week until being analyzed.

The SPE online-LC-MS/MS method was validated
according to international guidelines [33,34]. Quantifi-
cation limit (LOQ), linearity, precision intra- and inter-
day, and stability parameters were assessed following
the same criteria of Lima Gomes’ [32] method. LOQ
was determined as signal-to-noise ratio of 10, it was
also the first calibration level (100 ng L−1). Three different
concentration levels in triplicate were assessed for intra-
and inter-day precision.

2.4. Reagents

Purified water was produced in the laboratory by aMilli-Q
Plus Ultra (Billerica, MA) purification system. All pharma-
ceutical standards usedwere of high-purity grade (≥98%).

Sulfamethazine (SMZ) and13C-SMZ were obtained
from Sigma-Aldrich (St. Louis, MO).13C-SMZ was used as
an internal standard (IS). A stock solution of 500mg L−1

was prepared using acetonitrile (Panreac, Barcelona,
Spain) and formic acid (50 μL) was added to improve
the SMZ solubility.

SMZ was added into the lab-made sewage at concen-
tration levels of 200 (phase I), 400 (phase II), 600 (phase
III), and 800 ng L−1 (phase IV). An SMZ stock solution of
95 mg L−1 was used to spike SMZ in the lab-made
sewage at each concentration according to the phase.

This solution was prepared weekly in water and kept in
a refrigerator.

2.5. Chemical analysis

Chemical oxygen demand (COD), pH, and alkalinity
analysis were performed according to the Standard
Methods for the Examination of Water and Wastewater
[35]. These analyses were done at least three times a
week to verify the state of the anaerobic reactor. Also,
volatile acids were analyzed according to Adorno et al.
[36].

2.6. Degradation kinetic

To evaluate reactor removal kinetics, an ideal plug-flow
reactor was used [37,38] which is isothermal, in a perma-
nent regime, and pseudo-homogenous that resulted
only in an apparent kinetic parameter, which embodies
the intrinsic kinetics, convective, and diffusive mass
transfer phenomena. Experimental data were adjusted
to a first-order kinetic equation, using a residual concen-
tration as demonstrated below [39]:

C = Cres + (Co − Cres).ekapp.Q (1)

where C is the concentration in the bulk liquid, Co is the
concentration in the influent stream, and Θ is the
hydraulic retention time (h). The parameter kapp is
the apparent first-order removal rate constant, while
the residual concentration (Cres) is the concentration
value in the reactor when the reaction rate value was
zero. The Cres adopted was the LOQ of COD and SPE
online-LC-MS/MS, 50 mg L−1 and 100 ng L−1, respect-
ively. To obtain the removal kinetics, samples were col-
lected at sampler 1 corresponding to HRT of 4.50 h,
sampler 2 HRT of 9.00 h, sampler 3 HRT of 13.45 h,
sampler 4 HRT of 17.95 h, and sampler 5 HRT 24.00 h.

To compare COD and SMZ removal constants, the
Shapiro–Wilk test for normality was applied to verify
whether the samples presented a normal distribution.
Thereafter, analysis of variance (ANOVA) was used to
evaluate if COD and SMZ removal constants were statisti-
cally significant.

3. Results and discussion

3.1. SPE online-LC-MS/MS

As demonstrated in the previous method, SPE online-LC-
MS/MS was suitable to pre-concentrate and extract SMZ
[32]. Furthermore, it was possible to separate SMZ and its
internal standard (13C-SMZ) from interferences in the lab-
made sewage and bioreactor effluent. A chromatogram
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of spiked lab-made sewage containing 600 ng L−1 of
SMZ and 1000 ng L−1 of13C-SMZ is shown in Figure 2.

LOQ for SMZ was 100 ng L−1. Linearity range for SMZ
was 100–5400 ng L−1. Linearity did not present lack of fit
and correlation coefficient was higher than 0.98. A
weighted least-squares linear regression of 1/x2 was
applied only for the bioreactor effluent. Also, intra- and
inter-day precision was lower than 6%. Signal suppres-
sion was observed in a previous study of [32] for both
matrices, the lab-made sewage and bioreactor effluent,
therefore,13C-SMZ was used as IS to minimize this
effect. Calibration curves were constructed based on
matrix-matching, one influent curve was developed on
the lab-made sewage and other on the anaerobic bio-
reactor effluent without SMZ. These procedures were
adopted to prevent lack of precision during the analysis
applied in this study.

3.2. COD removal

The influent COD was 555.9+ 54.85mg O2 L
−1. The raw

effluent COD was 58.89+ 22.72 mg O2 L
−1, while the fil-

trated effluent COD was 34.38+ 12.19mg O2 L
−1. Thus,

the ABFSB removal efficiency obtained for raw effluent
was 89.26+ 4.022%, and 91.01% for filtered effluent,
resulting in significant COD removal. Figure 3 shows
the COD data of influent and effluent throughout 38
weeks of operation.

From the beginning of ABFSB operation, until the 6th
week, the bioreactor was in a stabilization process, indi-
cating lower raw effluent removal efficiency. On the
8th week of operation, SMZ was added into the influent
and no change in the COD removal efficiency was

observed during phases I and II (27th week). However,
on the 33rd week, SMZ was applied at a concentration
of 600 ng L−1 and a slight decrease in COD removal effi-
ciency was observed in the ABFSB. This outcome may
have been initiated due to the increase in the SMZ con-
centration which can inhibit microorganisms. Neverthe-
less, once 800 ng L−1 SMZ was added in the influent
(36th week), it was apparent that there was no microor-
ganism inhibition.

3.3. SMZ removal efficiency

Table 2 shows SMZ concentration levels monitored in the
bioreactor influent and effluent during each operation
phase.

SMZ removal efficiency remained constant at differ-
ent concentrations imposed on the ABFSB bioreactor.
However, there was a slight decrease in efficiency
(48.8+ 5.44%) in phase IV (800 ng L−1 of SMZ), which
is not conclusive of microorganism inhibition.

Mitchell et al. [40] studied the influence of SMZ in the
biogas production during the anaerobic digestion. SMZ
was studied in a concentration range of 0.28–280 mg L−1

and anaerobic digestion was not negatively impacted.
The same effect was observed by Cetecioglu et al. [41]
for sulfamethoxazole, on concentration lower than 250
mg L−1, which did not impact biogas production. The pro-
posed study evaluated SMZ in two orders of magnitude
lower than quoted studies, in ng L−1 concentration level.
This concentration range studied is found in wastewater
such as domestic sewage. As expected, nomicroorganism
inhibition occurred, mainly related to the low dosage,
could not impair the anaerobic microbiota.

Figure 2. Extracted ion chromatogram of lab-made sewage spiked with SMZ (a) and13C-SMZ (b) at 600 and 1000 ng L−1, respectively.
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Removal process can occur by adsorption, chemical
hydrolysis, volatilization, and biodegradation mechan-
isms. Oliveira et al. [42] evaluated the removal of SMZ
by chemical hydrolysis and volatization in batch reactors
and found that these processes were negligible. These
authors also evaluated studied SMZ adsorption on inac-
tivated granular sludge and observed 45.8% of contri-
bution. In this study, SMZ adsorption on foam strips
was not evaluated, then the removal related refers to
the sum of biodegradation and adsorption processes.

The ABFSB bioreactor was suitable to remove SMZ,
since, sulfonamides are recalcitrant compounds and
resistant to biodegradation through the wastewater
treatment process, thereby not completely removed
[43]. García-Galán et al. evaluated antibiotics removal
by a conventional activated sludge (CAS) and advanced
membrane bioreactor (MBR) from a wastewater treat-
ment plant. The removal of SMZ using CAS treatment
was only 22.3%, while 49.1% was observed in the MBR.
Behera et al. [44] observed poor removal of several

antibiotics present in wastewater treatment plants
using different types of bioreactors such as aerobic,
anaerobic, and anoxic. SMZ was poorly removed lower
than 30%. Chen et al. [45] studied a pilot-scale bioreactor
using an anaerobic pool, aerobic biological filter, and oxi-
dation pond. SMZ was poorly removed in the anaerobic
pool, reaching only 27.6% of removal efficiency. In our
study, in a lab-scale bioreactor, the removal efficiency
varied from 55 % to 48%, superior to all previous
studies here quoted. Oliveira et al. [42] studied batch

Figure 3. ABFSB COD removal efficiency.

Table 2. SMZ concentration level and removal efficiency during
bioreactor operation.
Parameters (200 ng L−1) (400 ng L−1) (600 ng L−1) (800 ng L−1)

Time/days of
operation

105 45 19 10

Influent (ng L−1) 242+ 83.7 420+ 55.4 650+ 26.4 886+ 49.3
Effluent (ng L−1) 122+ 48.5 190+ 32.4 297+ 32.4 451+ 40.2
Efficiency (%) 52.8+ 12.1 55.0+ 8.15 53.0+ 6.14 48.8+ 5.44

Figure 4. Organic matter removal kinetic profiles.
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reactors using granular sludge to remove SMZ present in
lab-made piggery wastewater and obtained a similar
removal of 57% without the addition of co-substrate to
the lab-made wastewater.

3.4. Organic matter degradation kinetics

In order to estimate the kinetic parameters, the ABFSB
was considered as plug-flow, as proposed by Mockaitis

et al. [25]. Moreover, Blanco et al. [46] performed hydro-
dynamic assay in this configuration and N-CSTR in series
model was used to fit the experimental data. The number
of ideal CSTRs in series was 400 for abiotic assay and 100
for microbial activity and biogas production. In both situ-
ations, the assays indicated that the plug-flow model can
suitably represent the reactor.

Eight kinetic profiles (Figure 4) of the ABFSB were
evaluated in the 10th week (phase I), 16th week
(phase I), 25th week (phase I), 28th week (phase II),
32nd week (phase II), 36th week (phase III), 37th week
(phase IV), and 38th week (phase IV). Samples were col-
lected from four intermediate points and from the final
effluent, with a HRT of 4.50, 9.00, 13.45, 17.95, and
24.00 h.

The different kinetic profiles have an appropriate R2 ,
with a mean of 98.1+ 1.3%, which resulted in a first-
order equation with residual. At the HRT of 9 h, COD con-
centration decreased to values lower than LOQ which

Table 3. Apparent first-order kinetic constant (kapp) for organic
matter removal.
Bioreactor operation phase kapp (h−1)

Phase I 0.320
Phase I 0.275
Phase I 0.256
Phase I 0.300
Phase II 0.243
Phase III 0.280
Phase IV 0.264
Phase IV 0.328

Figure 5. SMZ concentration behavior in the ABFSB profile.
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suggests that a lower HRT time is necessary to remove
the organic matter.

Table 3 shows the COD apparent first-order kinetics
(kapp) throughout the ABFSB as well as their respective
kinetic equations.

The addition of SMZ at concentrations of 200 and 600
ng L−1 did not significantly hinder the COD removal.
However, there was a decrease in the COD removal
rate in phase II (400 ng L−1 of SMZ), kapp of
0.243+ 0.0403 h−1. The last two kinetic profiles are
related to phase IV (800 ng L−1 SMZ). The decrease in
the kapp value was expected to repeat. However, this is
unlikely to occur, as the kapp remained the same in
phases I and III, which demonstrates the non-inhibition
of ABFSB microorganisms even at a concentration of
800 ng L−1. Furthermore, according to the Shapiro–Wilk
test, the samples showed a normal distribution. The
ANOVA test determined that the four phase values of
kapp are not statistically different. The average of kapp

was0.283+ 0.0303 h−1.

3.5. SMZ degradation kinetics

The same procedure used to evaluate COD kinetics was
applied for SMZ. Although the SMZ was analyzed using
LC-MS/MS. Figure 5 shows SMZ removal according to
HRT.

Table 4 shows the spatial profiles of SMZ kinetic
removal (kSMZ).

According to the Shapiro–Wilk test, the samples
showed a normal distribution. The ANOVA test deter-
mined that the four kSMZ values are not statistically differ-
ent. The average of kSMZ was 0.158+ 0.0093 h−1. kSMZ

does not vary significantly, therefore, therewas the occur-
rence of non-inhibition microorganisms. Also, SMZ is
removed in the early stages of the ABFSB bioreactor,
which indicates the possible application of lower HRT
with no removal efficiency loss. Due to the low concen-
trations of SMZ in the reactor, the microbiological activity
was not reduced and maintained stable, as observed in
the kinetic profiles and also by the kapp and kSMZ. Both
constants can be compared due to the unchanged mass
transfer resistance in each phase; therefore, the modifi-
cations are only due to the kinetics.

SMZ and COD degradation kinetics generated differ-
ent apparent first-order kinetic constants. COD kinetic

removal constants were higher than the values for SMZ
kinetic constant, indicating faster COD removal than
SMZ, this could be related to SMZ, recalcitrant com-
pounds with a complex molecular structure. SMZ is
removed by co-metabolism as observed by Oliveira
et al. [42]. In this particular study, sucrose was added as
an easily degradable exogenous COD source. Without
sucrose, SMZ removal was 57%; after adding sucrose,
SMZ removal increased to 84%. A similar effect was
observed in our study. COD removal decreases drastically
at the HRT of 9 h, the same profile is observed for SMZ.
COD present in the lab-made sewage achieved
maximum removal at the same HRT of SMZ indicating
co-metabolism.

4. Conclusion

In this study, the ABSFB has significant COD removal
even at different concentration levels of SMZ in lab-
made sewage, exhibiting high removal efficiency. Fur-
thermore, SMZ has a substantial average removal of
52.4+ 2.60%. COD and SMZ removal occurred accord-
ing to a first-order kinetic model. Owing to a slight vari-
ation in SMZ and COD removal constant, the ABSFB
exhibits the absence of a significant inhibition effect
with an increase in the concentration level of SMZ. The
ABSFB, therefore, can be considered a potential reactor
to remove low concentrations of active pharmaceutical
compounds in wastewater treatment plants with satis-
factory efficiency even using HRTs of 9 h, which is inter-
esting for large-scale applications.
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