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ARTICLE INFO ABSTRACT

Editor: Jing Zhang Literature has reported antibiotic overuse and the spread of antibiotic-resistant bacteria, which require better
wastewater treatment. The influence of reactor hydrodynamics on antibiotic elimination processes and related

Keywords: environmental hazards is yet inadequately comprehended. This study assessed the impact of different flow

Anaerobi.c bioreactors regimes— plug-flow (PF) and continuous-stirred (CS)—on the elimination of 12 antibiotics (five fluo-

if;‘]’):ﬁg‘es roquinolones, six sulfonamides, and trimethoprim; 10.0 pug L~ ! each) in anaerobic fixed-bed bioreactors (AnFBR).

Ecotoxicity Analysis of residence time distribution indicated that the PF-AnFBR functioned under almost ideal conditions

(Peclet number > 1000; dead volume < 2.5%), but the CS-AnFBR had significant non-idealities, characterized by
substantial dead zones (54-72%) and hydraulic short-circuiting. Despite both systems attaining elevated COD
removal rates (>94%), the patterns of antibiotic removal varied considerably. Plug-flow settings promoted
biodegradation-dominated elimination of sulfonamides and trimethoprim (47-100%), while the continuous-
stirred arrangement improved the removal of strongly sorbing fluoroquinolones, primarily through adsorption
mechanisms. Ecotoxicity assays showed reduced toxicity to Chironomus sancticaroli after treatment, but increased
toxicity was observed for Allonais inaequalis and Ceriodaphnia silvestrii, suggesting the formation of toxic trans-
formation products. The microbial analysis revealed a diverse population in both bioreactors, with key genera
such as Aeromonas, Pseudomonas, and Methanothrix cleaving aromatic compounds, playing significant roles in
antibiotic biodegradation, and stability in the performance of anaerobic bioreactors. These findings indicate that
the hydrodynamic regime is a crucial design component influencing antibiotic behavior and environmental ef-
ficiency in anaerobic wastewater treatment.

Microbial community

1. Introduction enzymes involved in DNA replication [2], but approximately 70%
remain unmetabolized after administration and are released into the

The global annual use of antibiotics has surpassed 100,000-200,000 environment through excreta [3]. Sulfonamides are applied in the
tons [1]. Fluoroquinolones exert antimicrobial effects by inhibiting treatment of gram-positive and gram-negative bacteria [4], and
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sulfamethoxazole is one of the most frequently detected contaminants in
wastewater [5]. Diaminopyrimidines function similarly to sulfonamides
by inhibiting bacterial DNA synthesis. Trimethoprim (TMP), the first
diaminopyrimidine developed, is applied in combination with sulfa-
methoxazole (SMX) in a 5:1 ratio (SMX:TMP) since 1968 due to its
synergistic bactericidal properties [6]. The “Comprehensive Antibiotic
Resistance Database” documented the emergence of 30 unique TMP
resistance genes in aquatic environments [7]. Previous studies have
indicated that environmentally relevant concentrations (ng to pg L) of
those classes have caused toxic effects in freshwater species [8].

Anaerobic biodegradation has proven to be an efficient mechanism
for micropollutant removal (from ng to pg L) in urban wastewater, as
microorganisms can remove excess organic carbon, nitrogen, and
phosphorus [9]. Anaerobic bioreactors have been used for decades
worldwide, showing great applicability for the treatment of different
effluents, such as sanitary sewage and wastewater from slaughterhouses
and the food and dairy industries [10].

The diverse configurations of anaerobic bioreactors emphasize the
importance of those designed to retain biomass on support materials,
known as anaerobic fixed-bed bioreactors (AnFBR). Support material
facilitates the formation of a microbial biofilm, where pollutant removal
is achieved via biodegradation and biosorption [11]. The primary
benefit of AnFBR is the facilitation of high cell retention times, which
enables elevated microbial concentrations alongside low hydraulic
retention times (HRT) [12], which helps develop slow-growing micro-
organisms, resulting in a diverse microbial community [13]. Moreover,
the mass transfer by convection and diffusion in AnFBR is influenced by
the hydrodynamic conditions of the surrounding fluid, including the
fluid velocity, the particle diameter, and the physical properties of the
fluid. The mass transfer coefficient through the fluid layer is directly
proportional to the applied HRT and the increase in the Reynolds
number of the system [11].

AnFBR are categorized into anaerobic bioreactors featuring struc-
tured fixed-bed (AnSTBR) and those with packed fixed-bed (AnPBR)
[13]. Mockaitis et al. [14] are considered pioneers in using AnSTBR,
employing polyurethane foams as support for biomass and evaluating
cadmium toxicity in the anaerobic biodegradation of lab-made waste-
water. Cunha et al. [15] employed AnSTBR and polyurethane foams for
treating lab-made mine acid drainage. Carneiro et al. [16] compared the
performances of AnSTBR and AnPBR using polyurethane foams in the
removal of ciprofloxacin and sulfamethoxazole in lab-made wastewater.

AnFBR demonstrate versatility and capability, making them suitable
for evaluating the removal performance of fluoroquinolones, sulfon-
amides, and diaminopyrimidines antibiotics in wastewater. Assessing
flow patterns is essential for establishing the impact of flow variations
on the behavior of the microbial community and, consequently, on the
biodegradation of antibiotics. However, a critical and often overlooked
aspect in optimizing AnFBR for antibiotic removal is hydrodynamics.
The impact of different flow (e.g., plug-flow vs. continuous-stirred), as
well as deviations from hydrodynamic idealities, on antibiotic removal
efficiency, the microbial community, and the resulting ecotoxicity of
treated effluents remains insufficiently explored.

Despite numerous studies indicating that antibiotics at environ-
mentally relevant concentrations (ng — pg L™1) do not substantially
hinder organic matter removal in anaerobic bioreactors and can be
partially eliminated via adsorption and biodegradation, most research
implicitly presumes ideal or equivalent hydraulic behavior of bio-
reactors. Thus, the impact of hydrodynamic conditions on antibiotic
behavior, elimination processes, microbial selection, and ecotoxicolog-
ical risk is inadequately understood. The impact of departures from
hydraulic ideality—such as dead zones, axial dispersion, and short-cir-
cuiting—on antibiotic-biomass interactions has been inadequately
explored. Addressing this disparity is essential, since anaerobic bio-
reactors with comparable organic matter removal efficiencies may
demonstrate fundamentally distinct performances in antibiotic attenu-
ation and environmental safety. This study aimed to enhance existing
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information by directly connecting reactor hydrodynamics to antibiotic
removal mechanisms, microbial activity, and post-treatment ecotoxicity
in anaerobic fixed-bed bioreactors functioning under varying flow
regimes.

2. Materials and methods
2.1. Target antibiotics

The 12 target antibiotics investigated were ciprofloxacin (CIP),
enrofloxacin (ENR), norfloxacin (NOR), ofloxacin (OFL), pefloxacin
(PEF), sulfacetamide (SCT), sulfadiazine (SDZ), sulfadimethoxine (SDX),
sulfamerazine (SMR), sulfamethazine (SMZ), sulfamethoxazole (SMX),
and trimethoprim (TMP), all of them purchased with high purity per-
centages (> 98%) from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Qperational conditions

2.2.1. Lab-made wastewater and anaerobic sludge

Lab-made wastewater with a chemical oxygen demand (COD) of
approximately 600 mg L™! was generated (Table S1). Anaerobic sludge
sourced from an upflow anaerobic sludge blanket (UASB) reactor pro-
cessing poultry slaughterhouse wastewater, characterized by total vol-
atile solids of 25.07 + 1.85 gTVS L™}, served as the inoculum.

2.2.2. Configuration and operating conditions of anaerobic fixed-bed
bioreactors

The treatment system consisted of two bench-scale acrylic reactor
configurations: a PF-AnFBR and a CS-AnFBR, both using polyurethane
foam (92% porosity, 23 g L ! apparent density, and 43.8 m? g~! specific
surface area [17] as a support medium for anaerobic biomass immobi-
lization (Fig. S1). PF-AnFBR (2.20 L) used vertical polyurethane foam
strips (84.8% bed porosity; 15.9 g foam). CS-AnFBR (1.90 L) used 1 cm
foam cubes (58% porosity; 7.4 g foam).

Prior to the start-up of PF-AnFBR and CS-AnFBR operations, the
support media were inoculated with granular anaerobic sludge. The
support media were inoculated with granular anaerobic sludge
following the methodology by Zaiat et al. [18]. The bioreactors' opera-
tion lasted 145 days and was divided into phases according to three
distinct flows, namely, Phase 1 (49 days, 122 + 4.24 mL h™1), Phase 2
(45 days, 162.5 + 6.36 mL h’l), and Phase 3 (51 days, 244 + 8.49 mL
h™1), respectively.

2.3. Experimental methods

2.3.1. Residence time distribution assessment

To determine the reactor flow patterns, hydrodynamic tests were
conducted using an NaCl solution (10.0 g L’l) as a tracer, introduced as
a step input. The concentration of dissolved particles in the effluent was
continuously monitored with the use of a conductivity sensor that was
attached to a data-gathering system called Vernier CON-BTA and the
software Logger Lite 1.6.1 (Vernier Software & Technology) was utilized
to collect data, and the results were analyzed in accordance with Lev-
enspiel [19].

The residence time distribution (RTD) analysis was performed
varying the nominal hydraulic retention time (HRT}) of the bioreactors.
For the CS-AnFBR, HRT; of 9.26 h (122 + 4.24 mL h™!), 6.95 h (162.5

+ 6.36 mL h™!) and 4.63 h (244 + 8.49 mL h™ 1) were assessed, corre-
sponding to Phases 1, 2, and 3, respectively. For the PF-AnFBR, HRT;, of
15.0h (122 £ 4.24 mLh™1),11.22 h (162.5 + 6.36 mLh~!) and 7.48 h
(244 + 8.49 mL h™!) were evaluated, corresponding to Phases 1, 2, and
3, respectively. Data analysis included the construction of the normal-
ized curve F(t), according to Eq. 1. The RTD curve E(t) was obtained by
differentiation of Eq. 1, according to Eq. 2. The real HRT (t;) of the
bioreactors was calculated according to Eq. 3. The dimensionless time
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(0) (Eg. 4) and the dimensionless RTD curve E(0) (Eq. 5) were calculated.

F(t) = c (€]
U @
tm = /mtoE(t)dt 3)
0
t
0= = 4
E(0) = t, @ E(t) 5)

where C(t) represents the tracer concentration at time t, and Cp,x de-
notes the maximum tracer concentration (mg L.

The E(0) curves, obtained for the CS-AnFBR and PF-AnFBR were
fitted to the tanks in series (TIS) (Eq. 6) and axial dispersion (AxD) (Eq.
7) models, respectively. Calibration was performed with the aim of
estimating the number of tanks (N) and the Peclet (Pe) number, for the
TIS and AxD models, respectively. The volume of dead zones (Vq) was
calculated based on the value of t;; obtained in the hydrodynamic assays
and HRT, applied in the bioreactors, according to Eq. 8 [20]. The
presence of hydraulic short-circuiting (Z.) was assessed by the relation
of the time of first appearance of tracer in the effluent (peak) and the ty,,
applying Eq. 9 [21].

N0
E(0) = Nme (6)
E(0) = ! exp| — a-oy )
@em/pe T|  a/pe
vd:vw.(ng‘T) ®
tp
z.-2 ©

where V,y is the working volume (L), HRT,, is the nominal HRT applied in
the reactor (h), and t,, is the time of peak of the E(t) curve.

The quality of the fitting between the experimental data and the TIS e
AxD models was evaluated with the normalized root mean squared error
(NRMSE, Eq. 10).

1 mf ?7 Cex ti - c:sim ti7 2
NRMSE — \/m-nZkflz(El( 7p(c ) (ti.p)) ©100 10)

where m is the number of variables measured (in this case, m = 1), n is
the number of experimental data points, Cexp and Csim are the experi-
mental and simulated values of tracer concentration, p is the calibrated
parameter and Cpax and Cpjp are maximum and minimum values of
experimental tracer concentration.

2.3.2. Analytical chemistry

The system performance was assessed through physicochemical an-
alyses of influent and effluent samples from the bioreactors, according to
the methodologies outlined in APHA [22] - pH (4500-H+ B), COD
(5220-D), and suspended solids (2540-E). Alkalinity was quantified by
the titration method of Ripley et al. [23] and volatile fatty acids were
assessed via gas chromatography with a flame ionization detector (GC-
FID) following the Adorno et al. [24] methodology. All the tests were
conducted on triplicate.

The concentrations of the 12 antibiotics were quantified through a
column-switching online solid-phase extraction integrated with liquid
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chromatography/tandem mass spectrometry (SPE-LC-MS/MS: Agilent
1200 LC series and AB SCIEX QTRAP 5500), in accordance with the
methodology developed by Lima Gomes et al. [25]. The calibration
curves for the antibiotics were built on the antibiotic-free matrix for
ensuring accuracy and precision. Three transitions were examined for
each analyte, and the most significant fragment was selected for meas-
urement—the remaining ones served a confirming function. The
detection limits and transitions monitored for each antibiotic are
detailed in Table S2. Every test was carried out in triplicate.

2.3.3. Acute ecotoxicity analysis

Allonais inaequalis, Ceriodaphnia silvestrii, and Chironomus sancticaroli
species were cultured according to Castro et al. [26], ABNT [27], and
Corbi et al. [28] methodologies, respectively (Section 3, Supporting
Information). The species were chosen based on their representation of
unique ecological functions in the aquatic ecosystem. Wastewater
samples were collected from the bioreactors and diluted at proportions
of 1%, 6%, 12%, 25%, and 50% as a water medium of exposure, which
represents natural dilution scenarios during discharge [29]. The 100%
treatment was undiluted and represented the raw sample.

For A. inaequalis assays, Corbi et al. [30] and Castro et al. [26]
methodologies were used. Each replicate (triplicate) had six 4-6 mm
individuals randomly distributed throughout the treatments. Each
replicate containing 240 mL of water medium and 60 g of autoclaved
fine sand. A. inaequalis species were fed with 2 mg of macerated Tetra-
Min® per replicate. Similarly, triplicate controls contained six in-
dividuals, 240 mL culture water, 60 g autoclaved fine sand, and 2 mg
macerated TetraMin®. Assays were maintained at 25 + 1 °Cwitha 12h
light/12 h dark photoperiod. After 96 h, mortality rates were obtained
by counting survivors.

The C. silvestrii assays followed ABNT [27]. Five neonates under 24 h
old were randomly distributed among the treatments per replicate
(triplicate) containing 30 mL water medium. Controls (triplicate)
contain five neonates per replicate and 30 mL culture water. The assays
were kept at 27 °C and for a 12 h light/12 h dark photoperiod. After 48
h, immobility rates were determined by counting the mobile individuals.

The C. sancticaroli assays were followed Fonseca [31] and OECD [32]
methods. Six larvae of III-IV instars were randomly distributed among
the treatments (triplicate), containing 240 mL of water medium and 60 g
of autoclaved fine sand and fed with 2.5 mg of macerated TetraMin® per
replicate. Controls (triplicate) contain six individuals, 240 mL culture
water, 60 g autoclaved fine sand, and 2.5 mg macerated TetraMin®. The
assays were maintained at 25 + 1 °C and for a 12 h light/12 h dark
photoperiod. After 96 h of exposure, mortality rates were determined by
recording the living individuals. All toxicity assays were performed
twice.

2.3.4. Statistical analysis

A Shapiro-Wilk test was applied to verify the samples normality.
Subsequently, a t-test was performed to evaluate the COD and 12 anti-
biotics removal efficiencies in PF-AnFBR and CS-AnFBR operation,
which the bioreactors' performance was considered statistically different
when p < 0.05. In addition, a one-factor ANOVA test (Welch) analyzed
the differences in the HRT, applied to average COD and antibiotics
removal. The significant difference in this HRT, was indicated by p <
0.05. These statistical analyses were conducted using JAMOVI 2.3.28
software.

Regarding the acute ecotoxicity analysis, significant differences in
mortality or immobility rates of species between treatments and controls
were investigated using the Kruskal-Wallis test, followed by a multiple
comparison test of p-values, after checking the data normality by
Shapiro-Wilk test. The lethal concentrations of the samples on 50%
(LC50 or EC50) of the exposed individuals were obtained from R 3.5.0
software, and the reduction or increase in toxicity was estimated from
the difference between effluent and influent. The statistical treatment
was performed in Statistica 10.0 software.
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2.4. Microbial community analysis

2.4.1. DNA extraction and testing
The sequencing analysis was performed at the end of the PF-AnFBR

and CS-AnFBR to guarantee representative microbiological character-
ization. Biomass samples adhered to the fixed-bed bioreactors were
repeatedly rinsed with distilled water and subsequently sieved to elim-
inate the support material. The “Qiagen DNeasy PowerSoil Pro Kit” from
Thermo Fischer (Hilden, Germany) was used for the genomic DNA
extraction. The “DNeasy PowerSoil Pro Kit Handbook” manufacturer's
protocol was followed using the solutions provided by the kit and the
instructions for extraction. The DNA concentration in ng pL~! was
subsequently determined by aliquoting each sample (2.0 pL) and
quantifying it using a Thermo Scientific NanoDrop 2000 spectropho-
tometer. All samples exceeded the minimum recommended level of 30.0
ng pL.~! [33]. Afterwards, samples were stored at —20 °C until analysis.
The method was previously described by Cottorello-Fonséca et al. [34].
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2.4.2. Amplicon sequencing and bioinformatics analysis
The genomic DNA samples from the bioreactors were sent to
ByMyCell laboratory (Ribeirao Preto/SP, Brazil), where massive
sequencing of the 16S rRNA gene in V3-V4 regions of the gene was
performed on an Illumina PE250 platform and a basic bioinformatics
analysis was conducted for taxonomy and metabolism prediction The
DNA samples were prepared for amplicon library amplification, then the
marker gene was amplified with 341F/806R [35] and 515F/806R [36].
The sequences were processed on the Qiime2 Platform and the readings
were mapped against the reference 16S rRNA database (Silva 138 99%
ASV full length of sequences). The functional potential of the microbial
community was analyzed using PICRUSt2 (Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States), with the results
predicted using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database for the prediction of metabolic pathways. The complete
sequencing dataset supporting these findings has been deposited in the
NCBI Sequence Read Archive under BioProject reference number
PRJINA1229479 (samples SAMN47130392 to SAMN47130395) (Section

6, Supporting Information).
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3. Results and discussion
3.1. Reactor hydrodynamics

The F(t) and E(0) for the CS-AnFBR revealed distinct hydrodynamic
patterns depending on the operating condition (Fig. 1). Table 1 sum-
marizes the main hydrodynamic parameters obtained in the calibration
of the CS-AnFBR. In all cases, the TIS model was able to adequately
reproduce the experimental curves, with NRMSE ranging between 6.0
and 8.7%.

At 9.26 h HRT), the system exhibited behavior consistent with two
ideal bioreactors in series (N ~ 2). The E(0) curve presented a moderate
dispersion around the mean residence time, with a relatively symmetric
peak (t, = 0.83 h). As the HRT,, decreased to 6.95 h, the reactor main-
tained N ~ 2, but the E(0) curve became more asymmetric, with an
earlier peak (t, = 0.43 h), indicating a higher degree of short-circuiting
(Zc = 0.23). At 4.63 h HRT;, the model adjustment indicated N = 3,
suggesting a higher degree of axial mixing. In this condition, E(0) peak
shifted to later times (t, = 0.81 h), and Z. markedly increased to 0.61.
This finding indicated that under high flow rates, part of the fluid
bypassed the main reactor volume, leading to a less uniform RTD.

The analysis of V4 and Z. offered more information about the non-
idealities of the CS-AnFBR. The estimated V4 ranged from 0.59 to
0.80 L, representing approximately 54-72% of the total reactor capacity.
Such values were high compared to the theoretical expectation of
negligible stagnant zones in well-mixed systems. The presence of these
regions could be attributed to the internal configuration of the fixed-bed
reactor, where flow channeling around the packing material and local-
ized areas with limited fluid exchange may occur. These stagnant zones
reduced the effective working volume, leading to discrepancies between
HRT, and t, [37].

Short-circuiting effects were also evident, with the index increasing
markedly from 0.20 at 9.26 h to 0.61 at 4.63 h. This progressive increase
indicated that, under shorter HRT,, a significant fraction of the influent
bypassed the bulk liquid phase, reaching the outlet with minimal contact
time. Such behavior was consistent with the sharper, earlier peaks
observed in the E(0) curves at intermediate HRT,, and the shift toward
more asymmetric RTD profiles. Short-circuiting undermines the homo-
geneity of the flow and reduces the efficiency of substrate-biomass
interaction, as part of the influent could not be effectively treated
within the reactor volume [38].

The combined influence of dead zones and short-circuiting high-
lighted the sensitivity of the CS-AnFBR hydrodynamics to operational
conditions. While the fixed-bed design promoted biomass retention, it
simultaneously introduced structural heterogeneities that impaired
ideal operation. From a process engineering standpoint, these non-
idealities suggested that the reactor could exhibit reduced resilience to
load fluctuations and a diminished capacity for full pollutant degrada-
tion under reduced HRT,. Nevertheless, identifying and quantifying

Table 1
Hydrodinamic parameters obtained with the calibration of TIS and AxD models
for the CS-AnFBR and PF-AnFBR.

CS-AnFBR
HRT, (h) tm (h) N Vq (L) Z t, (h) NRMSE (%)
9.26 4.26 2.0 0.59 0.19 0.83 7.63
6.95 1.90 2.0 0.79 0.22 0.43 8.67
4.63 1.34 3.0 0.78 0.60 0.81 6.04
PF-AnFBR
HRT, (h)  tm(h)  Pe Vq (L) Z t, (h) NRMSE (%)
15.0 14.6 1111.06  0.04 1.05 154 6.04
11.22 11.1 1101.01 0.02 .03 11.4 4.69
7.48 7.48 1084.63  0.0001 1.06 7.93  6.31
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these deviations is essential for the development of reliable reactor
configurations and for the optimization of reactor design and operation
[37].

Fig. 2 shows the experimental and simulated F(t) and E(0) curves
obtained for the PF-AnFBR under different HRT,. Table 1 summarizes
the main hydrodynamic parameters obtained in the calibration of the
PF-AnFBR with the AxD model. The F(t) displayed a sharp step-like
behavior, and the corresponding exit age distributions E(6) were char-
acterized by narrow peaks centered close to the mean residence time,
consistent with plug-flow behavior [19]. The AxD model provided an
excellent fit to the experimental curves, with NRMSE values consistently
below 6.5%.

At 15.0 h HRT), the system exhibited a very low dispersion coeffi-
cient (D/uL = 0.0009) and a corresponding Peclet number above 1100,
indicating minimal axial mixing. The E(0) curve in this condition was
highly concentrated, with a peak at t, = 15.4 h. Similar results were
observed at intermediate (11.22 h, t, = 11.4 h) and short (7.5 h, t, =
7.95 h) HRT,,. In all cases, the model adjustment yielded Peclet numbers
above 1000 and D/uL = 0.0009, indicating a stable hydrodynamic
regime across operational conditions. The peaks of the E(0) curves
remained sharp and centered at the t, with only slight broadening at
lower HRT},.

The calculated V4 was practically negligible (0.0001-0.045 L, <
2.38% of the total volume), which contrasted with the CS-AnFBR.
Likewise, the short-circuiting index remained close to unity under all
conditions (1.03-1.06), further confirming the absence of preferential
flow paths or significant bypassing [39]. Together, these parameters
demonstrated that the PF-AnFBR operated under highly ideal plug-flow
conditions, ensuring that the entire influent stream was uniformly
exposed to the biomass bed.

From a process perspective, the nearly ideal hydrodynamics of the
PF-AnFBR provided a longer and more homogeneous contact time be-
tween substrate and biomass compared to the CS-AnFBR. This is
particularly advantageous under reduced HRT;, as the uniform flow
reduces performance losses and enhances reactor stability. The clear
contrast between the two systems highlights the role of reactor config-
uration in determining hydraulic efficiency and its implications for
pollutant removal.

3.2. Organic matter and antibiotic removal

After assessing sample normality with the Shapiro-Wilk test, statis-
tical analysis revealed significant differences (p < 0.05) in COD removal
among the bioreactors. PF-AnFBR removed 96.2% COD, whereas CS-
AnFBR managed 94.2%. Checking variations in the HRT, administered
concerning the average COD removal, a statistically significant differ-
ence was evident in the HRT;, used for COD removal in both bioreactors,
indicated by a p < 0.05. Regarding the HRT;, applied, PF-AnFBR showed
p =0.003, whereas CS-AnFBR obtained a p-value <0.001. Moreover, the
bioreactors subjected to a higher HRT,, exhibited the highest average
COD removal efficiency. The efficiency of PF-AnFBR was 97.8 + 1.85%,
whereas that of CS-AnFBR was 96.5 + 2.31% (Fig. S2).

Considering the decrease in HRT, a consequent decrease in COD
removal efficiency in the bioreactors was expected. However, this
behavior was not observed for both PF-AnFBR and CS-AnFBR (Table S3).
The sustained high average COD removal efficiency in the PF-AnFBR
and CS-AnFBR bioreactors results from the anaerobic microbial com-
munity's metabolic processes, which effectively convert organic matter
into intermediate compounds, including volatile fatty acids, and sub-
sequently into methane. The pH stability maintained between 7 and 8
during bioreactors operation (Tables S7 and S8) provided a conducive
environment for methanogenic archaea performance.

Nachaiyasit and Stuckey [40] examined the effects of variations in
influent load by isolating changes in HRT and COD within a compart-
mentalized anaerobic reactor, addressing the discrepancies in these ef-
fects. While an increase in COD influent could modify the kinetics of
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Fig. 2. Normalized curve F and exit age curve E(0) for the PF-AnFBR, including experimental measurements (black dashed line) and simulated data using the AxD
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biochemical reactions and intensify mass transfer processes, the authors
highlighted that variations in HRT lead to hydrodynamic changes that
elevate the load. This, in turn, affects the distribution of microorganisms
within a biofilm, the extent of reactor mixing, and shear forces. More-
over, the alterations may influence electron transfer between species.
Different HRT in anaerobic bioreactors can modify microbial com-
munity performance, altering biomass groups selection [41]. Arcand
et al. [42] noted that in a UASB reactor processing synthetic wastewater,
an increase in organic loading coupled with a reduction in HRT en-
hances the activity of bacteria that metabolize organic acids, while
simultaneously decreasing the activity of acidogenic bacteria that uti-
lizes glucose. Carneiro et al. [12] observed that while utilizing three
distinct HRTs of 12, 8, and 4 h, the average COD removal for the 12- and
8-h HRTs did not exhibit significant variation, remaining at 94.0% and
95.0%, respectively. Nevertheless, with an HRT of 4 h, the COD removal
decreased to 87.5%.
Anaerobic biodegradation initiates at the biofilm-liquid interface and
progresses inward through the porous support material, governed by substrate
diffusion and microbial stratification within the biofilm matrix [14]. The

presence of porous materials, such as polyurethane foams used in PF-
AnFBR and CS-AnFBR, facilitate thin-layer diffusion by increasing the
effective surface area and promotes the growth of microbial biomass and
mass transfer by diffusion. Moreover, in fixed-bed bioreactors, the cell
retention time is independent of HRT, which can alter the responses of
the microbial community, and influence the selection of microorganism
groups. CS-AnFBR contained a packed bed with a randomly distributed
support material, which could lead to dead zones and bed clogging.
Instead, PF-AnFBR had the bed reaction parallel to the flow stream,
increasing bed porosity and minimizing preferential flow paths and
clogging [14,43]. These characteristics may explain the greater effec-
tiveness of PF-AnFBR in removing antibiotics, especially the sulfon-
amides and diaminopyrimidines (Fig. 3).

As shown in Table S3, the PF-AnFBR operated at the highest HRTn
(15.0 h) achieved complete removal of TMP and CIP, as well as high
removal of SMX (83.3 + 13.4%) and ENR (81.3 + 7.04%). Similarly,
under the highest HRTn applied to the CS-AnFBR (9.26 h), complete
removal of ENR (100 + 0.00%) was observed, accompanied by sub-
stantial removal of SMX (79.5 + 16.2%) and TMP (81.3 + 8.30%). In
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Fig. 3. Boxplot of antibiotics removal efficiency in PF-AnFBR (al, a2, and a3) for the 15.0, 11.22 and 7.48 h HRT,, applied and CS-AnFBR (b1, b2, and b3) for the

9.26, 6.95 and 4.63 h HRT,, applied. Values described in detail in Table S3.
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contrast, SCT exhibited negative removal efficiencies in the CS-AnFBR at
all evaluated HRTn conditions, indicating either insufficient biodegra-
dation or the occurrence of desorption phenomena from the reactor
biofilm during operation.

A reduction of the HRT}, to 11.22 h in PF-AnFBR resulted in enhanced
removal efficiencies of several antibiotics, e.g., ENR (88.9 + 17.6%),
NOR (72.9 + 13.0%), PEF (81.7 + 9.10%), and SMX (86.1 + 9.03%).
Likewise, the reduction of the HRT,, to 6.95 h in CS-AnFBR demonstrated
improved elimination of NOR (78.3 + 5.26%), PEF (81.7 + 9.54%),
SMR (22.3 + 15.0%), and SMX (86.3 + 7.78%), suggesting that
moderately lower HRTn values favored the removal of selected fluo-
roquinolones and sulfonamides. At the minimum HRT,, (7.48 h) for PF-
AnFBR, the reactor demonstrated the highest overall antibiotic removal,
achieving complete elimination of CIP and TMP and significantly
enhanced efficiencies for SMX (97.5 £ 3.21%), SDZ (70.0 £ 23.6%),
SDX (70.2 + 21.0%), SMR (70.1 + 22.4%), and SMZ (68.5 + 24.6%). In
the CS-AnFBR, enhanced removal at 4.63 h was noted for CIP, SDZ, SMR,
SMZ, and SMX.

Statistical analysis validated significant disparities in antibiotic
elimination among the bioreactors. After assessing sample normality
with the Shapiro-Wilk test, a t-test (95% confidence level) revealed no
statistically significant difference just for OFL removal (p = 0.175). The
PF-AnFBR exhibited markedly superior removal efficiencies for CIP,
PEF, SCT, SDX, SDZ, SMR, SMX, SMZ, and TMP, while the CS-AnFBR
demonstrated enhanced performance for ENR and NOR.

The impact of HRT, on antibiotic removal was then evaluated using
one-way ANOVA (Welch). In the PF-AnFBR, the removal of CIP, SCT and
TMP did not exhibit significant variation between 7.48 and 15.0 h,
however PEF removal was notably influenced by HRT,, achieving
maximum efficiency at 11.22 h. The removal of SDZ, SMR, SMX, and
SMZ was markedly improved at 7.48 h, but the removal of SDX was not
significantly affected by HRT},. In the CS-AnFBR, statistically significant
differences among HRT, were noted, with the maximum removal effi-
ciency for ENR at 9.26 h and NOR occurring at 6.95 h.

The hydrodynamic characteristics of the surrounding fluid, including
fluid velocity, particle diameter, and physical parameters, affect mass
transfer by convection and diffusion in fixed-bed bioreactors. As
mentioned in item 3.1, applying the lowest value of HRT, (4.63 h)
resulted in the highest axial agitation in the CS-AnFBR. However, Vg,
which was 54-72% of the reactor capacity, and Z., 0.20-0.61, deviated
from ideality. Despite the deviations from ideality, it can be inferred that
the increase in flow rates for the CS-AnFBR and the flow configuration
may have facilitated an increased number of adsorption-free sites in the
anaerobic biomass, since antibiotics with high adsorption potential,
such as fluoroquinolones, are removable in CS-AnFBR. This study
examined fluoroquinolones with carboxylic acid and a piperazinyl het-
erocyclic group, and furthermore, their high molecular weight indicated
resistance to hydrolysis, making adsorption a feasible method for
anaerobic removal [44].

Fluoroquinolones have high solid-liquid partition coefficient (Kp)
and sorption rate constant of antibiotic (ks,) values, indicating a high
affinity for adsorption, contributing to electrostatic interactions with the
microbial biofilm, cation exchange, and cationic bridging [34,45].
Cottorello-Fonséca et al. [34] reported that fluoroquinolones (e.g., ENR,
NOR, OFL, and PEF) had very high ke, values (100-104 L gTSS™! d™1)
and comparatively high Kp values (0.19-0.65 L gTSS™)), indicating a
robust affinity for solid-phase adsorption. In contrast, sulfonamides (e.
g., SCT, SDX, SMX, SMZ) and TMP exhibited significantly lower Kp
(0.01-0.09 L gTSS™) and ke (27-28 L gTSS™! d™1), indicating that
adsorption is not the primary mechanism of their removal.

Based on hydrodynamic data (item 3.1), the PF-AnFBR demonstrated
operational stability at all applied HRT,, with low D/u.L (< 0.001) and
Pe above 1000. Moreover, the deviations from ideality could be
neglected, with Vg4 representing less than 2.5% of the total reactor vol-
ume and Z. values close to 1.0 indicating the absence of preferential
paths. Thus, the near-ideal plug-flow conditions of the PF-AnFBR, with
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minimum axial dispersion and no short-circuiting, extended and uni-
form substrates-biomass contact time and facilitated biodegradation
pathways, which sulfonamides and TMP, characterized by low Kp, values
and weak sorption affinity, exhibited significantly higher removal in the
PF-AnFBR (Table S3). Aromaticity and electronegativity affect sulfon-
amide adsorption and ionization, while pyrimidine, dimethylpyr-
imidine, and dimethoxypyrimidine increase the Freundlich constant
(kp), affecting adsorption [46].

Since SCT and SMX lack aniline, their removal differed. The initial
reaction generates nitroso and nitro-substituted sulfonamide by trans-
ferring electrons between SO+~ and the aromatic amine [34]. Sulfon-
amide bioactivity can be lost by amine oxidation. When reactive oxygen
species are abundant, the nitro-substituted sulfonamide S—C bond
breaks. The intermediates break down into mineral acids, inorganic
anions, CO2, and H20 when the ring opens [47]. Both aniline and py-
rimidine and one acidic group make up sulfonamides SDX, SDZ, SMR,
and SMZ. SO.~ hits the electron donor aniline first, and hydrogen
transfer in the sulfonamide starts cleavage after electron transfer.
Biodegradation produces sulfanilic acid and 4-amino-2,6-dimethoxypyr-
imidine after cleavage, and SMX and SCT, which lack aniline, deterio-
rate slower [48].

In Fig. 3, only SCT was not removed efficiently in CS-AnFBR. PF-
AnFBR achieved above 30.0% SCT removal efficiency. Oliveira et al.
[41] treated swine wastewater utilizing the horizontal anaerobic reactor
with immobilized biomass (HAIB) and a 24 h HRT for removing organic
matter and SMZ. The authors attributed negative SMZ removal effi-
ciency ratings to the release of antibiotics from the sludge. Therefore,
the negative removal efficiencies observed for SCT in the CS-AnFBR
could be attributed to the release of previously adsorbed antibiotics
from the biomass or support material, a phenomenon exacerbated by the
hydrodynamic irregularities (e.g., channeling and dead zones) in this
reactor configuration. In contrast, the stable plug-flow conditions of the
PF-AnFBR likely prevented such release, resulting in positive removal.

The differing behaviors noted among bioreactors functioning under
various hydrodynamic regimes (Table S3) indicate that reactor hy-
draulics had a more significant impact on antibiotic destiny than in-
teractions between antibiotics. The CS-AnFBR facilitated the exposure of
new adsorption sites, advantageous for fluoroquinolones, while the PF-
AnFBR encouraged a uniform residence time distribution and prolonged
biofilm interaction, hence improving co-metabolic biodegradation of
low-Kp compounds. This suggests that biodegradation, rather than
adsorption, controlled sulfonamides and TMP elimination, and that
fluoroquinolones did not significantly impede these processes.

3.3. Acute ecotoxicity assessment

Fig. 4 illustrates the mortality (A. inaequalis and C. sancticaroli) and
immobility (C. silvestrii) rates after PF-AnFBR and CS-AnFBR influent
and effluents exposures. The PF-AnFBR (HRT, = 11.22 h) and CS-AnFBR
(HRT, = 4.63 h) effluents exhibited the lowest toxicity values for
A. inaequalis, recorded at —5.30 and — 0.08, respectively, when assess-
ing 50% of the individuals exposed to the influent and effluent of the
bioreactors across the three HRT;, (Table S4). Exposure to PF-AnFBR and
CS-AnFBR effluents under all HRT,, increased C. silvestrii immobility.
Concerning C. sancticaroli, the quantification of lethality was not
feasible; however, as shown in Fig. 4, the species showed the lowest
mortality rates when subjected to effluents from the bioreactors
compared to A. inaequalis and C. silvestrii.

The mortality rate of A. inaequalis exposed to reactor influent sam-
ples ranged from 4.4 + 7.7% at 1% influent to 16.6 + 12.6% at 100%
influent (Fig. 4a). Additionally, studies using 100% effluents from PF-
AnFBR and CS-AnFBR resulted in the highest mortality rates across all
the HRT,, assessed. Significant variations in A. inaequalis mortality rates
were found between 100% influent and 100% effluent treatments, with
the highest HRT,, for both bioreactors (H = 57.32; p < 0.05, Kruskal-
Wallis test). Significant differences (p < 0.05) were observed in the
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Fig. 4. Mortality and immobility rates for aquatic species after exposure to PF-AnFBR and CS-AnFBR wastewater influents and effluents across tested percentages. a)
mortality rates of A. inaequalis in wastewater samples; b) immobility rates of C. silvestrii in wastewater samples; c¢) mortality rates of C. sancticaroli in wastewater
samples. Note: Values expressed as average and standard deviation. *Represents treatments that showed significant differences compared to the control (multiple
comparison test of p-values).
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effluent samples from PF-AnFBR (100%) and CS-AnFBR (50% and
100%) when compared to the control samples for HRT, of 11.22 and
7.48 h (PF-AnFBR) and 6.95 and 4.63 h (CS-AnFBR).

Statistical analysis revealed significant differences in C. silvestrii
immobility (Fig. 4b). A substantial difference in the 15.0 h (PF-AnFBR)
and 9.26 h (CS-AnFBR) HRT, was found between 100% influent and
control (H = 61.25; p < 0.05), 100% effluent from both bioreactors and
control (p < 0.05), and 50% effluent from PF-AnFBR and control (p <
0.05). The 11.22 h HRT),, for PF-AnFBR revealed significant differences
(p < 0.05) between effluent at 25, 50, and 100% and the control. The
6.95 h HRT,, for CS-AnFBR revealed significant effluent differences at 50
and 100% (p < 0.05). Significant differences were detected between PF-
AnFBR (p < 0.05) and CS-AnFBR effluents (p < 0.05) during the lowest
HRT,, (PF-AnFBR = 7.48 h, CS-AnFBR = 4.63 h).

Regarding C. sancticaroli's acute toxicity (Fig. 4c), the bioreactors'
lab-made wastewater treatment provided positively impacted the sur-
vival of only those species, comparing influent and effluent samples
from PF-AnFBR and CS-AnFBR for all the HRT;, applied. The scenario
reduced species mortality to less than 21% for effluent samples. Signif-
icant statistical differences were observed for the highest HRT; (PF-
AnFBR = 15.0 h, CS-AnFBR = 9.26 h) comparing influent and effluent
samples from bioreactors to the control (H = 50.33; p < 0.05): tests with
25, 50, and 100% influent and control (p < 0.05) and tests with 50%
effluent from both bioreactors and control (p < 0.05). No significant
differences were observed between the effluent samples from the bio-
reactors and the control for the HRT,, of 11.22 h (PF-AnFBR) and 6.95 h
(CS-AnFBR) (H = 21.82; p > 0.05) and 7.48 h (PF-AnFBR) and 4.63 h
(CS-AnFBR) (H = 12.73; p > 0.05).

Results in Fig. 4 indicated that treating lab-made wastewater with
antibiotics in both bioreactors increased A. inaequalis and C. silvestrii
acute toxicity and decreased C. sancticaroli acute toxicity. These
different toxicological results strongly suggest that the treatment process
reduces parent antibiotic concentrations and is likely to generate
transformation products. The enhanced toxicity of A. inaequalis and
C. silvestrii suggested that some of these derivatives may be more haz-
ardous than the original compounds. C. silvestrii is sensitive to florfenicol
and oxytetracycline, even at rare quantities (0.03 to 0.30 mg L™ in
freshwater habitats [49]. Except for Carneiro et al. [50], antibiotic
mixtures have not affected A. inaequalis and C. sancticaroli survival. In
that study, residual concentrations of sulfamethoxazole and ciproflox-
acin caused 100% mortality in A. inaequalis and 100% survival in
C. sancticaroli.

The type of non-target species exposed strongly affects compound-
toxicological interactions [51]. This could explain the lower acute ef-
fects of the treated effluent containing antibiotics on C. sancticaroli
compared to A. inaequalis and C. silvestrii. Naturally, there is a differ-
ential sensitivity among organisms to antibiotics across different mo-
lecular classes [52]. Additive and antagonistic effects were observed of
chlortetracycline, oxytetracycline, and enrofloxacin mixture in Pseudo-
kirchneriella subcapitata, whereas synergistic effects were reported for
mixtures in Ankistrodesmus fusiformis, both green algae species [53].
P. subcapitata showed more sensitive to tetracycline than D. magna under
short-term exposures [54]. Chlorella vulgaris exhibited greater sensitivity
to sulfadimethoxine compared to D. magna and Daphnia similis [55].

Isolated antibiotics at environmentally relevant concentrations
(ranging from ng L™! to pg L™1) are unlikely to induce acute effects in
aquatic invertebrates. However, considering the number of antibiotics
used in combination in the present study, as well as their remaining
concentrations in wastewater influents and effluents, simultaneous ef-
fects enhancing toxic outcomes such as mortality or immobilization
should not be disregarded. This is important because antibiotics are
toxic to bacteria and algae, which are essential for A. inaequalis and
C. silvestrii's nutritional balance and survival, and antibiotics can spread
throughout the food web, affecting species interactions [56].

Chironomids demonstrate a degree of tolerance to chemical pollu-
tion, attributed to their effective antioxidant enzymatic systems, which
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allow for survival in stressful environments [57]. This explains the
relatively low severity of treated samples for the survival of this species.
The formation of potential degradation products post-treatment must
also be considered. Transformation products of sulfamethoxazole and
ciprofloxacin demonstrate greater toxicity to algae, daphnids, and fish
compared to the parent compounds [58]. This aspect may be relevant to
the findings of the current study and warrants further investigation.

3.4. Microbial community characterization

According to the Bacteria Domain taxonomy, PF-AnFBR had 161,545
16S rRNA gene sequences, CS-AnFBR had 153,415, and the inoculum
had 19,364 (Fig. S3a). For PF-AnFBR, CS-AnFBR, and inoculum se-
quences amplicon sequence variants (ASV) 419, 364, and 95 were
created, respectively. The Bacteria Domain ASV showed 78.7% simi-
larity between PF-AnFBR and CS-AnFBR samples, and the reactor sam-
ples compared to the inoculum indicated 22.6% for PF-AnFBR and
24.0% for CS-AnFBR.

CS-AnFBR showed higher ecological diversity (H = 4.17; 1-D = 0.97)
compared to PF-AnFBR (H = 3.73; 1-D = 0.90) and inoculum (H = 3.46;
1-D = 0.95). PF-AnFBR had higher species richness (Chao-1 = 419),
followed by CS-AnFBR (Chao-1 = 364) and inoculum (Chao-1 = 95); all
samples exhibited low dominances (D = 0.10) for Bacteria Domain
(Table S5). The Hutcheson statistical test revealed significant differences
in the samples (p < 0.05). The bioreactors samples exhibit high simi-
larity, high Shannon-Wiener indices (H > 3.50), high Simpson indices
(0.75 < 1-D < 1.00), and low dominance (D < 0.50), while the inoculum
sample exhibits high Shannon-Wiener and Simpson indices (3.00 < H <
3.50; 0.75 < 1-D < 1.00) and low dominance (D < 0.50) [59].

Proteobacteria (53.2% and 18.6%), Firmicutes (11.6% and 32.3%),
Bacteroidetes (7.70% and 8.82%), Spirochaetes (4.17% and 7.45%),
Chloroflexi (3.41% and 13.3%), and Desulfobacteriota (7.55% and
8.21%) were found in PF-AnFBR and CS-AnFBR, respectively, being
common in anaerobic bioreactors and metabolically active [60], and
acting on the co-metabolic biodegradation of aromatic compounds, such
as antibiotics of this study [61,62]. Aeromonas (27.9%) and Pseudomonas
(10.9%) from the Proteobacteria phylum were most prevalent in PF-
AnFBR, whereas Anaerolineaceae UCG-001 (10.5%) and Exiguobacte-
rium (8.30%) from Chloroflexi and Firmicutes were most abundant in
CS-AnFBR.

Aeromonas and Pseudomonas are facultative anaerobic bacteria—the
first one has metabolic capacity for desulfonation [63], and the second
one can cleave aromatic molecules and perform w-oxidation, p-oxida-
tion, and desulfonation using as carbon sources [64]. They also exhibit
resistance and the ability to degrade certain antibiotics, especially in
aquatic environments and wastewater treatment systems. Asghari et al.
[65] isolated genera from the Pseudomonas group from untreated hos-
pital wastewater and observed that P. aeruginosa strains were able to
grow in concentrations of up to 64,000 pg L™} of sulfamethoxazole,
cefotaxime, ceftazidime, and cefixime antibiotics. Moreover, some spe-
cies of Pseudomonas are also recognized for biodegrading sulfonamides
[66]. In Aeromonas strains isolated from wastewater, antibiotic resis-
tance genes (ARGs) were identified in fluoroquinolones, aminoglyco-
sides, p-lactams, and tetracyclines [67]. Additionally, members of the
Proteobacteria phylum are frequently linked to ammonification and the
dissimilatory reduction of nitrate and nitrite, facilitating nitrogen
attenuation via reductive processes [68]. Firmicutes and Bacteroidetes
are associated with the hydrolysis and fermentation of nitrogenous
organic substances, facilitating nitrogen incorporation into microbial
biomass [69].

Anaerolineaceae UCG-001 performs f-oxidation [70], whereas Exi-
guobacterium produces enzymes including alkaline proteases, phospha-
tase, esterase, p-galactosidase, dehydrogenase, and decarboxylase for
degrading complex substances [71]. The genus Exiguobacterium,
composed of gram-positive, motile bacteria widely distributed in
various environments, including extreme and contaminated locations,
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has demonstrated biotechnological potential. E. sp. CAP4, isolated from
the plastisphere, exhibited a high capacity to biodegrade chloram-
phenicol and microplastics [72]. E. indicum was identified among strains
capable of degrading ciprofloxacin in pharmaceutical wastewater [73].

Smithella (7.70%) and Syntrophus (7.30%), Desulfobacteriota genera,
interact syntrophically with archeal methanogens to convert propionate
into methane during anaerobic biodegradation of organic matter
[74,75]. Smithella and Syntrophus, indirectly enable nitrogen and phos-
phorus transformations by sustaining anaerobic redox conditions and
enhancing carbon flow toward methanogenesis [76]. Bacteroidetes
vadinHA17 (9.90%) genus degrades proteins and amino acids in anaer-
obic biodegradation [77]. Fig. 5 displays the genera of bacteria with
over 1.00% abundance in PF-AnFBR, CS-AnFBR, and inoculum samples.

The biomolecular analysis for the Archaea Domain generated 1917
and 8160 sequences of the 16S rRNA gene in PF-AnFBR and CS-AnFBR,
respectively, and 5030 for the inoculum (Fig. S3b). The sequences were
grouped into 17, 11, and 9 ASVs for PF-AnFBR, CS-AnFBR, and inoc-
ulum, respectively. The ASV of the Archaea Domain from PF-AnFBR and
CS-AnFBR showed 64.3% similarity. The similarities between the
reactor samples and the inoculum were 69.2% for PF-AnFBR and 60%
for CS-AnFBR.

The PF-AnFBR sample had greater Shannon-Wiener diversity (H =
1.75) and Simpson (1-D = 0.71) than the CS-AnFBR sample (H = 1.08
and 1-D = 0.58), while the inoculum showed H = 1.26 and 1-D = 0.62.
PF-AnFBR had a higher richness index (Chao-1 = 17) than CS-AnFBR
sample (Chao-1 = 11), while the inoculum had Chao-1 = 9 for the
Archaea Domain (Table S6). D = 0.29 was the dominance index of the
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PF-AnFBR sample, lower than CS-AnFBR sample (D = 0.42) and the
inoculum (D = 0.38). All the samples showed high similarity, low
Shannon diversity (1.00 < H < 2.00), moderate Simpson (0.50 < 1-D <
0.75), and low dominance (D < 0.50) [59]. Hutcheson's analysis
revealed significant differences between the indices (p < 0.05).
Methanothrix (formerly Methanosaeta) [78] and Methanobacterium
were the most frequent genera, with 48.9% and 19.5% in the PF-AnFBR
reactor and 53.2% and 37.2% in the CS-AnFBR, both from the Hal-
obacterota phylum. The genera of archaea in the inoculum are Meth-
anothrix (57.1%), from the phylum Halobacterota, and Methanolinea
(18.7%) and Methanoregula (10.8%), from the phylum Euryarchaeota.
Fig. 6 displays methanogenomic archaea genera with over 1.00%
abundance in PF-AnFBR, CS-AnFBR, and inoculum samples.
Methanothrix is an acetotrophic methanogenic archaeon character-
ized by a half-saturation coefficient (Kg) for that substrate that is lower
than that of other acetotrophic archaea [79], and it exhibits greater
sensitivity to acidity, thriving within a strict pH range of 6.6 to 7.8 [80].
Methanothrix uses various enzymes in acetotrophic methanogenesis,
thus being the main methane producers in anaerobic biodegradation
[70]. Methanolinea, Methanoregula, and Methanobacterium convert car-
bon dioxide (CO2) into methane (CHa) in the presence of hydrogen (Hz)
[81]. Additionally, Methanobacterium is versatile for also using acetate
and formate as substrates and adapts to abiotic stresses, decoding di-
myo-inositol-1,1-phosphate and n-glycerol-1-phosphate [82].
Methanothrix analysis of the inoculum, PF-AnFBR, and CS-AnFBR
exhibited abundances of 57.7%, 48.9%, and 53.2%, respectively, indi-
cating anaerobic bioreactors performance, with a sharp decline
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—> Pseudomonas

—> Anaerolineaceae
UCG-001

- Y Janthinobacterium
> Methylocystis
Cryptanaerobacter

Smithella

L Syntrophus

Bacteroidetes vadinHA17

> Anaerolineaceae (*N.A.)

Others:

PF-AnFBR:44.8%

CS-AnFBR:58.5%

Inoculum: 61.0%

"N.A.: not noted at the genus level.

Fig. 5. Bacteria genera with highest relative abundance for the inoculum and for the samples from CS-AnFBR and PF-AnFBR applied to lab-made wastewater.
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Fig. 6. Archaeal genera with highest relative abundance for the inoculum and for the samples from CS-AnFBR and PF-AnFBR applied to lab-made wastewater.

representing instability in the anaerobic digestion. Carballa et al. [83]

abundance of Methanothrix in the Archaea domain, which has been
claimed stable bioreactors in anaerobic digestion had a higher

confirmed in the present study, indicating that the Methanothrix was the
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Methane metabolism
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E"Vir_onmemal : [ ABC transporters
Information Processing
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Fig. 7. The relative abundance of different microbial metabolic pathways (level 2 for KEGG) in the CS-AnFBR and PF-AnFBR applied to lab-made waste-
water treatment.
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most abundant in the bioreactors. Furthermore, bioreactors pH ranged
from 7.18 £+ 0.22 to 7.62 + 0.31 for PF-AnFBR and from 7.30 + 0.16 to
7.58 + 0.28 for CS-AnFBR (Tables S7 and S8), within the ideal range
(6.6 to 7.8) for Methanothrix growth [80]. The mesophilic conditions
during PF-AnFBR and CS-AnFBR operations were crucial for the
observed dominance of the Methanothrix, as shown in previous research
[84,85].

Hydrogenotrophic methanogenic archaea, the second most abundant
genera, such as Methanobacterium, contributed to maintaining the sta-
bility of the anaerobic reactor. In addition to the acetotrophic meth-
anogenic archaeon Methanothrix, the presence of hydrogenotrophic
archaea was also necessary to maintain the system's hydrogen partial
pressure and stability [74]. Moreover, the efficient use of acetate and
hydrogen prevents the accumulation of fermentation intermediates,
hence maintaining pH levels within the optimal range for microbial
growth and nutrient absorption (Tables S7-S8). The high ecological
diversity (H and 1-D) and richness (Chao-1) and the low dominance (D)
indices observed for the microbial community of both bioreactors
brought stability to the anaerobic digestion process [86].

KEGG orthology levels (Fig. 7) identified significant metabolic
pathways associated with the anaerobic biodegradation of the tested
antibiotics during PF-AnFBR and CS-AnFBR operations. ABC trans-
porters exhibited the highest proportions (PF-AnFBR = 3.17; CS-AnFBR
= 2.96), followed by oxidative phosphorylation, pyruvate metabolism,
methane metabolism, the citrate cycle (TCA cycle), nitrogen meta-
bolism, starch and sucrose metabolism, fatty acid metabolism, and sul-
fur metabolism. The anticipated enhancement of these routes
corroborates the observed biodegradation patterns, especially under
plug-flow settings where prolonged and consistent biomass-substrate
interaction promoted biologically mediated removal processes.

The metabolic pathway of ABC transporters is a recognized mecha-
nism in the biodegradation of fluoroquinolones, sulfonamides, and
diaminopyrimidines, in which intracellular enzymes (e.g., acetate ki-
nase and cytochrome P450) are crucial through hydroxylation, oxida-
tion, and reduction reactions [87]. ABC transporters play a significant
role in substrate uptake, the efflux of toxic substances, and resistance
mechanisms aligning with the prevalence of genera such as Pseudo-
monas, Aeromonas, and Exiguobacterium, which are recognized for pos-
sessing multiple transporter systems linked to antibiotic tolerance and
co-metabolic biodegradation [74]. The oxidative phosphorylation
pathway is related to the f-oxidation of aromatic compounds [88] (e.g.,
the 12 antibiotics of this study). Energy metabolism genes (e.g., methane
metabolism, sulfur metabolism, nitrogen metabolism, oxidative phos-
phorylation, and the TCA cycle) contribute to the antibiotics co-
metabolic biodegradation [89].

Co-metabolic biodegradation is defined as “the transformation of an
organic compound by a microorganism that is unable to use the sub-
strate as a source of energy or of one of its constituent elements” [90]
and is a promising approach for microbial biodegradation of dia-
minopyrimidines, fluoroquinolones, and sulfonamides in the anaerobic
digestion process, which involves all main functional profile inferences
previously observed [61,88,91]. The initial stage of anaerobic digestion,
called hydrolysis, releases hydrolytic enzymes that initiate the co-
metabolic biodegradation. In the acetogenic step, bacteria from the
Firmicutes phylum, which are strict anaerobes, acetogenic, and syntro-
phic, providing acetate, fumarate, and hydrogen for the methanogenic
step [92]. The aromatic compounds biodegradation is related to the
methanogenic stage, in which acetate kinase plays a fundamental role
[88]. It participates in the final stage of acetogenesis in fermentative
bacteria, performing the dephosphorylation of acetyl phosphate to ac-
etate and catalyzes the transfer of ATP to acetate through the phos-
phorylation of acetyl phosphate to acetate [61]. It is fundamental in
methane metabolism and can biodegrade smaller aromatic compounds
(up to 2 rings) [91], such as the 12 antibiotics considered in the current
study.

Some bacteria genera stand out regarding the performance of the
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microbial community in PF-AnFBR and CS-AnFBR when the 12 antibi-
otics are removed. The Syntrophorhabdus genus exhibited relative
abundances of 2.85% (PF-AnFBR) and 4.82% (CS-AnFBR), establishing
an obligatory syntrophic relationship with hydrogenotrophic methano-
genic archaea, thereby degrading aromatic compounds. Syntropho-
rhabdus showed bamA and putative OCH CoA hydrolase genes involved
in aromatic rings biodegradation [93]. Additionally, Pseudomonas
(10.9%), involved in all stages of biodegradation and performing
oxidation, desulfonation, and cleavage of aromatic compounds [64],
were detected in PF-AnFBR.

Antibiotics concentration in lab-made wastewater during bioreactors
operation (10.0 pg L) did not affect their methanogenic activity
negatively, and the archaea assisted in the antibiotic's biodegradation.
As an example, previous studies indicated that the methanogenic ac-
tivity of acetotrophic archaea (Methanothrix and Methanosarcina)
directly contributes to the biodegradation of sulfonamides, and con-
centrations above 40.0 mg L™! of sulfonamides cause the inhibition of
those archaea [61,91,94]. Therefore, the operational conditions,
namely, pH and antibiotic concentration, applied to PF-AnFBR and CS-
AnFBR did not harm the activities of the microbial community, thus
contributing to the co-metabolic biodegradation of antibiotics.

It is important to note that the functional pathways presented are
derived from 16S rRNA gene data utilizing predictive bioinformatics
methods (Fig. 7). This work did not conduct quantitative PCR or tran-
scriptome validation of essential functional genes, such as CYP450
families or ABC transporter genes. Consequently, the data are to be
regarded as suggestive of metabolic potential rather than definitive gene
expression. Nonetheless, the robust correlation among anticipated ac-
tivities, reactor performance, and the extensively documented metabolic
capacities of the predominant species provide mechanistic validation for
the suggested removal pathways. Future research employing qPCR or
metatranscriptomic methodologies is advised to quantitatively validate
the expression and control of these functional genes across varying hy-
drodynamic conditions.

4. Conclusions

This study demonstrated that the hydrodynamic regime strongly
influenced the removal of antibiotics in AnFBR. The PF-AnFBR exhibited
near-ideal hydraulic conditions, with minimal dead zones (V4 < 2.38%)
and short-circuiting (Z. =~ 1.0), as validated by the AxD model (NRMSE
<6.5%). However, the CS-AnFBR exhibited significant non-idealities,
with high dead volumes (54-72%) and notable short-circuiting (Z, =
0.19-0.61), fitting the TIS model well. The superior hydrodynamics of
PF-AnFBR led to enhanced biodegradation, particularly for sulfon-
amides and TMP, which require longer contact with biomass. PF-AnFBR
achieved high removal efficiencies for sulfonamides (47-98%), CIP
(100%), PEF (82%), and TMP (100%). The CS-AnFBR perform better for
certain fluoroquinolones via adsorption (ENR: 100%; NOR: 78%), likely
due to increased turbulence exposing fresh adsorption sites. Both sys-
tems showed similar OFL removal.

Acute ecotoxicity assessments revealed that PF-AnFBR effluent
showed lower toxicity levels on aquatic species compared to CS-AnFBR.
The C. sancticaroli species showed improved survival rates. However,
biodegradation products in the effluents increased toxicity for
A. inaequalis and C. silvestrii species. Microbial analysis showed the
abundance of key bacteria like Pseudomonas and Aeromonas, capable of
cleavage and desulfonation aromatic rings, and Methanothrix archaea
was crucial for system stability and antibiotics co-metabolic biodegra-
dation. The microbial diversity and functional potential predicted (e.g.,
ABC transporters, oxidative phosphorylation), were maintained despite
the antibiotic load.

In summary, this work highlights that reactor hydrodynamics is a
key design parameter for optimizing anaerobic bioreactors for antibiotic
removal. A plug-flow configuration (PF-AnFBR) is recommended to
maximize biodegradation efficiency. However, future designs must also
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incorporate ecotoxicological evaluations to ensure that the treatment
process does not inadvertently increase the toxicological risk of the final
effluent due to the formation of biodegradation products.
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