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ab s t r ac t
Fluidized-bed bioreactors (FBBRs) have attracted considerable interest as an alternative to the conven-
tional suspended growth and fixed-film wastewater treatment processes because of the high perfor-
mance efficiency. In this study, a laboratory-scale combined anoxic–aerobic FBBR with porous magnetic 
ceramics as carrier was developed to treat domestic wastewater. During the 120-d steady period, the 
hydraulic retention time decreased from 2.8 to 1.6 h; the effluent chemical oxygen demand (CODcr), 
ammonia nitrogen (NH4–N) and total nitrogen (TN) were below 25, 3.2 and 11.4 mg/L, respectively. 
The results demonstrated that the CODcr, NH4–N and TN removal efficiencies were 15%–20% higher 
than other biologic processes. Furthermore, near-complete removal of excess sludge was obtained, the 
system sludge yield coefficient of the system was 0.233 g VSS/g CODcr, far less than the case with other 
biologic processes.
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1. Introduction

With the development of urbanization, the quantity of 
domestic wastewater is increased greatly and wastewater 
pollution is an important issue to be resolved. However, 
there are some problems in existing wastewater treatment 
processes, such as space limitations, more strict effluent stan-
dard, and higher processing costs. It is imperative to develop 
efficient wastewater treatment technologies with lower 
energy exhaustion, higher efficiency, and less covering area.

The fluidized-bed bioreactor (FBBR) combines the flu-
idization technology, activated sludge process, and biofilm 
process has been applied extensively to chemical and bio-
chemical processes [1–3]. Compared with traditional biologic 
treatments, the FBBR presents several advantages, such as 
high biomass retention, small footprint, and low hydraulic 
residence time (HRT) [4–7]. This technology also combines 
the more compact and efficient fixed-film process with the 
wastewater treatment process. 

To date, the FBBR has been reported in various studies to 
be suitable for different wastewater treatments. In previous 
studies, various organic and inorganic materials were also 
successfully applied as carriers in FBBR, such as lava rock, 
activated carbon, natural zeolite, polyurethane and polysty-
rene [8–12]. These results demonstrated that the fluidization 
increases the mass-transfer efficiency and overcomes oper-
ating problems such as bed clogging and short-circuiting. 
Meanwhile, the large surface area of carriers can ensure a 
high biomass concentration and efficient immobilization of 
slow-growing microorganism. These factors can facilitate 
the microbial biomass colonization and increase efficiency of 
treatment. 

However, some crucial parameters restrict the wide-
spread application of this technology, such as carrier material 
selection, establishment of bioreactor operating conditions, 
and irreversible biofilm formation in a short time period. 
Therefore, novel magnetic porous ceramics were prepared 
and employed in the rapid mass-transfer anoxic–aerobic 
FBBR as carriers. The present study aims to investigate the 
properties of the porous carrier, the quick start-up of the 
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bioreactor, and the performance of the FBBR for domestic 
wastewater treatment. 

2. Materials and methods

2.1. Domestic wastewater

Domestic wastewater was collected from Suojin waste-
water plant (Nanjing, China). The main characteristics of 
domestic wastewater were chemical oxygen demand (COD; 
300 ± 50 mg/L), NH4–N (45 ± 10 mg/L), total nitrogen (TN; 
60 ± 10 mg/L), suspend solid (310 ± 60 mg/L), pH 7.0.

2.2. Magnetic porous carrier

The magnetic porous ceramics were processed as follows. 
The raw materials used were Ca-bentonite, coal ash, acti-
vated carbon (as a pore-forming agent) and magnetite Fe3O4 
(as the magnetic seed) at a 12:6:1:1 ratio (w/w). A quantity of 
200 mL water and 5 mL polyethylene glycol per 1,000 g raw 
materials were added. Then, the samples were dried at 105°C 
until the weight invariant, subsequently, sintered at 1,100°C 
for 1 h in an electric furnace (Model ZGRS-160/2.55, China). 

2.3. Reactor configuration and operation

Fig. 1 shows a schematic diagram of the lab-scale com-
bined anoxic–aerobic FBBRs. The working volume of the 
anoxic zone was 2.8 L, consisted of a 77.0 cm length by 7.0 cm 
diameter acrylic outer column and a 71.0 cm length by 3.4 cm 
diameter acrylic inner column. While the working volume of 
the aerobic zone was 7.2 L, with the sizes of the outer and 
inner column were 75.0 cm length by 11.0 cm diameter and 
71.0 cm length by 5.9 cm diameter, respectively. The upper 
end of the bioreactor was equipped with a gas–liquid–solid 
separator and an inclined plate separator to reduce the liq-
uid velocity and prevent particle loss. A cone was installed at 
the lower part of the outer cylinder at a 55° inclined angle to 
attain smooth particle circulation.

The FBBRs were carried out at room temperature (about 
25°C). The anoxic and aerobic bioreactors were inoculated with 
1.6 and 3.2 L activated sludge obtained from Jinzhou wastewater 
treatment plant (Nanjing, China). The mixed liquid suspended 
solids of anoxic and aerobic bioreactors were 6.7 and 5.8 g/L, 

respectively. The effluent was recycled through a recycling 
pump connecting the effluent outlet and the feed inlet during 
operation. In the upflow area, high fluidization increased 
liquid–solid interface turbulence intensity. Meanwhile, the 
carriers rapidly fall under gravity due to the high density in 
the downflow area, thereby increasing the solid–liquid phases 
mass transfer rate. Consequently, the mass-transfer rate and 
removal efficiency of the whole system was increased.

The FBBRs operation stage was initiated with a 1.9 kg 
COD/m3 d and a HRT value of 3.2 h. The CODcr, NH4–N and 
TN concentrations of influent were 300, 50 and 50 mg/L, respec-
tively. After 10 d operation, the CODcr, NH4–N and TN con-
centrations of effluent were 36, 0.28 and 9 mg/L, respectively. 
Then, progressive increase of the organic loading was applied. 
During the entire 120-d operation period, the system was oper-
ated under four different operational conditions with varying 
organic load rate (OLR) values from 2.6 kg CODcr/(m3·d) to 
4.2 kg CODcr/(m3·d) (2.6, 3.1, 3.6 and 4.2 kg COD/(m3·d)) and 
varying HRTs from 2.8 to 1.6 h (2.8, 2.4, 2 and 1.6 h) accordingly.

2.4. Biomass growth kinetics study

The study of biomass growth kinetics was calculated 
using the data obtained from the domestic wastewater treat-
ment research. The kinetic form of the Prit’s maintenance 
energy model [13,14] was employed for the determination of 
the growth kinetics coefficients by Eqs. (1)–(3), such as sludge 
yield (y), maintenance energy coefficient (E), and substrate 
(CODcr) utilization rate (rs): 
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where τp = sludge retention time, h; SRT = (volume of aerobic 
FBBR)/(discharged sludge); τ = HRT, h; rs = substrate (CODcr) 
utilization rate, g CODcr/L h; S0 = Initial CODcr concentration, 
g/L; S = CODcr concentration after time τ, g/L; X = biomass 
concentration, g VSS/L; E = maintenance energy coefficient, 
g CODcr/g VSS h; y = sludge yield, g VSS/g CODcr.

2.5. Analytical methods

Samples were collected from influent, anoxic effluent 
and final effluent in airtight sample bottles and refrigerated 
at 4°C prior to analysis. NH4–N was measured using an ion 
chromatography (DIONEX120, USA). The CODcr, volatile 
suspended solids (VSS) and pH were measured according to 
standard methods [15]. The TN test was according to alkaline 
potassium persulfate method using ultraviolet spectropho-
tometry [16]. The structural analyses of porous carrier and 
the biofilm were conducted by a scanning electron micro-
scope (SEM; JSM-5900, Japan) [17]. Magnetic field strength 
was measured by a gauss meter (Lake Shore-475, USA). The 
compressive strength was tested by a flexural strength tester 

Fig. 1. Schematic diagram of the lab-scale combined anoxic– 
aerobic FBBRs.
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(HK-403, China). The porosity of the carrier was measured by 
the Archimedes method [18]. Biomass adhesion to the carrier 
particles was determined according to the method of Chen 
and Chen [19]. The specific surface area of the carrier was 
tested with Monosorb-type apparatus (Quantachrome, USA) 
using single point BET method. 

3. Results and discussion

3.1. Porous ceramics characterization

The physical and chemical characterizations of porous 
magnetic carrier were exhibited as in Table 1. The SEM 
image (Fig. 2) shows that the magnetic carrier surface was 
rough, porous and with large surface area. There were a lot 
of uneven crevices and pores on the carriers, with the pore 
diameter between 50 and 200 μm.

3.2. SEM analyses

The colonization and growth of the biomass on the 
porous magnetic ceramics was observed via SEM. It can 
be seen from Fig. 3 that both anoxic and aerobic bacteria 
showed high affinity to adsorb and form colonies on the 
porous ceramics. The biofilm is well attached and appar-
ently spread on the pores by the extracellular polymeric 
substances. These were attributed to the rough surface, 
porous structure and large specific area of the carrier 
beads available for biomass retention, thereby increasing 
the available area for biofilm development. The amount 
of biomass adhering to the porous ceramics reached 
27.8 mg VSS/g in the anoxic zone, while 36.5 mg VSS/g in 
the aerobic zone.

The SEM image also showed that well biofilm structure 
was maintained on the interior of carriers. The difference of 
biofilm morphology in anoxic and aerobic zones was obvi-
ous. In the anoxic zone, the biofilm was mainly composed 
of sphere bacteria, bacillus and slice bacteria. While in the 
aerobic zone, the bacillus and filamentous bacteria were the 
observed dominant microbes.

3.3. Performance of anoxic–aerobic FBBRs

The FBBRs were operated with a low OLR value of 1.9 kg 
CODcr/m3 d and an HRT value of 3.2 h, which was much 
more suitable for biomass colonization and growth. The sys-
tem could work effectively only after 10 d from the start-up. 
The CODcr and NH4–N concentrations of effluent were 36 
and 0.28 mg/L, respectively.

After 10 d start-up, the FBBRs were steady operated under 
four different operational conditions with the OLR value 
increased from 2.6 kg CODcr/(m3·d) to 4.2 kg CODcr/(m3·d) 
(2.6, 3.2, 3.6 and 4.2 kg CODcr/(m3·d)) and HRT varying from 
2.8 to1.6 h (2.8, 2.4, 2.0 and 1.6 h) accordingly. Fig. 4 shows 
the CODcr removal efficiency of FBBRs during the 120 d 
steady operation. The FBBRs showed a strong resistance to 
the shocked OLR, with the system OLR value varied from 
2.6 kg CODcr/(m3·d) to 4.2 kg CODcr/(m3·d), the COD removal 
efficiency was stably above 91%, and the effluent CODcr was 
below 25 mg/L. 

The NH4–N concentration of influent was between 33 
and 48 mg/L. The FBBRs show a good NH4–N removal effi-
ciency during the whole steady period. The first two phases 
with the HRT values of 2.8 and 2.4 h, the NH4–N removal 
efficiency reached up to 99%, and the effluent NH4–N was 
below 0.3 mg/L. In phases 3 and 4, the NH4–N removal effi-
ciency decreased to 93%–96%, the NH4–N concentration of 
effluent raised to 3.2 mg/L (illustrated as Fig. 5). These were 
attributed to the reduction of the HRT.

The TN concentration of effluent ranged from 39 to 
51 mg/L during the steady period. The TN removal efficiency 
was between 83% and 86% in stage 1 and phase 2. However, 
with the HRT reduction, the TN removal efficiency was 

Table 1
Physical and chemical characterizations of porous magnetic 
carrier

Particle size (mm) 0.4–0.8
Bulk density (g/cm3) 1.72
Porosity (%) 51.24
Compressive strength (MPa) 6.0–6.5
Magnetic field intensity (mG) 80–90
Specific surface area (m2/g) 43.52

(A)

(B)

Fig. 2. SEM image of the porous magnetic carrier; (A) the surface; 
(B) the interior.
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decreased to 78% and 73% in the last two phases (Fig. 6). The 
results illustrated that the varying OLR had a negative effect 
on the TN removal efficiency.

3.4. Biomass growth kinetics study

The plot of rs/X vs. 1/τp (from Eq. (3)) yielded a straight 
line whose slope gave the reciprocal of sludge yield coeffi-
cient (y) and intercept gave the maintenance energy coeffi-
cient (E; Fig. 7).

The plot revealed the sludge yield coefficient (y) and 
maintenance energy coefficient (E) to be 0.23 g VSS/g CODcr 
and 0.015 g CODcr/g VSS h, which suggested a healthy growth 
pattern of the microorganisms attached to the interior pores 
of the carriers with a low excess sludge rate.

Compared with other domestic wastewater biological 
treatment processes (Table 2) [20–24], the FBBR demon-
strated several advantages, including CODcr, NH4–N and TN 
removal efficiencies were 20% higher than other biologic pro-
cesses; the HRT was 60% shorter than other processes; and 
the excess sludge yield was 50% less than other processes. 

The good treatment efficiency of FBBRs was attributed 
to the inherent advantages of FBBR and carrier. The fast 

(A)

(B)

Fig. 3. SEM images of biofilms adsorbed on the inner of porous 
carrier; (A) aerobic zone, (B) anoxic zone.
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fluidization provided high mass transfer, uniform mixing; 
and maximized interphase contact efficiency between biofilm 
and organic substrate. The porous structure and large surface 
area of ceramics carrier were propitious to biomass attached 
proliferation and also achieved high biomass concentrations 
through porous canals. Furthermore, the immobilized bio-
film exhibited high biodegradation activity, it also might be 
attributed to the influence of micro-magnetic fields on biolog-
ical functions of the biofilm by changes in hormones, activity 
of some enzymes, and membrane ion transport, and these 
could reduce or eliminate mass transfer problems to improve 
the biodegradation activities [25,26]. The physical and chem-
ical properties of wastewater were beneficial for degradation 
of organic compounds after magnetization.

4. Conclusion

The combined anoxic–aerobic FBBRs were successfully 
employed to the domestic wastewater treatment in this study. 
Good treatment efficiencies were obtained. During the 120-d 
steady period, with varying HRT values from 2.8 to1.6 h, 
high removal efficiencies were in terms of CODcr (91%–95%), 
NH4–N (93%–99%) and TN (73%–86%). 

In the combined anoxic–aerobic FBBRs, the carriers were 
distributed equally in the entire bioreactor under fast fluid-
ization condition, and the working volume, mass transfer 
rate and treatment efficiencies of the bioreactor were signifi-
cantly enhanced. Compared with other biological treatment 

processes, the FBBRs present a number of advantages, such 
as 20% higher removal efficiencies, 60% shorter HRT, and 50% 
lower excess sludge yield. These results demonstrated that 
FBBR is a potential process for domestic wastewater treatment.
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