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Abstract An anaerobic/aerobic moving-bed biofilm (A/O-

MBBR) reactor system was constructed, and the treatment

efficiency of aqueous antibiotics in wastewater was

investigated. The effects of antibiotics on the microbial

communities in the A/O-MBBR were also investigated.

Under the optimized reaction conditions, removal of

tetracycline antibiotics (TCs) was studied in a series of

experiments. When a low concentration of tetracycline

(TC) was added to the reactor system, high removal effi-

ciency of conventional pollutants (TC concentration

decreased from 10 turn to 2.8 lg L-1) was achieved. When

mixed TCs (50 lg L-1) were added to the system, the

removal efficiencies of chlortetracycline (CTC), TC and

oxytetracycline (OTC) reached 52.03, 41.79, and 38.42%,

respectively. TC degradation was decreased to 21.16%

when the antibiotic concentration was 500 lg L-1; expo-

sure to this TC concentration destroyed the community

structure of the activated sludge bacteria in the reactor. The

products of the biodegradation analysis revealed the pos-

sible degradation pathways functioning in the experimental

A/O-MBBRs.

Keywords Anaerobic–oxic � Moving-bed biofilm reactor �
Tetracyclines (TCs) � Antibiotics

Instruction

Increasing attention has been paid to surface water con-

tamination and distribution of pharmaceuticals and per-

sonal care products (PPCPs) in recent years [1, 2]. PPCPs

are discharged continuously into wastewater treatment

systems and have received increasing attention in recent

years as environmental contaminants [3, 4].

Among PPCPs, antibiotics in particular have increas-

ingly been detected in wastewater, groundwater and sur-

face water supply systems around the world in recent years

[5]. Moreover, the negative effects of antibiotics on natural

ecosystems and the development of pathogen resistance to

several antibiotics and their intermediates have been

reported [6]. Therefore, any wastewater containing antibi-

otics is a serious problem that should be treated before

discharging it into the environment.

Tetracycline antibiotics (TCs) have a broad activity

spectrum against a variety of Gram-positive and Gram-

negative bacteria, so they have been broadly applied in

livestock production and aquaculture despite their potential

environmental risks [7]. TCs may be incompletely metab-

olized or eliminated in the body; as a result, TC residues

have been detected in soil and sewage water, with typical

concentrations ranging from 1 ng L-1 to 1 lg L-1 [8, 9].

There are no special treatment units for such drugs in the

conventional water and wastewater treatment plants. TCs

accumulate in surface water because of insufficient sewage

treatment and continuous emission of TCs from treated

organisms. Therefore, describing the behavior of these

contaminants in wastewater and discovering potential

removal mechanisms have become popular research topics.

Various physicochemical processes, including electro-

chemical adsorption [10], advanced oxidation [11], and

photocatalysis [12], have been effectively used to treat
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wastewater containing high concentrations of antibiotics.

However, these methods have several limitations, includ-

ing high cost, high energy consumption, and generation of

toxic by-products that are difficult to remove from treated

water. In addition, physicochemical methods of removing

antibiotics from wastewater are generally deemed unsuit-

able for treating large amounts of sewage with low

antibiotic concentrations, which is a common situation,

encountered in wastewater and water treatment facilities.

Biological methods are environmentally and friendly

and cost-competitive alternatives to the physicochemical

degradation processes that are commonly used for sewage

degradation in urban environments [13]. Several biological

treatment technologies have been used to achieve removal

and degradation of TCs in wastewater. Huang [14] con-

ducted research to assess the potential of A/A/O technol-

ogy for antibiotic removal, which revealed that the removal

efficiency of tetracycline (TC), oxytetracycline (OTC), and

chlortetracycline (CTC) generally reached 60%. However,

a mass balance analysis showed that sludge adsorption was

responsible for removing 29, 38, and 39% of TC, OTC, and

CTC, respectively, while biodegradation was responsible

for removing only 21, 22 and 47% of these compounds,

respectively. Xia et al. [15] used an anoxic–aerobic mem-

brane bioreactor (A/O-MBR) to analyze TC degradation;

the rate of antibiotic removal was as high as 92% after

membrane filtration with a longer SRT (above 30 days).

Shi et al. [16] performed an examination of the simulta-

neous TC sorption and biodegradation performance of

nitrifying granular sludge, which revealed that, although

TCs were rapidly adsorbed onto the granular sludge, the

subsequent process of biodegradation was relatively slow.

The technologies described above generally involve

transferring antibiotics to a suitable environment rather

than fundamentally degrading antibiotics into harmless

products [17]. Therefore, more studies should be conducted

to assess antibiotic degradation with new treatment tech-

nologies to achieve complete biodegradation or mineral-

ization of TC antibiotics in effluent water following water

treatment. Some studies [18–20] have shown that mem-

brane bioreactors are an effective option for treating water

containing low concentrations of antibiotics and high

concentrations of other toxic compounds.

Moving-bed biofilm reactors (MBBRs) integrate the

major advantages of activated sludge and biofilm tech-

nologies. MBBRs have good treatment efficiency, strong

anti-shock load capability, and the ability to operate at low

temperature. MBBRs can improve the quality of dis-

charged water from wastewater treatment processes;

therefore, they are recognized as an effective way to

upgrade and refurbish wastewater treatment plants [21]. In

particular, MBBRs have been reported to be effective for

aqueous contaminant oxidation [22]. Some aromatic

compounds with high wastewater concentrations and

resistance to biodegradation have been treated using the

MBBR process [23]. In addition, some aerobically recal-

citrant pesticides can also be treated using this process

[24]. These findings indicate that MBBRs can be applied as

membrane bioreactors to achieve biodegradation of TCs in

wastewater; however, this application of MBBRs has not

been assessed in a controlled environment.

A proper pilot-scale model with a full set of ‘‘real’’

operational parameters can provide guidance for the

application of MBBRs in operational wastewater treatment

plants. In this study, a new A/O-MBBR was constructed

and used to treat wastewater containing three typical

tetracycline antibiotics. The effectiveness of the treatment

method was evaluated by measuring the degradation and

transformation of TCs in sewage. Due to the extreme

importance of the adsorption and biodegradation processes

in MBBRs, the requirements of MBBRs are much more

stringent than those of conventional activated sludge

technology. Therefore, determination of the optimal oper-

ational parameters of MBBRs is essential to achieve

maximum treatment efficiency. In addition, the effects of

TCs on microbial activity in the attached-growth biofilm

system of the A/O-MBBR were also determined. TC

degradation pathways and the effects of antibiotics on TC

degradation were also assessed by analyzing the products

of TC biodegradation via LC/MS. The goal of this study

was to provide fundamental guidance for the application of

MBBRs to treat wastewater containing TCs.

Materials and methods

Reagents and apparatus

Oxytetracycline hydrochloride, chlortetracycline

hydrochloride, and tetracycline hydrochloride (C 98.0%)

were purchased from J&K Chemical (Shanghai, China).

Three stock standard solutions of antibiotics were prepared

by dissolving 100 mg of each antibiotic in 100 mL of

methanol. Working standard solutions were prepared in

water/acetonitrile (9:1, v/v) by diluting the stock standard

solution. The working standard solutions were used for

fortification in the recovery experiments and for prepara-

tion of calibration standards. All other chemicals and sol-

vents were of analytical grade and purchased from a

commercial supplier (Shanghai Guoyao Regents Co.,

Shanghai, China).

The antibiotic degradation tests were performed using

an Agilent 1200 High Performance Liquid Chromatograph

(HPLC). HPLC-grade solvents were used for liquid chro-

matography. An Agilent Eclipse XDB C18 column was

used. The mobile phase was a solution of methanol–
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acetonitrile (0.01 mol L-1) oxalic acid (Shanghai Qiang-

shun Chemicals Company, chromatography grade). The

flow rate of the mobile phase was 1.0 mL min-1.

A/O-MBBR reactor system

A schematic representation of the combined moving-bed

biofilm reactor and secondary sedimentation system (A/O-

MBBR) (designed and assembled with Plexiglas plates)

used in this study is shown in Fig. 1. Each treatment sys-

tem consisted of an anaerobic reaction section with an

aerobic moving-bed biofilm section. The anaerobic reac-

tion reactor had an effective volume (liquid and activated

sludge) of 12 L, while the aerobic reaction reactor had an

effective volume (liquid and suspended biomass; the total

biomass volume was 30% of the working volume of each

aerobic reactor) of 16 L. The water from the aerobic

reactor entered the secondary sedimentation tank, and the

final effluent was filtered by a flat membrane with a pore

size of 0.1 lm, which prevented antibiotics from entering

the sewage system. Reactor samples comprising effluent

from the anaerobic, aerobic, and membrane sections were

collected hourly from delivery ports. Aeration was supplied

by an air flow meter at the bottom of the reactors to control

the oxygen concentration in the mixed liquor. The con-

tinuous operation cycle of the anaerobic and aerobic

reactors was controlled using a digital timer. The effluent

flow rate in the MBBR reactor system was controlled by a

flowmeter and a peristaltic pump at the bottom of the

reactor outlet. The retention time was set by controlling the

flow rate.

Reactor operation and antibiotic removal

Sludge from the anaerobic zone of reactors at a municipal

wastewater treatment plant was cultivated and inoculated.

After static settlement and supernatant removal, the sludge

was added to the reactor and supplemented with artificial

prepared domestic sewage to reach the sludge concentra-

tion in the reactor necessary for testing (4000 mg L-1). In

the aerobic zone, the intake water temperature range of the

carrier biofilm was 20–25 �C. The HRT was maintained at

less than 8 h. The dissolved oxygen concentration (DO)

was 3–7 mg L-1. The COD concentration of the intake

water was 300–400 mg L-1. The ammonia nitrogen con-

centration was 30–40 mg L-1. The reactor was run con-

tinuously to cultivate and naturalize the microbial

populations. The microorganisms attached to the carrier

gradually diversified as the biofilm thickened, while some

of the biofilm aged and was lost. After 30 days of opera-

tion, the removal rates of organics and ammonia nitrogen

gradually stabilized at 85%. Stable reactor operation was

Fig. 1 Schematic structure of

the A/O moving-bed biofilm

reactor system (A/O-MBBR)
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considered to be an indicator that the biological community

within the A/O-MBBR system was stable. The operating

conditions for the reactors were as follows: temperature,

20–25 �C; inlet water COD concentration,

300–400 mg L-1; dosing rate of suspended filler in the

aerobic zone, 30%; pH, 6.5–7.8; HRT, 8 h; reflux ratio,

100%. Finally, TC (1 lg L-1) was added to the influent to

acclimatize the sludge in the reactor; after 10 days, the

system was stable again.

TCs were added to the influent of the A/O-MBBR sys-

tem at different concentrations to study the degradation

efficiency of the system. The experiment was divided into

four stages according to the concentration of antibiotics:

50, 100, 150, and 200 lg L-1. Each phase of the trial

lasted for approximately 96 h.

Water sample collection and antibiotic detection

Water samples (50 lL) from the anaerobic, aerobic, and

secondary sedimentation areas were collected separately, fil-

tered using a microporous membrane, and placed into the

HPLC system. The column temperature was set at 25 �C. The
mobile phase was methanol, acetonitrile, and oxalic acid

(0.01 mol L-1) (12:12:76, v/v). The flow rate of the mobile

phasewas1.0 mL min-1.Antibiotic detectionwas performed

at 268 nm. A standard curve was generated using gradient

dilutions of the standard stock solutions. The calibration

standards of each compound were made in water at concen-

trations of 10, 25, 50, 100, 200, 500, and 1000 lg L-1.

Raw wastewater and the MBBR biofilm

In the main experiments, artificial domestic sewage was

prepared every 2 days with tap water, cane sugar

(245.0 mg L-1), CH3COONa (285.6 mg L-1), NH4Cl

(229.3 mg L-1), KH2PO4 (40 mg L-1), and NaHCO3

(354.3 mg L-1) as the main nutrient sources for microor-

ganisms.Mineral components and a trace element solution of

MgSO4�7H2O (20 mg L-1), CaCl2 (20 mg L-1), FeCl3�
6H2O (0.60 mg L-1), Na2MoO4�2H2O (0.26 mg L-1),

CuSO4�5H2O (0.06 mg L-1), and MnCl2�4H2O

(0.13 mg L-1) were also added to the artificial sewage [25].

Sludge from the anaerobic zone of reactors at a

municipal wastewater treatment plant was cultivated and

inoculated. After static settlement and supernatant removal,

the sludge was added to the reactor and supplemented with

artificial prepared domestic sewage to reach the sludge

concentration in the reactor necessary for testing

(4000 mg L-1). The microorganisms attached to the carrier

gradually diversified as the biofilm thickened, while some

of the biofilm aged and was lost. After 30 days of opera-

tion, the removal rates of organics and ammonia nitrogen

gradually stabilized at 85%. Stable reactor operation was

considered to be an indicator that the biological community

within the A/O-MBBR system was stable.

Reactor operation and antibiotic removal

The operating conditions for the reactors were as follows:

temperature, 20–25 �C; inlet water COD concentration,

300–400 mg L-1; COD:N:P ratio, 100:5:1. The HRT was

less than 8 h. The intake water dissolved oxygen concen-

tration in the aerobic zone was 3–7 mg L-1. The dosing

rate of suspended filler in the aerobic zone was 30%. The

pH of the synthetic wastewater was maintained at

6.5–7.8 ± 0.2 by the addition of NaHCO3. The ammonia

nitrogen concentration was 30–40 mg L-1. The reactor

was run continuously to cultivate and naturalize the

microbial populations. The reflux ratio was 100%.

Antibiotics (1 lg L-1) were added to the influent to

acclimatize the sludge in the reactor; after 10 days, the

system was stable again. Raw wastewater and MBBR

permeate were collected and analyzed every day. The

reported values are the average values across 3 days.

TCs were added to the influent of the A/O-MBBR sys-

tem at different concentrations to study the degradation

efficiency of the system. The experiment was divided into

four stages according to the concentration of antibiotics:

50, 100, 150, and 200 lg L-1. Each phase of the trial

lasted for approximately 96 h.

Water sample collection and antibiotic detection

Water samples (50 lL) from the anaerobic, aerobic, and

secondary sedimentation areas were collected separately,

filtered using a microporous membrane, and placed into the

HPLC system. The column temperature was set at 25 �C.
The mobile phase was methanol, acetonitrile, and oxalic

acid (0.01 mol L-1) (12:12:76, v/v). The flow rate of the

mobile phase was 1.0 mL min-1. Antibiotic detection was

performed at 268 nm. A standard curve was generated

using gradient dilutions of the standard stock solutions. The

calibration standards of each compound were made in

water at concentrations of 10, 25, 50, 100, 200, 500, and

1000 lg L-1.

Results and discussion

Optimization of reactor operating parameters

Biological removal of antibiotics by MBBRs is typically

influenced by biochemical oxygen demand (BOD5),

hydraulic retention time (HRT), mixed liquor-suspended

solids (MLSS), pH, temperature, and other factors [26].
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In A/O-MBBRs, the MLSS is an adsorption anaerobic

pool that may enhance adsorption, biodegradation, and

other functions. In addition, the MLSS is an indicator of the

density of microorganisms in the reactor. Three MLSS

concentrations were tested. An MLSS concentration of

3500 mg L-1 achieved the best performance. The main

reason for the phenomenon described above is that the

suspended packing offers ample space for microbial growth

under nutrient-rich conditions, so the activated sludge and

biofilm mass provide an A/O-MBBR that is able to with-

stand a greater load of pollutants. The synergistic activities

of microorganisms at different positions in the reactor

maintain steady reactor operation when the concentration

of pollutants in the influent changes.

The influence of pH and DO was also tested. Among the

tested pH values (6.5, 7.2, 7.8 and 8.4), 7.8 ± 0.2 was

determined to be the optimal value. Optimal reactor per-

formance was achieved when DO was maintained in the

range of 3.5–6.8 ± 0.2 mg L-1 in the aerobic pool.

Solids retention time (SRT) is a key factor influencing

bioreactor performance, because the microbial community

and population may change in the inoculation sludge when

the SRT is lengthy [27]. To closely model an MBBR at an

operational wastewater treatment plant, the HRT was set at

8 h.

The organic inlet provides nutrients to support microbial

growth. Different COD concentrations (200–300, 300–400,

and 400–500 mg L-1) were tested for periods of 15 days,

while the other conditions were kept constant (ammonia

nitrogen concentration, 30 mg L-1; HRT, 8 h; control

MLSS, 3000 mg L-1). The results of these experiments are

shown in Fig. 2.

As shown in Fig. 2, when the inlet COD concentration

was increased, the COD removal rate of the MBBR reactor

remained stable. The COD removal efficiency was not

obviously influenced when the inlet COD concentration

was increased from 200 to 500 mg L-1.

However, NH4–N removal efficiency showed a

slight upward trend as the inlet COD was increased, as

shown in Fig. 3. The COD and ammonia nitrogen degra-

dation rates changed when the temperature was changed.

The ammonia nitrogen removal rate did not show insta-

bility when the temperature was decreased from 20 to

15 �C in a deammonification moving-bed biofilm reactor

[28]. Another study showed that a high maximum total

nitrogen removal rate was achieved at a relatively low

temperature of 20 �C in a moving-bed biofilm reactor uti-

lizing an anaerobic ammonium oxidation (anammox) pro-

cess [29]. These results were also similar to those

previously reported for municipal activated sludge systems

[19].

In our experiment, when the temperature was adjusted

from 10 to 35 �C, the removal efficiencies of COD and

ammonia nitrogen initially increased as the temperature

was increased, but they showed a downward trend when

the temperature was increased above 25 �C. These results

show that proper control of the inlet COD and reactor

temperature is essential to ensure maximum reactor bio-

mass and smooth operation. Therefore, the reactor system

temperature was controlled in the range of 20–25 �C by

adjusting the ambient temperature in the laboratory.

Monomer antibiotic degradation efficiency

in the reactor

When the reactor was stable, solutions with different

concentrations of TCs were added to the influent to

investigate TC removal efficiency. Water samples were

Fig. 2 Influence of COD

removal rate on the process

performance of the AO-MBBR.

Three batch experiments were

conducted to assess the

influence of changes in the

influent and effluent COD

concentrations on the removal

rate of the reactor. The error

bars represent the standard

deviation of three parallel

measurements
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collected from different sections of the reactor at different

time intervals over 3 consecutive days. The changes in the

TC concentration in each section and among batches are

shown in Fig. 4. The average TC removal efficiency was

calculated as follows:

TCs removal rate ð%Þ ¼ ðC0 � CÞ=C0 � 100; ð1Þ

where C0 is the initial TC concentration and C is the

detected TC concentration in each reactor area during the

operating period.

As shown in Fig. 4, TC antibiotic removal efficiency

declined gradually as the TC concentration was increased.

When the TC concentration was increased from 150 to

200 lg L-1, the antibiotic removal rate decreased from

37.65 to 33.19%.

During the process of fostering the sludge biofilm, we

found that adding antibiotics at low concentrations

(1–10 lg L-1) enhanced the drug resistance of bacteria

and thus increased the removal rate of the reactor (when the

inlet included 10 lg L-1 TC was added, the TC removal

rate reached 72.06%, the TC concentration decreased from

10 turn to 2.8 lg L-1). The reflux ratio was 100%. The

high rate of TC degradation at low concentrations was due

to sludge backflow, which prolonged the time during which

the TCs were exposed to microorganisms. This finding

provides a basis for potential improvements to other

Fig. 3 Comparison of

estimated COD and ammonia

nitrogen removal at different

temperatures. The error bars

represent the standard deviation

of three independent parallel

tests

Fig. 4 Changes in removal

efficiency as the TC

concentration in the anaerobic–

aerobic treatment system was

increased from 50 to

200 lg L-1
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wastewater treatment technologies, such as sequential

batch reactors (SBRs). Adding antibiotics at low concen-

trations during the process of fostering the sludge biofilm

enhanced the drug resistance of the bacteria in the reactor.

These findings suggest that A/O-MBBR reactors can be

applied in wastewater treatment plants to enhance antibi-

otic degradation in wastewater with low concentrations of

antibiotics.

Removal of hybrid antibiotics

An antibiotic solution containing hydrochloride tetracy-

cline (TC), CTC, and OTC was added to the reaction

system. The antibiotic removal efficiencies of the system

are shown in Table 1.

As shown in Table 1, the CTC degradation rate reached

46% in the A/O-MBBR system, whereas the COD removal

rate was higher than 54%. As the total antibiotic concen-

tration was increased, the efficiency of antibiotic degra-

dation decreased gradually. A total antibiotic concentration

as high as 200 lg L-1 did not inhibit antibiotic degrada-

tion. These findings indicate the concentration range within

which the A/O-MBBR process can decompose antibiotics.

Overall antibiotic degradation performance

of the A/O-MBBR

The results described above show that the A/O-MBBR

effectively removed antibiotics at low concentrations.

However, the degradation efficiency of the reactor signif-

icantly decreased as the antibiotic concentration was

increased. Therefore, the antibiotic concentration was

increased to 500 lg L-1 to further study the efficiency of

the A/O-MBBR process for removing high-concentration

antibiotics from wastewater. The results showed that only a

small portion of each antibiotic was degraded when the

antibiotic concentration was 500 lg L-1. The removal

rates of OTC, TC, and CTC were 19.45, 21.16, and

22.32%, respectively. The removal rates of COD, NH4
?–

N, and total-P reached 49.99, 48.40, and 35.54%, respec-

tively. However, when the antibiotic concentration was

500 lg L-1, some of the sludge floated in the reactor and

emitted a fishy smell, which indicated that the activity of

the sludge microorganisms declined dramatically. Indeed,

the observed antibiotic removal under these conditions was

likely due to adsorption of the biofilm on the suspended

fillers, not degradation.

The degradation efficiencies of the A/O-MBBR for

monomer and hybrid antibiotics are shown in Fig. 5.

As shown in Fig. 5, when only TC was added to the

influent, the degradation efficiency of the reactor decreased

as TC concentration was increased, but the performance of

the reactor remained relatively stable when controlling the

TC concentration in a certain range, which showed that the

microbial system in the pilot test system was best suited to

TC. When a large number of sensitive bacteria slowed their

metabolism or became dormant, bacteria with TCs resis-

tance or other advantages gradually became predominant,

and adsorption/metabolism by Zoogloea became the main

process by which contaminants were removed from the

system.

The three tested types of antibiotics have similar struc-

tures and similar physicochemical properties, but their

degradation efficiency in biological systems varies greatly.

The experimental results indicate that, under the same

reaction conditions, the reactor degraded CTC most

effectively, followed by TC, while OTC was degraded least

effectively.

As the dosage was increased, the degradation efficien-

cies of CTC, TC, and OTC were slightly reduced, while the

total descend range increases. When the antibiotic con-

centrations were increased, degradation of each antibiotic

was impaired. However, when the antibiotics were added

simultaneously, TC was degraded preferentially when the

dosage was 500 lg L-1, while CTC was degraded prefer-

entially when the concentration was 200 lg L-1. The tes-

ted antibiotics had different degradation rates when they

were present at the same concentration, because the

adaptive capacity of the bacteria to each drug differed; TC

was degraded most efficiently, because it was added at a

low concentration at the first stage of the reactor, which

induced more bacterial resistance. Further study of the

mechanisms by which bacteria in wastewater treatment

systems adapt to antibiotics and other drugs could lead to

the development of strains with enhanced resistance

mechanisms, thus improving the efficiency of drug removal

from wastewater. The TC removal rate reported in this

paper was lower than that reported in a previous study [15],

Table 1 Removal efficiency of

antibiotics
Added doses (lg L-1) Removal efficiency (%)

TC (mixed) OTC (mixed) CTC (mixed) COD NH4
?–N Total-P

50 41.97 38.42 45.64 60.57 61.57 49.33

100 37.77 33.63 40.78 57.41 55.19 46.07

150 33.55 28.68 36.18 55.46 51.34 41.56

200 27.77 24.16 28.08 53.94 49.91 35.54
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in which the TC degradation efficiency of the A/O-MBR

process was 93.6%, but this reactor system removed a large

percentage of both COD and TOC.

Influence of the antibiotic concentration

on the microbial population in the reactor

The microbial population provides a measure of overall

microbial activity and consequently indicates whether

stimulation or inhibition of the microbial communities is

occurring. The microbial population was investigated

during the process of antibiotic degradation. At first, the

A/O-MBBR process achieved steady-state operation; the

pollutant removal efficiency was stable, the sludge settling

ratio was 15%, and the activated sludge appeared brown,

which indicated that the microbial activity was good. When

the concentration of antibiotics was increased, the color of

the activated sludge became darker, while it exuded a

malodorous, fishy smell. The activated sludge and biofilm

in the reactor were sampled and examined by microscopy

(Fig. 6).

Comparison of the early and last stages of the activated

sludge (a–d) in reactor shows that the sessile ciliate pro-

tozoa population is gradually reduced or disappears with

the TCs concentration increased. When the mixed antibi-

otic concentration was increased to 500 lg L-1, a large

number of filamentous bacteria were observed, while the

structure of the sludge became loose, and the sludge set-

tling ratio reached 50–60%. The diversity and abundance

of microorganisms were decreased, and the attached-

growth biofilm on the suspended carrier was thin or absent.

Considering the decrease in the microbial population

when high concentrations of antibiotics were present in the

environment, as well as the change in the antibiotic

removal efficiency during the treatment process (from 43 to

22%), it can be concluded that the removal of antibiotics

from reactor was mainly due to abiotic adsorption rather

than biodegradation.

Although the antibiotic concentration in the original

discharged water was relatively high, the concentration of

antibiotics in the inlet of the MBBR reactor was relatively

low. Therefore, it can be concluded that this A/O-MBBR

technology should be an effective treatment option for

wastewater containing low concentrations of antibiotics.

Analysis of antibiotic degradation products

and pathways

Although the antibiotic removal efficiency of wastewater

treatment systems has been studied before, a few studies

have analyzed the degradation pathways of antibiotics in

such systems. Analysis of water samples from different

positions in the reactor showed that the concentration of

antibiotics was reduced dramatically in the anaerobic zone;

however, the concentration of antibiotics in this part of the

reactor tended to stabilize over time. Accordingly, in the

reactors used in this study, antibiotics were absorbed by

activated sludge, followed by hydrolysis and bacterial

digestion within the activated sludge.

During the hydrolytic process, hydroxyl groups and enol

structures on the tetraphenyl TC skeleton are vulnerable to

attack and hydrolysis to form open-loop lipid compounds.

These compounds undergo hydrolysis, in which the

macromolecular carbon ring is used as the carbon source

and degraded into CO2 and H2O, while the amino group is

utilized for bacterial proteins via ADP ribosylation. As for

the hydrolysis conditions of antibiotics and biodegradation

products in water, Xuan et al. [30] showed that the speed of

hydrolysis was maximal at high temperature and in neutral

environmental conditions, as opposed to alkaline or acidic

Fig. 5 Change in TCs removal

efficiency at different TCs

concentrations
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environments. Moreover, antibiotic degradation in aerobic

environments is significantly more rapid than antibiotic

degradation in anoxic environments [31].

The LC/MS analysis showed that TC hydrolysis rarely

occurred in the anaerobic zone, but TC degradation was

obvious in the aerobic zone. Among the tested antibiotics,

the degradation efficiency of CTCwasmuch higher than that

of OTC. After examining the molecular structures of OTC,

TC, and CTC, we surmised that the difference in biodegra-

dation efficiency among these compounds might be due to

the hydroxyl group on the third benzene of OTC, which

easily forms a hydrogen bond with the ortho amino group,

making it relatively difficult to hydrolyze. In addition, the

chlorine atom on the first benzene ring of CTC is particularly

susceptible to electrophilic substitution, which breaks the

benzene ring down into smaller molecular groups.

Conclusions

In this study, an anaerobic/aerobic MBBR reactor model

was constructed, and the effect of operation factors on

reactor performance and the microbial community com-

position of the reactor were investigated. This work

assessed the removal performance of an MBBR for treating

wastewater containing low concentrations of TCs. The

reactor achieved good TC removal efficiency when three

TCs were added at a concentration of 50 lg L-1; at this

concentration, the TC degradation rate was greater than

42% with an HRT of 8 h. Adding TCs at low concentra-

tions (1–10 lg L-1) during the initial stage of sludge

development may increase the TC removal efficiency of

the reactor. The bacterial community analyses suggest that

the bacteria in the reactor were affected by changes in the

concentrations of TCs when the drugs were added indi-

vidually and simultaneously. The removal efficiencies of

CTC, TC, and OTC seemed to be inversely related to the

complexity of their molecular structures.
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