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Abstract: The removal of enoxacin (ENO), a broad-spectrum fluoroquinolone antibiotic, was firstly
examined in a sulfate-reducing up-flow sludge bed (SRUSB) bioreactor over a long-term opera-
tion (366 days). Over 94% of the ENO was removed in the SRUSB bioreactor via adsorption and
biodegradation at different initial ENO concentrations (i.e., 25-1000 pg/L). Based on the results
of the batch tests, the sulfate-reducing sludge exhibited a high ENO adsorption capacity within a
kq of 22.7-28.9 L/g-SS. The adsorption of ENO by the sulfate-reducing sludge was a spontaneous
(AG® < 0 KJ/mol) and exothermic (AH® < 0 KJ/mol) process including physisorption and chemisorp-
tion (absolute value of AH® = 51.882 KJ/mol). Moreover, ENO was effectively biodegraded by
the sulfate-reducing sludge within specific rates of 2.5-161.3 ug/g-SS/d. The ENO biodegradation
process in the sulfate-reducing sludge system was most accurately described by the first-order kinetic
model. Collectively, our findings provide insight into the applicability of a sulfate-reducing sludge
system for ENO-contaminated wastewater treatment.

Keywords: enoxacin (ENO); adsorption; biodegradation; sulfate-reducing sludge

1. Introduction

Environmental pollution due to the extensive use of antibiotics has recently become
a topic of wide concern [1]. The residue of antibiotics in the environment can facilitate
the transmission of antibiotic resistance genes (ARGs), which pose a serious threat to the
health of both humans and the ecosystem [2,3]. Fluoroquinolones (FQs) account for 17%
of the global market in antibiotic consumption [4], and they are the third largest group of
antibiotics worldwide. Enoxacin (ENO), an oral broad-spectrum FQ, which is commonly
used to treat respiratory and urinary tract infections [5], has frequently been detected in
aquatic environments, including surface water, groundwater and hospital and pharmaceu-
tical wastewaters as well as municipal wastewater treatment plants (WWTPs) [6-9], thus
attracting increasing attention among the scientific community [10,11].

WWTPs are among the major sources of environmental antibiotic pollution [12]. Con-
ventional biological wastewater treatment processes, which show advantages in the re-
moval of organic matter and nutrients, are widely applied in global WWTPs, but they
cannot effectively remove emerging pollutants such as antibiotics [4,12]. Therefore, the
development of a biotechnology to remove organic matter, nutrients and antibiotics is
imperative. Recently, a sulfate-reducing sludge system with inherent advantages (e.g., less
sludge production, low energy consumption and high tolerance toward antibiotics) has
been widely applied, attracting significant attention [13-15]. Moreover, in our previous
study, we found that sulfamethoxazole (SMX) and ciprofloxacin (CIP) can be effectively
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removed via adsorption and biodegradation in the sulfate-reducing sludge system [16,17],
thus demonstrating the potential applicability of sulfur-mediated sludge systems for the
treatment of antibiotic-contaminated wastewater.

Several studies have evaluated the removal of FQ antibiotics (including ENO) in
biological treatment processes [18,19] and reported that adsorption was the main removal
pathway of FQ antibiotics [20,21]. Li and Zhang [22] found that FQ antibiotics were re-
moved by rapid adsorption (above 90%) in an aerobic sludge system in 15 min at an
initial FQ antibiotic concentration of 100 pug/L. Zhou et al. [23] also found that adsorp-
tion was the primary removal route of FQ antibiotics in aerobic, anoxic and anaerobic
methanogenic sludges. Moreover, a 43.8%—-60% FQ antibiotic biodegradation was achieved
in aerobic and nitrifying sludge at initial FQ antibiotic concentrations of 500 ug/L using
batch tests [24]. However, very few studies have characterized the removal mechanisms of
FQ antibiotics (especially ENO) in sulfate-reducing sludge systems including adsorption
and biodegradation [25].

Therefore, this study sought to characterize the removal mechanisms of ENO (physical
and chemical properties of ENO were shown in Table S1) in sulfate-reducing sludge sys-
tems, especially adsorption and biodegradation. Specifically, we examined ENO removal
via a long-term operation of a sulfate-reducing up-flow sludge bed (SRUSB) bioreactor. Ad-
ditionally, a series of batch tests were conducted to investigate the roles and characteristics
of ENO adsorption and biodegradation in a sulfate-reducing sludge system. Moreover,
different models were employed to describe the adsorption and biodegradation kinetics of
ENO in the sulfate-reducing sludge system. Taken together, our findings demonstrate the
potential of sulfur-mediated biological processes for FQ antibiotic-contaminated wastewa-
ter treatment.

2. Materials and Methods
2.1. SRUSB Bioreactor Setup and Operation

A lab-scale SRUSB bioreactor with a working volume of 1.08 L (Figure S1 in the
Supplementary Materials) was seeded with sulfate-reducing bacteria (SRB)-enriched sludge
taken from a mother SRUSB in our laboratory. The bioreactor was fed with the synthetic
wastewater, which contained different concentrations of ENO (i.e., 25-1000 pg/L, according
to ENO concentrations in sewage, pharmaceutical and hospital wastewaters [4,7,8,26])
and continuously operated at a hydraulic retention time (HRT) of 6 h for 366 days. The
characteristics of the synthetic wastewater are shown in Table S2 in the Supplementary
Materials. Specifically, the ENO concentrations were 0 pg/L in Stage 1 (Day 1 to 55);
28.6 = 2.9 ug/L in Stage 2 (Day 56 to 107); 45.6 &+ 1.2 pug/L in Stage 3 (Day 108 to 160);
117.64 £ 5.0 ug/L in Stage 4 (Day 161 to 211); 247.1 & 4.0 pg/L in Stage 5 (Day 212 to 262);
492.1 £ 6.7 ug/L in Stage 6 (Day 263 to 314); 1009.3 + 13.4 ug/L in Stage 7 (Day 315 to
366). The SRUSB bioreactor was operated with a sludge retention time (SRT) of 25 days,
and the average concentration of the volatile suspended solids (VSS) was 6.9 + 0.7 g/L
(a VSS5/suspended solids (SS) ratio of 0.68 £ 0.01) in the SRUSB bioreactor during the
366 days of operation. The influent and effluent samples were collected from the SRUSB
bioreactor on alternate days, and routine analyses (i.e., sulfate, thiosulfate, sulfite, and
chemical oxygen demand (COD) concentrations) were conducted following standard
procedures [27] in addition to ENO analyses. Sludge samples were collected weekly to
examine the ENO concentration. More details on the analysis protocol are provided in the
section of ENO analyses in the Supplementary Materials. Finally, the removal efficiency
and specific removal rate of ENO in the SRUSB bioreactor were determined (more details
were shown in the section of ENO removal efficiency and specific removal rate in the
Supplementary Materials).
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2.2. Batch Experiments
2.2.1. Adsorption and Biodegradation

A series of batch experiments, including three groups, were conducted to investigate
the mechanisms of ENO removal in the sulfate-reducing sludge system (see Table S3 in
the Supplementary Materials for more details). Group I, without sulfate-reducing sludge,
was used as a control to examine the possible hydrolysis of ENO. Group II was operated
for 24 h to examine the adsorption of ENO in the sulfate-reducing sludge system (within
0.1% NaNj to inhibit microbial activity). Different from Group I and Group II, Group III
(operated for 5 days) was conducted to investigate the biodegradation of ENO. The average
concentration of the suspended solids was 1.5 g-5S/L in each serum bottle, and more details
on the experiment can found in Jia et al. [25]. The concentrations of ENO evaluated in this
study (100-5000 png/L) were higher than those in the SRUSB bioreactor, as previous studies
have indicated that FQ antibiotics (including ENO) can be quickly adsorbed by biological
sludges in batch tests with adsorption capacities as high as 1000 pg/g-SS[17,21,28]. In each
serum bottle, 2 mL of mixed liquor samples were regularly taken to determine the ENO
concentration in the aquatic and solid phases, after which we determined the adsorption
and biodegradation efficiencies and specific rates (see ENO removal efficiency and specific
removal rate section in the Supplementary Materials).

2.2.2. Adsorption Isotherms and Thermodynamics

To gain insight into the adsorption isotherms and thermodynamics of ENO in the
sulfate-reducing sludge system, a series of batch tests were conducted at different tempera-
tures (5-35 °C) and at different initial ENO concentrations (i.e., 100-5000 ug/L). The batch
tests followed the same experimental program for Group Il as described above. The Henry,
Freundlich and Langmuir adsorption isotherms (Equations (57)-(S9) in the Supplementary
Materials) were used to investigate the adsorption behavior and capacity of ENO by the
sulfate-reducing sludge. The thermodynamic parameters related to the feasibility and
properties of the adsorption process, including Gibbs free energy (AG°®), enthalpy change
(AH®) and entropy change (AS°), were calculated as described by Ahmed [29] (details in
the section of Adsorption isotherms and thermodynamics in the Supplementary Materials).

2.3. Kinetic Models
2.3.1. Adsorption Kinetic Models

Pseudo-first-order and pseudo-second-order kinetic models were selected to identify
the ENO adsorption kinetics in the sulfate-reducing sludge system. These two kinetic
models can be expressed as follows:

In(ge — q¢) = Inge — kqt 1)
t_1 1,
g ki qe
where k is the rate constant of the pseudo-first-order model (1/h); k; is the rate constant of
the pseudo-second-order model (g/ug/h); g. is the mass of the ENO adsorbed onto the
sulfate-reducing sludge at equilibrium (png/g-SS); g; is the mass of the ENO adsorbed onto
the sulfate-reducing sludge at a given time, t (ug/g-SS).

Moreover, the adsorption coefficient (k;, L/g-SS), which is commonly used to evaluate
the ENO adsorption capacity, can be calculated by Equation (3) as follows:

@

ki= ()

where Cp and C, are the ENO concentrations at the initial and equilibrium conditions
(ug/L), respectively; Xgs is the total suspended solids (SS) concentration in the mixed
liquor (g-SS/L).
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2.3.2. Biodegradation Kinetic Models

Three biodegradation kinetic models, zero-, first- and second-order kinetic models
(Equations (4)—(6), respectively), were used to characterize the biodegradation process of
ENO in the sulfate-reducing sludge system.

dc

o
= ko (4)
dc ,

dC 2

E = k2 9 (6)

where c is the ENO concentration at time t (ug/L); ko' is the zero-order rate constant
(ng/L/d); ki’ is the first-order rate constant (1/d); k' is the second-order rate constant
(L/(ug-d)). Based on the three kinetic models, the half-lives (t; /) of ENO can be derived
through the following equations:

Co

t1/2(zer0) = 2ko’ )
In2

E1/a(iirst) = 77 (8)
1
1

t1/2(second) = kIZCO 9)

where C is the ENO concentration at the initial and equilibrium conditions (ug/L); t (sero)
is the half-life of ENO based on the zero-order kinetic model (d); t (g is the half-life of
ENO based on the first-order kinetic model (d); t (sec onq( 1S the half-life of ENO based on
the second-order kinetic model (d).

2.4. Microbial Community Analyses

The microbial community at each stage in the SRUSB bioreactor was analyzed by
16S rRNA-targeted Illumina sequencing. Sludge samples were collected from the SRUSB
bioreactor at the end of each stage (i.e., Day 55 in Stage 1; Day 107 in Stage 2; Day 160 in
Stage 3; Day 211 in Stage 4; Day 262 in Stage 5; Day 314 in Stage 6; Day 366 in Stage 7)
for DNA extraction. Total genomic DNA from each sludge sample was extracted using
the PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA) as per the
manufacturer’s protocols. DNA samples were amplified in triplicate by polymerase chain
reaction (PCR) using the primer set F515 and R926 for the V4-V5 regions of the 165 rRNA
gene; then, the PCR products were sequenced by an Illumina MiSeq platform (Illumina Inc.,
San Diego, CA, USA). Raw MiSeq sequencing data were processed and analyzed using the
Mothur software package (v.1.25.1).

2.5. Analytical Methods

Sulfate, thiosulfate and sulfite in the aqueous phase were determined using an ion
chromatograph as described by Jia et al. [25]. The total dissolved sulfide, COD, SS and
VSS concentrations were analyzed following standard procedures [27]. The ENO in the
aqueous phase (influent and effluent) and the sludge samples was determined via ultra-
performance liquid chromatography (UPLC) with a DAD detector (Dionex, UltiMate 3000,
Sunnyvale, CA, USA) using an Acclaim'® C18 column (2.1 x 150 mm, 3 pum, Dionex,
Sunnyvale, CA, USA); 75% ultrapure water with 0.1% formic acid was used as for mobile
phase A, and 25% acetonitrile was used for mobile phase B. The parameters for the flow rate,
column oven temperature, injection volume and monitoring wavelength were 0.3 mL/min,
30 °C, 25 pL and 285 nm, respectively. More details on the sample preparation method
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and analysis of the sludge samples are provided in the section of ENO analyses in the
Supplementary Materials.

3. Results and Discussion
3.1. Performance of the SRUSB Bioreactor

The performance of COD removal, sulfate reduction and ENO removal by the SRUSB
bioreactor was continuously monitored over the long-term operation with different ENO
concentrations (i.e., 25-1000 pg/L). Compared to Stage 1 (without ENO addition), COD
removal and sulfate reduction in Stages 2, 3, 4, 5, 6 and 7 were not significantly different
(p > 0.05). The COD removal and sulfate reduction efficiencies were approximately 80% and
60% over long-term operation (see Table 54 in the Supplementary Materials), respectively,
which suggests that ENO addition did not block COD removal and sulfate reduction.
Moreover, our study characterized the microbial community’s composition in the bioreactor
at each stage, and the total relative abundance of the SRB did not decrease over long-term
ENO exposure, suggesting that ENO addition did not inhibit the SRB (Figure S2 in the
Supplementary Materials). These results indicate that the SRB (e.g., Desulfobacter) in the
SRUSB bioreactor showed a high tolerance toward FQ antibiotics (i.e., ENO) over long-term
operation, which is consistent with our previous studies [17,30].

3.2. Removal of ENO in the SRUSB Bioreactor

It can be seen that over 90% of the ENO was removed in the SRUSB bioreactor during
the long-term operation at different ENO concentrations (Figure 1). According to our batch
test results (control test, as shown in Figure 2), ENO removal occurred via hydrolysis
and photodegradation could be ignored. Therefore, the removal of ENO in the SRUSB
bioreactor was mainly attributed to adsorption and biodegradation. Moreover, the specific
removal rate of ENO in the SRUSB bioreactor increased from 13.1 &= 0.3 pug/g-SS/d in Stage
2t0434.7 £+ 4.6 ug/g-SS/d in Stage 7. Interestingly, the biodegradation efficiency of ENO
increased from 1.9 & 0.9% in Stage 2 to 16.9 £ 0.7% in Stage 7, with increasing influent
ENO concentrations.
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Figure 1. Fate of ENO in the SRUSB bioreactor: Stage 1 without ENO in influent (i.e., 0 ng/L ENO);
ENO concentrations of 28.6 &= 2.9 ug/L in Stage 2; 45.6 = 1.2 ug/L in Stage 3; 117.64 £ 5.0 ug/L in
Stage 4; 247.1 &+ 4.0 ug/L in Stage 5; 492.1 £ 6.7 ug/L in Stage 6; 1009.3 & 13.4 pug/L in Stage 7.



6 of 13

Water 2022, 14, 2896

(94) Aouaroiyyd [eAOWIY

=
= < = = =3
— oo o = o fe=)
T T T T T
(v4) AOUDIOIJD [RAOWIDY 4 3
m (=3 =3 =] =]
— =] o =T o =1 “
© SIS
&
8 Lo
<40 oD
=<
o 4o
== =g
40 iy S = <o
fffffpf \\\\\\.‘ L .,.OJ
SR P -\o
o . e ~—J =
€y g i L - <t
(=] o = o = (=3 (=]
= Ty < il =} v
(] =] ] — —
(1/8v) uonenuaouo) ro
. I . 1 L L . 1 . L s
= = = =] = =3 =]
= v = W (=] vy
N (o] ] — —
e (1/81) uonenuasuo))
=
- (o) Aouoro1yye [BAOWY
< < = < (=3
— =] = = [ =1
, _ : , _ &
(94) Aoudro1yo [BAOWIY <
m (=] f= (= (=}
— oo /_D - ol (=] & -
IM L =
L8
p P
n e
L SS He
T 1S E
Sl - oo
sl
| M L o
=2
, ¢S e
(=] (=] (=] (=1 (=1 (=] =
m ==} =1 =+ [
(1/81) uonenuasuo)) [
;
| ! . 1 1 . L =
= < < - = f=]
= oo o =+ [
- =
< (1/8M) uonenuasuo))
= L

Time (hr)

Time (hr)

(94) ASUDIDILID [RAOCWUY

=
[= = f=] < j=J
— o o =+ [ <
T T T T T 4
(%) Aoua1o1)Ja [BAOWIY ir &
m (=] =l (=3 =
.7 &
EW - I /_.l.O
; n o
= .th\
‘ ° oy
== B LEE
— | S = - o0
S \\ “
— L
P e =) )
i e |g
= =]
o o 2 o o o° =
2 8 8 F &
(1/81) uonenUAOUO)) i
I 1 1 1 1 SRS
= = =3 (=3 (=3 <
= < < < j=1
m e =] = ol
a (1/81) uonenuasuo)
—r
- (94) Aouard1jje [BAOWD
(=] = = = [=3
— 0 = =r ol =
r T T , _ | <
4 (04) AOUDIDIYJO [RAOWIY o~
E R lm 2 8 s
w
Rl FS
| g e
| o I —
0 Hw o
Ll
1+ 7 < 4y
= S B
: 4| S Hreo
f.f.ff;. . s v
= 2 o
" s I/.fﬂfr« =]
_ (8 -
2 2 2 = o o°
2 8 2 & =
(1/81) uonenuasuo) B
\ | L | L L NS
[=] f=] = j=] = <=
=] = =1 =3 =
o (1/87) uonrenuasuo))

(25) Aouaidijya [RACIIY

(=)
=] = = = =
— o =] <+ o] =]
T T T T T 4
- (24) £oudo1yo [eAOLLIDY - &
(= < (=] < <
— o0 o <t [} 05
T F<
(=1 (o]
&
-8 <
—_ | «MH m
— - =
= _] o 4rd
LT L2 E
: - 4SE
= S T 8
e J!.ff.f = e
. 8
=4 < < (=2 (=2 (=1 il r<
=4 f=3 [=3 = (=3
(=1 (=1 (=1 (=1 (=1
W ~ L] (=] —_ L e~
(71/81) uonenuaouo))
| 1 1 | 1 e
=] =] =] =] =] <
=] =] (=] < <
=) (=) (==} [} (==}
w =T lag! [} =
e (1/81) uonenuasuo))
& !
0/) AJUSIDILJR [BAOWD
- (%) Aoueroye [eaoway
< = < < <
— oC o e o] <
T , , : . 1<
(%) Aouarargza jeaouray
S 8 8 8 8§ o -
T T T wa -
< o I3
=
_ a Lo
(= p—
8] w D
Y
— - =
& | 5SS o
~— |
v T s E
g e I S
“ .fff.ff: . e -
> 2 o
e —_|e
R , B - <+
f=3g (= o (=1 (= (=1 (=1
g 2 8 8 8 ®
o [a] 1 = P m\ ol
("1/8M) uorzenuUdUO) 4
L 1 | 1 I P
[ (e o =l [ (=) =
(=] (=] o) o < =)
= Lal =] s} [=) s
m
&) (1/81) uonenuaduo)

Time (hr)
—4A— Control —A— ENO in aqueous phase —O— Removal efficiency

Time (hr)

Figure 2. ENO adsorption by the sulfate-reducing sludge at different initial concentrations: 100 (A);

300 (B); 500 (C); 1000 (D); 3000 (E); 5000 pg/L (F).
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Several studies reported that FQ antibiotics were predominately removed via adsorp-
tion in biological wastewater treatment processes [23,31]. Li and Zhang [22] observed that
more than 90% of FQ antibiotics, including CIP, norfloxacin (NOR) and ofloxacin (OFL),
at an initial concentration of 100 pg/L, were quickly adsorbed (i.e., within 15 min) by
the sludge. Thus, FQ antibiotics are frequently detected in the sludge of WWTPs [32].
Obviously, adsorption appears to play an important role in the removal of FQs in biolog-
ical wastewater treatment processes. However, studies on the biodegradation of FQs in
biological wastewater treatment processes are limited. Dorival-Garcia et al. [19] found that
14.9-43.8% of FQs (including CIP, NOR, OFL, moxifloxacin, pipemidic acid and piromidic
acid, at an initial concentration of 500 ng/L) were biodegraded by aerobic sludge in a mem-
brane bioreactor, and the specific biodegradation rates were 2.7-7.8 ug/g-SS/d. However,
very few studies have been reported on the biodegradation of ENO [25]. ENO biodegrada-
tion in the sulfate-reducing sludge system was observed, and the biodegradation efficiency
and specific rate varied from 1.9% to 16.9% and from 0.3 to 73.5 ug/g-SS/d, respectively,
depending on the influent ENO concentration (i.e., from 25 to 1000 pg/L). These findings
indicate that the sulfate-reducing sludge system provides a promising approach for the
removal of FQ antibiotics from wastewater. To further explore the removal mechanisms
and kinetics of ENO in the sulfate-reducing sludge system, a series of batch experiments
were conducted and are discussed in the following sections.

3.3. ENO Adsorption
3.3.1. ENO Adsorption and Kinetics

As shown in Figure 2, more than 97% of the ENO was adsorbed by the inactivated
sulfate-reducing sludge in 15 min at different ENO concentrations (i.e., 100-5000 pg/L).
This result is consistent with previous studies which demonstrated that FQ antibiotics were
quickly adsorbed by sludges in the first 60 min in batch experiments [22,24,28]. Biological
sludges exhibit a high adsorption potential toward FQ antibiotics, which can be assessed
by the calculated adsorption coefficient (kq) values. The k4 values of ENO in this study
were 22.7-28.9 L/g-SS at different initial ENO concentrations (details shown in Table S5
in the Supplementary Materials) and were higher than those of FQ antibiotics in aero-
bic (kq = 0.3-22.5 L/g-SS) [22,23,28], anoxic (kg = 0.3-22.5 L/g-SS) [23,28] and anaerobic
methanogenic (kq = 0.7-14.6 L/g-SS) [23] sludge systems. The differences in these results
are possibly due to the variations in the characteristics of the sludges or the experimental
conditions applied, which could affect interactions between the FQ antibiotics and the
sludges such as the cation exchange, ion bridging, surface complexation, ion—dipole forces
and the hydrogen bonding [20,33-35].

In our study, pseudo-first-order and pseudo-second-order kinetic models were se-
lected to evaluate the ENO adsorption kinetics in the sulfate-reducing sludge system. As
shown in Figure 3A-F, the ENO sorption data (i.e., ENO concentrations of 100-5000 ng/L)
were fitted to these two kinetic models. However, in contrast to the pseudo-first-order
model, the adsorption of ENO by the sulfate-reducing sludge was more accurately de-
scribed by the pseudo-second-order model (correlation coefficient r* > 0.96) (Table S5 in the
Supplementary Materials). Moreover, the equilibrium adsorption amounts (g.) obtained
using the pseudo-second-order model (as shown in Table S5 in the Supplementary Mate-
rials) were close to the experimental values (with a relative error < 5.0%). These findings
suggest that the ENO adsorption rate by the sulfate-reducing sludge was mainly controlled
by chemisorption rather than physisorption [36]. To further investigate the adsorption
mechanism of ENO by the sulfate-reducing sludge, the characteristics of the adsorption
isotherms and thermodynamics were examined and are discussed in the following section.
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Figure 3. Pseudo-first-order and pseudo-second-order kinetic model fitting of ENO adsorption by
the sulfate-reducing sludge (pseudo-first-order model, y;; pseudo-second-order model, y»): 100 (A);
300 (B); 500 (C); 1000 (D); 3000 (E); 5000 pg/L (F).

3.3.2. ENO Adsorption Isotherms and Thermodynamics

The ENO adsorption isotherms by the sulfate-reducing sludge were evaluated us-
ing the Henry, Freundlich and Langmuir adsorption isotherms via batch experiments at
different reaction temperatures (i.e., 5-35 °C). The Henry and Freundlich isotherms were
well correlated with the adsorption of ENO by the sulfate-reducing sludge based on the
correlation coefficient 7 (Table S6 in the Supplementary Materials), suggesting that the
adsorption process between ENO and the sulfate-reducing sludge was dominated by mul-
tilayer adsorption rather than monolayer adsorption [36,37]. Additionally, the adsorption
thermodynamics of ENO were also analyzed to gain insight into the adsorption process as
shown in Figure 4 and Table S7 in the Supplementary Materials. The adsorption of ENO by
the sulfate-reducing sludge was a spontaneous and exothermic process according to the
obtained negative values of Gibbs free energy (AG°) and enthalpy change (AH®) [28,38,39].
The absolute value of AH® is commonly used to distinguish physisorption (adsorption heat
within a 0-20 KJ/mol range) and chemisorption (adsorption heat within an 80-400 KJ/mol
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range) [40—42]. The absolute value of the enthalpy change (i.e., AH® = 51.882 KJ/mol) of
the ENO adsorption by the sulfate-reducing sludge was in the range of 20-80 KJ/mol,
suggesting that the adsorption process of ENO by the sulfate-reducing sludge involved
both physisorption and chemisorption [43].

5.0r

Lnky = ~AHY/(R*T)+AS"/R
4.5 y=6240.33x-17.65

=0.9981
4.0

Lnkd

3.5

2.0 T T T T
0.0032 0.0033 0.0034 0.0035 0.0036
/T (1/K)

Figure 4. Thermodynamic fitting curve of ENO adsorption by the sulfate-reducing sludge.

In conclusion, the above results suggest that the adsorption of ENO by sulfate-reducing
sludge is a spontaneous (AG® < 0 KJ/mol), exothermic (AH® < 0 KJ/mol) and multilayer
adsorption process involving both physisorption and chemisorption, and the adsorption
rate was likely controlled by chemisorption.

3.4. ENO Biodegradation

Based on our results from the SRUSB bioreactor experiments (Figure 1), ENO exhibited
biodegradation potential in the sulfate-reducing sludge system. Thus, to gain insight into
the dynamics of ENO biodegradation in the system, a series of batch experiments were
conducted (details are described in Section 2.2). As shown in Figure 5, ENO biodegradation
started 24 h after achieving adsorption equilibrium, and it was a slow process compared
to adsorption. The biodegradation efficiencies of ENO (at Day 5) in the sulfate-reducing
sludge system were 17.9 £ 2.3%, 18.1 + 1.7%, 21.8 £ 2.5%, 24.3 & 3.1%, 23.9 &+ 0.8% and
24.1 £ 1.2% at initial ENO concentrations of 100-5000 ng/L. The specific biodegradation
rates of ENO were 2.5-161.3 ug/g-SS/d in this study, and they were higher than for FQ
antibiotics in aerobic (1.3-7.8 ug/g-SS/d) and anoxic (0-0.7 pug/g-SS/d) sludge systems
in batch tests [24,28]. These differences could be attributed to variations in the functional
microorganisms in the biological sludge systems [44,45].

To investigate the biodegradation kinetics of ENO in the sulfate-reducing sludge
system, zero-, first- and second-order kinetic models were selected. The biodegradation of
ENO at different initial concentrations was well fitted with the first-order kinetic model,
with an 72 correlation coefficient of 0.982-0.997 (Table S8 in the Supplementary Materials).
Furthermore, the half-lives (t; ;) of ENO in this study were between 11.61 and 22.26 d,
suggesting that ENO biodegradation is a slow process. Dorival-Garcia et al. [24] also
found that the half-lives of FQ antibiotics were 5.66-13.75 d in an aerobic sludge system at
initial FQ antibiotic concentrations of 500 pg/L within SS of 7 g/L. This suggests that FQ
antibiotics were slowly biodegraded in the biological sludge treatments [28,46].
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Figure 5. ENO biodegradation in the sulfate-reducing sludge system at different initial concentrations:
100 (A); 300 (B); 500 (C); 1000 (D); 3000 (E); 5000 ug/L (F).

4. Conclusions

The present study characterized the removal of ENO in an anaerobic sulfate-reducing
sludge system via the long-term operation of a SRUSB bioreactor in conjunction with
batch experiments. ENO was effectively removed in the sulfate-reducing sludge system
by quick sorption and slow biodegradation. Moreover, the adsorption of ENO by the
sulfate-reducing sludge was a spontaneous, exothermic and multilayer adsorption pro-
cess involving both physisorption and chemisorption, and the adsorption rate was likely
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controlled by chemisorption. Additionally, biodegradation also played an important role
in ENO removal. This study elucidated the removal mechanisms and kinetics of ENO in
a sulfate-reducing sludge system and provides a novel energy-efficient sulfur-mediated
biological process for FQ-contaminated wastewater treatment, such as for pharmaceutical
and hospital wastewaters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /w14182896/s1, Figure S1: Schematic diagram of the lab-scale
SRUSB bioreactor, Figure S2: Microbial community characterization of sulfate-reducing sludge
samples from SRUSB bioreactor at each stage at phylum (A) (relative abundance >0.1%); and genus
(relative abundance >0.1%) (B) levels. Table S1: Physical and chemical properties of ENO, Table S2:
Composition of synthetic wastewater, Table S3: Batch experimental program for ENO adsorption and
biodegradation by sulfate-reducing sludge, Table S4: Performance of SRUSB bioreactor at different
initial ENO concentrations, Table S5: Adsorption kinetic (pseudo-first-order and pseudo-second-
order) parameters for ENO adsorption onto sulfate-reducing sludge, Table S6: Adsorption isotherm
(Henry, Freundlich and Langmuir) parameters of ENO by sulfate-reducing sludge under different
temperature, Table S7: Thermodynamic parameters of ENO adsorption onto sulfate-reducing sludge,
Table S8: Biodegradation kinetic (zero, first and second-order) parameters for ENO in sulfate-reducing
sludge system.
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