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ABSTRACT

In order to investigate the treatment of refractory organic pollutants in textile wastewater,
Rhodamine B (RhB) was selected as a model pollutant to prepare the simulated wastewater.
Aim to treat the effluent from Fenton oxidation process for wastewater containing RhB,
biological aerated filter (BAF) was used as post-treatment process. The start-up process of
the BAF reactor and the optimum operation conditions for the wastewater treatment process
were investigated in this study. It was demonstrated by a series of bench-scale tests that the
reactor could be successfully started up by exogenously inoculated activated sludge and
gradual acclimation method. Operation condition experiments indicated that the BAF could
achieve relatively high performance when gas–water ratio was 5–6, hydraulic retention time
was controlled at 6–8 h and influent organic loading was within the range from 0.77 to 2.04
kgCOD/(m3d).
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1. Introduction

Textile wastewater includes many kinds of chemi-
cals such as enzymes, dyes, auxiliaries, acids, and
sodium salts [1]. Anaerobic, aerobic, and their com-
bination biological treatment processes are the most
widely used in conventional textile wastewater treat-
ment plants (WWTPs) [2]. However, with the increas-
ing usage of new synthetic dyes and auxiliaries, many
wastewater discharged from the textile industry can-
not meet the discharging standard regulated by the
pollution control boards in China. This is mainly due

to the low BOD to COD ratio, which is identified to
be caused by toxic/non-biodegradable residual dyes
and auxiliaries in the textile wastewater [3]. At this
circumstance, conventional biological treatment pro-
cesses are not efficient enough to remove these recalci-
trant organics [4]. Thus, how to remove these
recalcitrant organics in textile wastewater has drawn
considerable attention from researchers [5].

Rhodamine B (RhB), is one of the most important
red synthetic dyes of xanthene class, it is widely used
as a colorant in textiles, food stuffs, and water tracer
fluorescents [6]. It is highly water soluble, carcino-
genicity, and neurotoxicity to human and animals [7].
Besides, it has been proved to be recalcitrant in
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conventional biological treatment processes, even high
resistance to photo and oxidation degradation [8]. It
has been detected to be remained in effluent from
many WWTPs for textile industry. To satisfy the safety
requirements of aquatic environment, the residual
RhB in the effluent from the conventional textile
WWTPs should be removed. Therefore, RhB has been
used as common objective organic pollutant to explore
the efficient removal methods in many studies [9,10].
Also, RhB is selected as a representative model
pollutant in this work.

Advanced oxidation processes have been consid-
ered as the most efficient method for partial or com-
plete removal of recalcitrant organic pollutants in
wastewater or their transformation into less toxic and
more biodegradable products. Fenton oxidation, as a
representational advanced oxidation technology, was
studied extensively by many researchers for the
removal of recalcitrant/non-biodegradable organics
from wastewater [11]. The reaction mechanisms of
Fenton oxidation [1] for organics in wastewater are
illustratively depicted by Eqs. (1)–(3).

Fe2þ þH2O2 ! Fe3þ þOH� þ �OH (1)

�OHþ RH ! R� þH2O (2)

R� þ Fe3þ ! Rþ þ Fe2þ (3)

By Fenton reaction, recalcitrant/non-biodegradable
organics can be partially or completely removed or
transformed into less toxic and more biodegradable
products. These intermediates produced from the par-
tial decomposition of non-biodegradable organics still
need to be removed by other treatment technologies.
Therefore, the Fenton oxidation is usually used as a
pre-treatment process to improve the biodegradable
ability of organics, and subsequent biological treat-
ment process is essential to remove the intermediates
in the effluent from the Fenton oxidation process.

Biological aerated filter (BAF) is one of the rapidly
developed technologies in the field of wastewater treat-
ment in recent years [12]. It is a comprehensive process
of biological oxidation, adsorption, and filtration. BAF
has a lot of advantages, such as little footprint, high
concentration of active biomass, high organic loading,
no need for separated secondary clarification, and no
sludge expansion problem [13]. Besides, it can run
intermittently and recover its performance in a short
time even after interruption for a long time.

Owing to above advantages, BAF is selected as a
post-treatment process for the simulated wastewater
from traditional textile WWTP in this study. RhB

contained wastewater was used as source wastewater
to simulate the effluents containing biological refrac-
tory pollutants. Taking into consideration that RhB is
difficult to be directly degraded by micro-organisms,
Fenton oxidation pretreatment process is carried out
for the source wastewater. The BOD5/COD value can
reach about 0.75 after the Fenton oxidation process,
indicating that RhB can be oxidized into small mole-
cules, which are easier for biodegradation. This issue
will be discussed elsewhere.

The current work will focus on the effectiveness of
a lab-scale BAF for treating the effluent from Fenton
oxidation process of RhB. Various operation condi-
tions including gas–water ratio, hydraulic retention
time (HRT), and influent organic loading were investi-
gated and the optimized operation conditions were
determined. This study may be helpful for scaling up
and application of the BAF in the textile wastewater
treatment.

2. Materials and method

2.1. Wastewater

Glucose nutrient solution was used in the stage of
biofilm cultivation, which includes glucose 500 mg/L,
NH4HCO3 125 mg/L, KH2PO4 25 mg/L, and micronu-
trient solution 2 mL/L. The pH value of the solution
is adjusted from 6.5 to 7.5 by H2SO4 or NaOH.

The micronutrient solution includes EDTA
50.0 mg/L, ZnSO4 2.2 mg/L, CaCl2 5.5 mg/L, MnCl2·
4H2O 5.06 mg/L, FeSO4·7H2O 5.0 mg/L, (NH4)6Mo7O2·
4H2O 1.1 mg/L, CuSO4·5H2O 1.57 mg/L, and CoCl2·6H2O
1.61 mg/L. All these chemicals are AR grade and used
without further purification.

2.2. Pre-oxidation process

RhB solutions with certain concentrations were
pre-oxidized by heterogeneous Fenton reaction. The
oxidation reactor was a typical continuous stirred tank
reactor with effective volume 1.2 L. Influent wastewa-
ter was fed to give a reaction time of 30 min for the
oxidation process. The pH value of the wastewater
was adjusted to 5.0. The oxidation reagent was perox-
ide and its dosage is 50 mmol/L. Fe/Fe3O4/carbon
granules were experimentally made and used as
heterogeneous Fenton catalyst. Typical COD removal
efficiency for Fenton oxidation process was about 65%.
NH4HCO3 and K2HPO4 were added into the wastewa-
ter after the pre-oxidation to serve as the N and P
nutrients for micro-organisms and the ratio was con-
trolled at COD:N:P = 00:5:1. Finally, the pH value of
the wastewater was adjusted to neutral and the
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wastewater was used as influent wastewater for the
BAF in the experiment process.

2.3. Experimental reactor

The BAF reactor used in this study was consisted
of gas distribution system, water distribution system,
packing materials layer, backwash system, and tem-
perature control system. The schematic configuration
of the whole system is shown in Fig. 1.

The main column of the BAF reactor was made of
transparent Perspex. The inner diameter of the main
reactor was 150 mm. The height of water and gas dis-
tribution zone was 200 mm. The total height of the
packing materials zone was 2,000 mm, in which the
gravel supporting layer at the bottom is 200 mm and
the upper ceramic packing layer is 1,800 mm. The
characteristics of the ceramic packing materials are
shown in Table 1.

At the top of the packing layer, there is a buffered
water layer with 300 mm in height. The highest part
of the whole reactor is an enlarged degassing and out-
flow zone with 350 mm in height. The empty bed vol-
ume of packing materials zone is 35.3 L, volume of
water and gas distribution zone is 3.5 L, and the total
volume of the water layer at the top of the packing

materials is 43.5 L. The orifice diameter of gas distribu-
tion pipe mounted at the bottom of the reactor and
below the supporting layer is 1 mm. There are six
sampling holes at the side wall of the packing layer.
The location heights of these sampling holes when
calculated from the bottom of the reactor are 0.4, 0.7,
1.0, 1.4, 1.7, and 2.0 m, respectively.

2.4. Operation methods of the reactor

The BAF operating mode is upward flowing in the
same direction for gas and water phases. The influent
wastewater stored in the high wastewater tank flows
into the bottom of the reactor. Compressed air is also
released into the bottom space of the reactor from air
distribution pipe and mixes uniformly with the influ-
ent wastewater. The mixture of gas and wastewater
go upward through the packing materials layer, the
buffer water layer, and the degassing zone succes-
sively. Finally, the effluent wastewater overflows
through the outflow weir and collects in effluent tank.
After running for a certain period of time, the filter
resistance increase obviously and the packing materi-
als should be backwashed to recover its filter ability.
The backwash process includes both large flow rate
air backwash and high pressure tap water backwash.

Fig. 1. Schematic configuration for the biological aerated filter reactor.
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The packing materials are controlled to be slightly
expanded in the backwash process. The backwashed
water is discharged separately.

During all the experiment processes, the gas and
water flows are measured by the pre-calibrated gas
and water flow meters. Air was supplied by an air
pump (Haili, ACO-003D, China). The air flow rate is
determined as the demand of air/water ratio and con-
trolled by gas valve. Temperature in the reactor is con-
trolled within 28 ± 1˚C by an electrical heater, which
is wrapped outside the reactor and controlled by a
thermal sensor imbedded into the packing materials
layer. In order to ensure stable temperature, influent
wastewater is also preheated by water bath.

2.5. Analysis methods

The analysis methods of wastewater, including
COD concentration based on potassium dichromate
and biofilm concentration, were based on the standard
methods [14]. The morphology of biofilm was
observed by the scanning electron microscope
(Hitachi, S-3000 N). The thickness of the biofilm was
measured by microscope equipped with micro scale
ruler in eyepiece [15]. Fifty packing particles with bio-
film were randomly selected from six sampling holes
and their diameters were measured as di. The average
diameter of the particles with biofilm (dp) was
calculated by Eq. (4). By the same method, average
diameter of clean particles was measured and calcu-
lated as dm. The average thickness of biofilm (δw) was
acquired by Eq. (5). The biomass of biofilm was
determined by the weighting method [16].

dp ¼
P

d3iP
d2i

(4)

dw ¼ dp � dm
2

(5)

3. Results and discussion

3.1. Start-up of BAF, acclimation, and stabilization

3.1.1. BAF start-up process

The exogenous activated sludge inoculation was
introduced to start up the BAF reactor. Inoculated
sludge was acquired from oxidation ditch of local
wastewater treatment plant (Ganzhou, Jiangxi Pro-
vince, China) and MLSS concentration of inoculated
sludge was 4,250 mg/L. The volume of added sludge
for inoculating was just able to cover the upper sur-
face of packing materials layer. Then glucose nutrient
solution was added in the reactor until the fluid level
was the same as the outflow weir. The aeration
devices were started and kept running for continuous
24 h without influent wastewater. After that, the mix-
ture liquid was settled for 1 h and the supernatant
above the packing materials layer was removed. The
glucose nutrient solution was refilled into the reactor
and aeration was restarted. These procedures were
repeated for 4 d and biofilms could be obviously
observed on the surface of the packing materials. At
last, the nutrient solution was all drained out.

The following are the continuous water feeding
stages. In this stage, little influent flow was fed to the
reactor and HRT was controlled at about 24 h. The
glucose nutrient solution was still used at this stage.
The detailed operation conditions used in this continu-
ous water feeding stage are summarized in Table 2.
The reactor ran for another 7 d and relatively uniform
biofilm could be observed on the surface of the pack-
ing materials. At this stage, the effluent COD main-
tained at 75–95 mg/L and the corresponding COD
removal ratio was more than 80%, which indicated
that BAF reactor had been successfully started up.

3.1.2. Acclimation and stabilization

In order to let the BAF acclimate the RhB wastewa-
ter and accumulate stable biofilm, the following pro-
cesses were carried out on the BAF reactor. Firstly, the

Table 1
Characteristics for homogeneous ceramic packing materials

Physical characteristics Values

Appearance Approximate sphere,
red brown, porous

Size 4–6 mm
Bulk density 0.89 g/cm
Specific surface area 3.85 cm2/g
Porosity 55–60%
Compressive strength >5.0 MPa
Actual density 1.56 g/cm

Table 2
Operation conditions in the continuous water feeding
stage

Item Unit Value

Inflow rate L/d 20.2
COD of influent mg/L 534
Aeration rate L/h 16
HRT h 24
Organic loading kgCOD/m3d 0.31
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influent was switched to mixture wastewater of glu-
cose nutrient solution and RhB wastewater with the
ratio of 1:1 (V/V). HRT was still controlled at 24 h
and the reactor was kept running for 7 d. Secondly,
the influent was switched to 100% RhB wastewater
and the HRT was set as 16 h. At this operation condi-
tion, the reactor ran 7 d as one cycle. Finally, the HRT
was shortened to 12, 8, and 6 h, respectively. At each
HRT, the operation cycle of the reactor was 5 d. The
total acclimation and stabilization process was ended
and it lasted for 29 d. Influent and effluent COD con-
centration in the whole process are showed in Fig. 2.

It could be seen from Fig. 2 that during initial per-
iod which was designated as stage “a,” biofilm accli-
mated well in the mixed influent partly containing the
target wastewater, and no obvious biological inhibi-
tion effect could be detected. In this period, the COD
removal ratios rapidly increased from 65.6 to 86.7%,
which indicated that the micro-organisms had accli-
mated the mixed influent wastewater quickly. In the
stage “b,” after the influent was switched to the whole
synthesized wastewater and the HRT was shortened
to 16 h, the COD removal ratio declined to 69.8%
quickly. However, the COD removal ratio recovered
gradually to 79.8% after that switch. Similarly, in the
stage “c” the HRT was changed to 12 h, the COD
removal ratio rapidly decreased to 76.7%, and then
gradually increased to 84.7%. In the stage “d,” the
HRT was reduced to 8 h, the COD removal rate
decreased to 79.8% firstly, and then it gradually
increased to 85.4%. In the stage “e,” the HRT was
reduced to 6 h, the initial COD removal rate decreased
to 80.2% rapidly, and then gradually increased to

84.2%. From the COD removal efficiency analysis for
these five stages, it could be concluded that after first
two periods of “a” and “b,” biofilm had fully accli-
mated to the effluent from Fenton oxidation process of
Rhodamin B wastewater. The proposed reactor
achieved relatively high COD removal ratio and the
effluent COD was around 70 mg/L. During stages of
“c,” “d,” and “e,” despite the decreased retention
time, the HRT affected little on COD removal ratio
and it could recover to a relatively high level quickly.
All these findings proved that the biofilm of BAF reac-
tor had acclimated to the target wastewater and
became mature and stable. The concentration of the
mature biofilm was measured to be 16.32 g/L and the
average thinness of biofilm was 93 μm. Including 10 d
of the initial start-up time, the BAF reactor was suc-
cessfully started up in 40 d and reached satisfactory
and stable treatment efficiency.

3.1.3. Biofilm morphology observation by SEM

In order to investigate the biofilm growth in BAF,
some packing materials attached with biofilm close to
the sample ports were picked out randomly during
biofilm formation, acclimation, and stabilization
stages, respectively. The surface morphology of all
these packing materials was observed by SEM and
shown in Fig. 3.

Fig. 3(a) showed the surface morphology of clean
packing materials. The surface was uneven with
irregular holes and cracks. The thickness of biofilm in
Fig. 3(b) was relatively thin and the coverage of bio-
film was relatively sparse at that time. There was still
some blank area on the surface and the thickness of
biofilm was relatively uniform except the blank area.
In Fig. 3(c), the biofilm was relatively thicker at this
time. Biofilm was shown in an accumulational growth
state and no blank area could be observed. Besides,
the surface of biofilm was quite rough. These
phenomena could be well explained by the plate
theory established by predecessors [17].

3.2. Determination of best operating conditions for BAF
system

3.2.1. Gas–water ratio

Gas–water ratio is the key parameter in BAF which
directly determines BAF dissolved oxygen concentra-
tion. Gas directly provides oxygen for the micro-
organism growth. Also, momentum of gas increases
water turbulence, so as to enhance the mass transfer
effect from gas to water phase.

Fig. 2. Performance of BAF reactor at acclimation and
stabilization stage. (a-glucose solution/wastewater = 1:1,
HRT 24 h, 7 d; b-only wastewater, HRT 16 h, 7 d; c-only
wastewater, HRT 12 h, 5 d; d-only wastewater, HRT 8 h, 5
d; e-only wastewater, HRT 6 h, 5 d).
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The experiments of gas–water ratio determination
were started from the 15th day after the BAF reactor
being successfully started up and stable operation.
The operating conditions of BAF reactor listed as fol-
lows: influent flow was 2.5 L/h and corresponding
HRT was about 8 h, the reactor temperature was 28
± 1˚C, and initial biofilm mass concentration was
16.94 g/L. Air flow is changeable and the air–water
ratio is controlled at 3, 4, 5, 6, 7, and 8, respectively.
For each air–water ratio operation condition, the reac-
tor ran for five continuous days as one cycle. Influent
and effluent COD of wastewater were measured every
day and the COD of latter three days in every 5 d
cycle are shown in Fig. 4.

As it can be seen from Fig. 4, when the gas–water
ratio increases from 3 to 6, COD removal ratio
increased from 75.2 to 84.5%. However, when the gas–
water ratio increased from 6 to 8, COD removal ratio
declined slightly. When gas–water ratio was 7 and 8,
the average COD removal rates are 84.2 and 83.3%,
respectively. The average COD removal rate reached
maximum when gas–water ratio was six. The influent
COD fluctuates around 430 mg/L, the effluent COD
was above 85 mg/L on average when the gas–water
ratios were 3 and 4. When the gas–water ratios were
5, 6, 7, or 8, the effluent COD was all very close at
about 68 mg/L.

The water–gas ratio denotes the amount of aeration
per unit influent volume. High ratio will lead to high
DO level in the influent, which is favorable for the
aerobic micr-oorganisms and can increase metabolism
activity. However, when gas–water ratio is beyond the
optimum value, gas turbulence due to excessive
aeration will be very significant. The biomass in the
reactor will decrease because of the shear effect of gas.
Actually, it can be observed obviously when the gas–
water ratio is 7 and 8, the effluent contains shedding

Fig. 3. Morphology of packing materials at various times.
(a) Clean packing materials, (b) packing materials after
running for 8 d, and (c) packing materials after running
for 35 d.

Fig. 4. Influence of gas–water ratio on performance of
BAF.
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biofilm fragments, which reduces the quality of
the effluent. So it is more reasonable to control the
air–water ratio between 5 and 6.

3.2.2. Influence of HRT on BAF performance

HRT represents the contact time of water and bio-
film. It is a critical factor to determine the performance
of the BAF reactor. Generally, the extension of HRT is
preferable for increasing performance of the reactor.
However, it is not economical to prolong the HRT
from the viewpoint of acquiring the reasonable vol-
ume utilization efficiency. Therefore, operation condi-
tion experiments for HRT selection were carried out
after the air–water ratio experiments were completed.

The controlled experiment conditions are listed as
follows. Initial biofilm mass concentration is about
16.31 g/L, reactor temperature is 28 ± 1˚C and the
gas–water ratio is five. Especially, the HRT is set at 12,
10, 8, 6, 4, and 2 h, respectively. The reactor continu-
ous ran 5 d for each HRT. The influent and effluent
COD of wastewater were tested every day and the
experiment results are reported in Fig. 5.

As shown in Fig. 5, COD removal efficiency is
gradually decreasing with the shortening of HRT.
When HRT is 2 h, average COD removal is about
64.5% and the effluent COD is over 153 mg/L.
Besides, each time after HRT was changed, COD
removal ratio has a significant decline in the initial
stage and recovered to a stable level quickly. This
indicates that system has a strong ability on resisting
the shock of loading. When HRT is 2 and 4 h, the
COD removal ratio is relatively low. When HRT is
more than 6 h, COD removal efficiency increases a
little with the extension of HRT.

In this study, the influent condition is relatively
stable and the HRT was gradually shortened from 12
to 2 h, which is a gradual process and beneficial for
the system stability. When HRT is more than 6 h,
COD removal ratio can be over 83.2% on average. This
indicates that majority of organics need more than 6 h
to complete degradation process. When HRT is less
than 6 h, the contact and reaction time is not enough.
So part of organics are not fully degraded and flow
out with the effluent, also short HRT means larger
amount of influent wastewater and air, which can sig-
nificantly intensify local turbulence. Biofilm may be
washed off and this phenomenon was also observed
in the experiment. Therefore, it is reasonable to control
HRT between 6 and 8 for the proposed reactor.

3.2.3. Influence of organic loading on BAF performance

Generally speaking, organic loading of influent for
biological wastewater treatment process should be
controlled in a certain range. Too low and too high
organic loadings both are not appropriate for acquir-
ing satisfying performance. So it is essential to deter-
mine the appropriate organic loading level for the
proposed reactor.

The organic loading verifying experiments operat-
ing conditions includes: influent flow 3.4 L/h, corre-
sponding HRT about 6 h, the reactor temperature 28
± 1˚C, gas to water ratio five, and initial biofilm mass
concentration about 15.75 g/L. Influent wastewater
COD concentration is different to make the various
organic loading conditions. Detailed influent COD
concentrations and corresponding influent organic
loadings are listed in Table 3. For each influent
organic loading level, the reactor continuously ran for
6 d. Influent COD concentrations are given in the form
of average COD concentration and its standard devia-
tion in 6 d. Average organic loading is calculated by
average COD concentration in each experimental stage
and means the organic loading based on reactor vol-
ume. The influent and effluent COD of wastewater
were tested every day and the results are shown in
Fig. 6.

As it can be seen from Fig. 6, while influent
organic loading increases, the average COD removal
ratio increases first and then decreases. When organic
loading is within the range of 0.3–0.77 kgCOD/m3d,
COD removal ratio increases rapidly from 65.7 to
83.1%, and effluent COD values are very close, which
is around 56 mg/L. When organic loading is in the
range of 0.77–2.04 kgCOD/m3d, COD removal ratio
increases from 86.3 to 83.1%, with a slower increasing
rate. When the organic loading continues to increaseFig. 5. Influence of HRT on performance of BAF.
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to 2.35 kgCOD/m3d, COD removal ratio decreases to
71.4% rapidly. It may be inferred that organic loading
2.35 kgCOD/m3d has exceeded the capacity of micro-
organisms and metabolism activity of micro-organisms
is restrained in some extent. Therefore, the BAF reac-
tor maintains the influent organic loading within the
range of 0.77–2.04 kgCOD/m3d is proper and it can
achieve a relatively stable and effective performance.

4. Conclusions

RhB, a kind of common dye in textile industry, is
hazardous and refractory to degradation in environ-
ment. It is used as representative organic pollutant to
simulate textile wastewater in this study. A bench-
scale BAF reactor was developed and employed for
post-treatment of the simulated textile wastewater,
which is effluent of RhB wastewater oxidized by
Fenton reagent. The utilizability of the proposed BAF
reactor for wastewater is investigated and the opti-
mum operation conditions are acquired. By exogenous
activated sludge inoculating and gradual acclimation
method, the reactor can be started up successfully
within 40 d. Operation condition experiments indicate
that when gas–water ratio is 5–6, HRT is controlled at
6 ~ 8 h and influent organic loading is within the

range of 0.77–2.04 kgCOD/m3d, the BAF can achieve
relatively high performance.

Acknowledgments

The authors would like to express their gratitude
to the financial support for National Natural Science
Foundation of China (No. 51064007), Natural Science
Foundation of Jiangxi Province (No. 20142BAB204004),
External Cooperation Planned Project of Jiangxi
Provincial Department of Science and Technology
(No. 20111bdh80032), and Supportive Planned Project
of Jiangxi Provincial Department of Science and Tech-
nology (No. 20123BBF60170).

References

[1] S. Karthikeyan, A. Titus, A. Gnanamani, A.B. Mandal,
G. Sekaran, Treatment of textile wastewater by
homogeneous and heterogeneous Fenton oxidation
processes, Desalination 281 (2011) 438–445.

[2] R. Liu, H.M. Chiu, C.S. Shiau, R.Y. Yeh, Y.T. Hung,
Degradation and sludge production of textile dyes by
Fenton and photo-Fenton processes, Dyes Pigm. 73
(2007) 1–6.

[3] W. Delée, C. O’Neill, F.R. Hawkes, H.M. Pinheiro,
Anaerobic treatment of textile effluents: A review, J.
Chem. Technol. Biotechnol. 73 (1998) 323–335.

[4] S. Karthikeyan, C.J. Magthalin, M. Mahesh, C. Anandan,
G. Sekaran, Synthesis of reactive iron impregnated nano-
porous activated carbon and its application in anaerobic
biological treatment to enhance biodegradability of
ortho-phenylenediamine, J. Chem. Technol. Biotechnol.
doi: 10.1002/jctb.4403.

[5] M. Sivakumar, A.B. Pandit, Ultrasound enhanced
degradation of rhodamine B: Optimization with power
density, Ultrason. Sonochem. 8 (2001) 233–240.

[6] S.D. Richardson, C.S. Willson, K.A. Rusch, Use of
Rhodamine water tracer in the marshland upwelling
system, Ground Water 42 (2004) 678–688.

[7] T. Shimada, H. Yamazaki, M. Mimura, Y. Inui, F.P.
Guengerich, Interindividual variations in human liver
cytochrome P-450 enzymes involved in the oxidation
of drugs, carcinogens and toxic chemicals: Studies
with liver microsomes of 30 Japanese and 30 Cau-
casians, J. Pharmacol. Exp. Ther. 270 (1994) 414–423.

[8] Z. Ai, L. Lu, J. Li, L. Zhang, J. Qiu, M. Wu, Fe@Fe2O3

core–shell nanowires as iron reagent. 1. Efficient
degradation of rhodamine B by a novel Sono-Fenton
process, J. Phys. Chem. C 111 (2007) 4087–4093.

Table 3
Influent COD concentration and corresponding organic loading

No 1 2 3 4 5 6

Influent COD (mg/L) 160.3 ± 8.5 334.0 ± 7.8 522.7 ± 8.3 751.1 ± 9.5 882.7 ± 9.2 10,16.0 ± 10.4
Average organic loading (kgCOD/m3d) 0.37 0.77 1.21 1.74 2.04 2.35

Fig. 6. Influence of different organic loadings on perfor-
mance of BAF.

7376 Y. Zhao et al. / Desalination and Water Treatment 57 (2016) 7369–7377

http://dx.doi.org/10.1002/jctb.4403


[9] R. Jain, M. Mathur, S. Sikarwar, A. Mittal, Removal of
the hazardous dye rhodamine B through photocat-
alytic and adsorption treatments, J. Environ. Manage.
85 (2007) 956–964.

[10] C. Namasivayam, N. Kanchana, R.T. Yamuna, Waste
banana pith as adsorbent for the removal of rho-
damine-B from aqueous solutions, Waste Manage. 13
(1993) 89–95.

[11] D. Mantzavinos, E. Psillakis, Enhancement of biodegrad-
ability of industrial wastewaters by chemical oxidation
pre-treatment, J. Chem. Technol. Biotechnol. 79 (2004)
431–454.

[12] A. Kantardjieff, J.P. Jones, Practical experiences with
aerobic biofilters in TMP (thermomechanical pulping),
sulfite and fine paper mills in Canada, Water Sci.
Technol. 35 (1997) 227–234.

[13] W.S. Chang, S.W. Hong, J. Park, Effect of zeolite
media for the treatment of textile wastewater in a

biological aerated filter, Process Biochem. 37 (2002)
693–698.

[14] E.W. Rice, L. Bridgewater, APHA and AWWA,
Standard Methods for the Examination of Water and
Wastewater, American Public Health Association,
Washington, DC, 2012.

[15] L.T. Mulcahy, W.K. Shieh, Fluidization and reactor
biomass characteristics of the denitrification fluidized
bed biofilm reactor, Water Res. 21 (1987) 451–458.

[16] V. Lazarova, V. Pierzo, D. Fontvielle, J. Manem,
Integrated approach for biofilm characterisation and
biomass activity control, Water Sci. Technol. 29 (1994)
345–354.

[17] A. Ohashi, H. Harada, Adhesion strength of biofilm
developed in an attached-growth reactor, Water Sci.
Technol. 29 (1994) 281–288.

Y. Zhao et al. / Desalination and Water Treatment 57 (2016) 7369–7377 7377


	Abstract
	1. Introduction
	2. Materials and method
	2.1. Wastewater
	2.2. Pre-oxidation process
	2.3. Experimental reactor
	2.4. Operation methods of the reactor
	2.5. Analysis methods

	3. Results and discussion
	3.1. Start-up of BAF, acclimation, and stabilization
	3.1.1. BAF start-up process
	3.1.2. Acclimation and stabilization
	3.1.3. Biofilm morphology observation by SEM

	3.2. Determination of best operating conditions for BAF system
	3.2.1. Gas-water ratio
	3.2.2. Influence of HRT on BAF performance
	3.2.3. Influence of organic loading on BAF performance


	4. Conclusions
	Acknowledgments
	References



