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ABSTRACT

A series of two pilot-scale aerobic and anaerobic upflow biofilters were constructed and operated
for tertiary treatment of municipal sewage. The effects of aeration on the nitrification performance
and nitrifier distribution between attached and suspended biomass of the aerobic upflow biofilter
(UBAF) were studied. Process operating results revealed that, for the secondary effluent with
volumetric loads of 0.31-0.65 kgCOD/m?> d and 0.14-0.34 kgNH,-N/m? d, the UBAF showed
an unstable ammonia removal rate of 60.6-72.2% with an average bulk DO concentration of
2.18 mg/L at an aeration rate of 0.6 m?>/h. Partial nitrification was observed at the first 1.2 m of
the filter (DO < 1.42 mg/L), and more than 38.4% nitrite accumulation ratio was detected. When
the aeration rate was increased to 1.0 m3/h, the nitrification efficiency of UBAF was stabilized at
the range of 90.1-93.5% with an average bulk DO concentration of 3.82 mg/L. No significant nitrite
accumulation took place in the whole filter. Specific activity tests of attached and suspended bio-
mass of the filter demonstrated that the buildup of nitrification efficiency at an aeration rate of
1.0m3/h mainly arose from the improvement of the nitrifying activity of the attached biofilm. The
increase of nitrifying activity of attached biofilm increased the stability of nitrification perfor-
mance of the UBAF. Most probable number (MPN) emuneration showed that about 60.8% of
ammonia oxidizing bacteria (AOB) and 90.8% of nitrite oxidizing bacteria (NOB) were present
in attached biofilm at aeration rate of 0.6 m>/h. The increase of aeration rate gave rise to 38.9% and
66.7% increase of AOB and NOB of attached biofilm, but only 10.6% and 23.1% increase of AOB
and NOB of suspended biosolid. The increase of aeration rate showed little effect on the growth
of AOB and NOB of suspended biosolid. NOB was more inclined to grow in attached biofilm than
AOB at two aeration rates.

Keywords: Nitrification; Nitrifier distribution; Suspended biosolid; Attached biofilm; Nitrifying
activity

1. Introduction

Water shortage and environmental pollution are
always serious problems in China. One of the effective
*Corresponding author ways to resolve these problems is water reuse. In 2008,
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the amount of municipal sewage discharged was
33 billion tons, which accounted for 57.7% of all waste-
water [1]. However, the reuse ratio of municipal sew-
age was less than 10%. This was much lower than the
80% reuse ratio of industrial wastewater [1]. Water pol-
lutants such as nitrogen and phosphorous are impor-
tant factors limiting the reuse of municipal sewage.
Thus, improving the quality and quantity of waste-
water reuse is an important and necessary task for the
municipal sewage treatment industry

Abiological aerated filter (BAF) is a small footprint
alternative to the conventional biological treatment
processes used for industrial and domestic waste-
water [2]. A submerged packed bed of granular media
provides a large surface area per unit volume for het-
erotrophic and autotrophic microorganisms to grow
and form a biofilm. The immobilization of biomass
makes it possible to maintain optimal conditions for
the relevant microorganisms independently of
hydraulic retention times, and therefore the process
has achieved high levels of nitrification, denitrifica-
tion and phosphate uptake [3]. As an important oper-
ating parameter of the process, aeration rate has a
great influence on nitrification performance of BAF
because it not only controls the concentration of bulk
dissolved oxygen, but also affects oxygen transfer,
flow conditions and shear [4,5].

Biological nitrification is the process by which
ammonia is oxidized to nitrite by ammonia-oxidizing
bacteria (AOB) and then nitrite is subsequently oxi-
dized to nitrate by nitrite-oxidizing bacteria (NOB).
In biofilm systems, the maximum volumetric conver-
sion of ammonia is usually limited by the liquid-
biofilm or the gas-liquid oxygen mass transfer rate
[6]. Though AOB and NOB are all aerobic microbes,
AOB show much stronger oxygen-affinity than NOB
[7]. Many experiments have shown that ammonia con-
version in biofilm systems can be effectively achieved
by limiting the activity of NOB with low dissolved oxy-
gen (DO) conditions to achieve shortcut nitrification
[6,8-11]. However, this method is usually operated in
combination with the control of some other factors,
such as pH, temperature, etc. The sole control of DO
to achieve nitrite accumulation may decrease the
overall nitrification rate [8]. Horn [12] and Garrido
[6] studied the models of oxygen mass transfer in bio-
film systems. Their work demonstrated that the
increase of bulk oxygen concentration and air velocity
can improve the mass transfer rate of oxygen at the
bulk/biofilm interface and in the biofilm. The effects
of aeration on the nitrification performance of the BAF
process have been investigated by many researchers
[11-17]. However, most of their work has centered
on synthetic wastewater. Only a few studies have

used actual wastewater. Compared with synthetic
wastewater, real wastewater is usually unstable. In
addition, the influent stream of real wastewater is
always characterized by a certain content of sus-
pended solids and particulates. This is prone to cause
periodic clogging of the filter bed and increase
backwash frequency [18,19]. The published results
indicated that an increase of aeration rate is favorable
for the conversion of ammonia. But the effect of aera-
tion is moderated by concentration of influent
organic carbon and ammonia loads. A continuous
increase of DO concentration will result in high
power consumption and is not useful for improving
ammonia removal efficiency when the DO concentra-
tions in the BAF satisfy nitrification needs [17]. There-
fore, for the tertiary treatment of municipal sewage in
the BAF process, we need to optimize the aeration
rate in connection with the wastewater characteris-
tics. A high aeration rate also causes the increase of
operating cost.

In a BAF, besides the attached-growth biofilm, there
are some suspended biosolids retained in the inter-
stices between the media particles. The suspended bio-
solids consist of sloughy biofilm and intercepting
matter. Villaverde [20] compared the nitrifying activity
of attached biofilm and suspended biosolids, and
found that suspended biosolids showed high ammonia
oxidizing activity while the attached biofilm showed
higher nitrite oxidizing activity. They also reported sig-
nificant differences in the spatial distribution of AOB
and NOB between the two compartments. The spatial
distribution of nitrifiers within the two kinds of
biomass mainly arises from the competition between
different microbe groups for space, oxygen and sub-
strate. Since oxygen affects the growth and decay rates
of nitrifiers [7,21,22], oxygen mass transfer is vital to
maintain the activity and distribution of the nitrifiers
in both attached biofilm and suspended biosolids. The
effects of aeration and oxygen on the activity and dis-
tribution of nitrifiers in a BAF have been investigated
[23-25]. However, all the previous works looked only
at attached biomass. There are no reports about the
influence of aeration on the changes of activity and dis-
tribution of nitrifiers in suspended biomass, nor a com-
parison between attached and suspended biomass.
Unlike attached biofilm, suspended biosolids are sus-
ceptible to backwashing. Investigating the effects of
aeration on the changes of activity and spatial distribu-
tion of nitrifiers between attached biofilm and sus-
pended biosolids is essential for the optimization of
BAF performance. In addition, although published
results have demonstrated that an increased of aeration
rate is beneficial for the mass transport of oxygen and
substrate, for wastewater with low organic carbon and
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Fig. 1. Schematic diagram of the biofilm system (1.NB, nitrification biofilter, 2. DB, denitrification biofilter, 3. influent pump,
4. air blower, 5. pressurize pump, 6. backwashing pump, 7. backwashing air blower, 8. Effluent storage tank (backwashing
water tank), 9. air flow meter, 10, 11. water flow meter, 12. water flow meter (backwash), 13. air flow meter (backwash), 14.

filter head.

ammonia loads, the effect of aeration needs further
study because when ammonia is limiting, oxygen radi-
cals are formed and reducing equivalents are needed to
remove them [26].This might give rise to the buildup of
nitrifier decay rate and thus affect process perfor-
mance. In this study, to achieve a better understanding
of the influences of aeration on the nitrification perfor-
mance of BAF for tertiary treatment of municipal sew-
age, the changes of activity and distribution of nitrifiers
between attached and suspended biomass under dif-
ferent aeration rates were analyzed.

Before this study, a series of two pilot-scale upflow
biofilters had already been operated for about three
months at the Jinan municipal wastewater treatment
plant for tertiary treatment of secondary effluent. The
first biofilter is aerated and designed for the removal
of organic carbon and nitrification, and the second for
denitrification without aeration. This paper mainly
focuses on the nitrification performance of the first bio-
filter. The secondary effluent was fed to the upflow bio-
filters continuously and the nitrification performance
of the first biofilter under different aeration rate condi-
tions was observed. A respiratory experiment was
applied to determine the specific activity of attached
and suspended biomass. Bacterial cell counting was
used to assess the distribution of AOB and NOB on the
attached biofilm and suspended biosolids. The main

purposes were (1) to investigate the effects of aeration
rate on the nitrification efficiency of UBAF for tertiary
treatment of municipal sewage; (2) to study the
influence of aeration on the nitrification performance
of UBAF in connection with the nitrifying activity of
attached and suspended biomass; (3) to evaluate the
influence of aeration on the distribution of nitrifiers
between attached biofilm and suspended biosolids in
the UBAF.

2. Materials and methods
2.1. Experiment setup

A schematic diagram of the experimental system is
shown in Fig. 1. The overall biofilm system consisted of
two filters in series, named NB (nitrification biofilter)
and DB (denitrification biofilter). Both NB and DB had
the same dimensions — height 6.5 m, diameter 1.0 m
and 4.55 m® of effective volume. Fig. 2 is the on-site
photograph of the pilot-scale experimental apparatus.
About 60% of the reactor volume of each filter was
filled with granular ceramic particles which had been
provided by Sifon Environmental Protection and Bio-
energy Ltd, China. The loading heights and packing
density of the media in the filter were 4 m and
1.03 x 10° kg/m°>. The media has an effective average
diameter of 3-5 mm, density of 2.17 kg/m?, porosity
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Fig. 2. On site photograph of the pilot-scale experimental
apparatus.

of 0.53 and specific surface areas of 6.39 m*/g. Each fil-
ter was provided with eight sampling ports located at
heights of 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8 and 5.4 m, allow-
ing for liquid and substratum sampling during filter
operation. Under the media layer, there was a pebble
layer of about 30 cm depth. The diameter range of the
pebbles was 5-10 cm. For NB, air was introduced into
the reactor with an annular perforated pipe (pore size,
0.5 mm) fixed in the pebble layer. The aeration rate was
controlled with an air flow meter. The wastewater was
pumped into NB and flowed upward through the
media layer. In order to ensure the fully contact of sub-
strate and microorganism, filter head was assembled to
improve the uniformity of water distribution. Both the
wastewater and air flowed through the NB in a co-
current flow. The effluent of NB with nitrogen oxide
(NOy) was pumped into DB for denitrification. The final
effluent of DB was collected in a storage tank to provide
backwash water. Both NB and DB were backwashed
every 72 h. The backwash sequence included air scour
(5 min), followed by combined air scour and water back-
wash (10 min). The water and air backwash intensity
were set at 5 and 12 L/m * s, respectively.

2.2. Raw wastewater

The test wastewater was collected from the outlet of
the secondary sedimentation tank in the Jinan waste-
water treatment plant, Shandong province. The main
characteristics of the wastewater are summarized in
Table 1.

2.3. Operating conditions

The nitrification performance of NB was studied
under low and high aeration rate conditions. The

Table 1

Characteristics of the test wastewater

Parameter Range Mean (SD)
pH 6.9-7.2 7.1(0.1)
Temperature (°C) 7.9-26.2 19.4(4.9)
SS (mg/L) 6.2-13.6 8.4(1.9)
COD (mg/L) 20.3-50.4 25.8(7.2)
BODs (mg/L) 4.2-8.7 5.5(1.3)
NH,"-N (mg/L) 7.0-25.4 16.9(4.5)
NO,-N (mg/L) 0.5-1.4 0.9(0.3)
NO;3-N (mg/L) 3.8-15.7 7.9(3.4)
TN (mg/L) 14.5-29.8 22.9(5.1)
TP (mg/L) 0.9-14 1.1(0.2)

Note: SD, standard deviation.

selection of aeration rate was mainly based on pub-
lished empirical parameters of dissolved oxygen.
According to Sutton et al. [27], an average DO concen-
tration in the effluent liquid of at least 3 mg/L should
enable the nitrifying biofilm activity. Published results
about BAFs treating synthetic and actual wastewater
demonstrated that satisfactory nitrification can be
achieved if the average bulk DO concentration in the
reactor is maintained at approximately 4 mg/L
[15,17,19]. On this basis, we adjusted the aeration rate
and conducted oxygen tests. The results indicated that
when the aeration rate was controlled at 0.6 and
1.0 m>/h, respectively, the requirement of low and
high oxygen concentration mentioned above could be
met in the reactor. So, in this study, we selected 0.6 and
1.0m3/h as low and high aeration rates for comparison.

The experiment was divided into two stages. Stages
one and two were lasted 90 and 99 d, respectively. The
aeration rate of NB in stage one was controlled at
0.6 m°/h, and that in stage two was controlled at
1.0 m®*/h. During each stage, the feed flow rate was
kept identical and controlled in the range of
2.0 + 0.1 m*®/h. The corresponding hydraulic load and
hydraulic retention time (HRT) were 4.5 (m®/m?h) and
2.3 h. The water temperature in stage one varied from
18.2 to 25.4°C, and that in stage two varied from 16.9 to
26.2°C throughout the experiment. There was no sig-
nificant difference in the temperature of the two stages.

2.4. Chemical and physical analysis

Ammonia (NH,"-N), nitrate (NO3; -N), nitrite
(NO;-N), chemical oxygen demand (COD), sus-
pended solid (SS), total nitrogen (TN) and total phos-
phorus (TP) were analyzed according to standard
methods [28]. DO was measured by chemical iodome-
try method (GB/T 2489-1987, China). The temperature
and pH were monitored with a PHS-3C pH meter
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(Shanghai prcecison & scientific Instrument Co., Ltd,
China). Turbidity was detected by a SGZ-1A Turbidity-
meter (Shanghai Yuefeng Instrument & Meters Co.,
Ltd, China). Microscopic examination of biofacies was
performed using an OLYMPUS-CX31 microscope
(OLYMPUS Corporation, Japan).

The concentration of biomass was determined and
differentiated into two forms: attached and suspended
biomass. According to Villaverde [20], the fraction of
solids that can be sloughed from the substratum parti-
cles by gentle rinsing with distilled water is considered
the suspended biomass, and the rest of the biomass
remaining on the particles is considered the fraction
of attached biomass. The volatile biomass of the two
forms of biosolid was determined from the difference
between the masses of total dry matter (dried at
105°C) and the mass of the residual of dry matter after
heating to 550°C.

2.5. Activity tests

The specific activities of nitrifying and heterotrophic
bacteria in terms of oxygen uptake rates (OUR), were
determined by closed respirometry. The respirometer
consists of a 500 ml plastic container with inlets for
inserting oxygen electrode (YSI-50B, Yellow Springs
Instrument Co. Inc, USA) and pH probe, and introdu-
cing the sample and substrates. The oxygen was sup-
plied through a porous aerator. A magnetic stirrer was
used to provide mixing conditions inside the reactor.

The experiment was carried out at room tempera-
ture. The specific OUR test method was that of
Giudada [29] and Villaverde [20]. The DO concentra-
tion in the reactor was controlled in the range of
4-8 mg/L. The endogenous OUR of the sample was
measured firstly for 40 min without substrate. The
oxygen concentration was recorded at intervals of
2 mins. Glucose, ammonium sulphate and sodium
nitrite were used as the specific substrates for deter-
mining the activity of heterotrophs, ammonia and
nitrite oxidizers, respectively. The injection sequence
of the substrate was as follows: the first injection of
sodium nitrite was followed by ammonium sulphate
and finally the injection of glucose. According to the
kinetics principles provided by Cech [30] and Chudoba
[31], the initial substrate concentrations of NH,"-N,
NO, -N and COD in the reactor were controlled at
10, 5 and 30 mg/L. The measurements of OUR of
heterotrophs, ammonia and nitrite oxidizers with
substrate all lasted for 40 minutes. All the batch experi-
ments were performed with duplicate samples. The
final results for the specific activities are expressed as
milligrams of O, consumed per gram of volatile solids
per hour (mg O,-g VS ' h™').

2.6. Extraction and counting of nitrifying bacteria

To obtain a sample of nitrifying bacteria for cell
counting, 20 g of fresh ceramic media was weighed and
gently rinsed with distilled water. The liquid contain-
ing suspended biosolids was collected and poured into
a 300 mL of conical beaker. Several sterile beads were
added. The liquid was sealed and kept vibrating on a
shaker at 4°C for 2 h (125 cycles/min). A bacteria
suspension of suspended biosolid was prepared. For
the attached biofilm, a method of extracting bacteria
[32] was applied to extract the bacteria from the
biofilm. Rinsed media with attached biomass was put
into a 500 mL of beaker and 200 mL of 50 mmol/L
sodium pyrophosphate solution was added. After
10 min of stabilization, the solution was agitated
by a mechanical agitator at the maximum speed for
10 min in an ice bath. The mixed liquid with
stripped biofilm was then separated. The further
preparation of a bacteria suspension of attached bio-
film was the same as for the suspended biosolids.
All the containers, tools and solutions were steri-
lized in an autoclave.

AOB and NOB were counted by most probable
number (MPN)-Griess method [33]. First, 1 mL of sam-
ple was taken from the bacteria suspension. Serial 10-
fold dilutions of the sample were prepared in sterile
distilled water and 1 ml portions were transferred to
MPN tubes containing 9 ml of the enumeration med-
ium. Five replicate tubes were prepared per dilution
for enumeration. The composition of enumeration
media for AOB and NOB are the same as in Li [33].
Inoculated MPN tubes were incubated for 5 weeks at
28°C. The presence and disappearance of nitrite in each
tube were checked by colour determination after add-
ing zinc powder and Griess reagent.

3. Results
3.1. The distribution of DO in NB

The bulk DO profiles along the column of NB for the
two aeration rates (Fig. 3) increased along the height of
the column and the highest bulk DO concentration was
achieved at the top of the filter. The height of 1.2 m (1%
sampling port) is the position of the bottom of the
media layer, which is located at 10 cm above the aera-
tion point. As the aeration rate in stage one was con-
trolled at 0.6 m3/ h, the average DO concentrations
varied from 0.82 to 3.05 mg/L along the media bottom
to the height of 5.4 m (8% sampling port). In stage two,
the average concentrations of DO (1 2m) and DO (5 4m)
were increased to 1.62 and 4.88 mg/L, respectively
resulting from the aeration rate being raised to
1.0 m®/h.
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Fig. 3. The distribution profiles of bulk DO concentration in
NB under two aeration conditions (Stage one, aeration rate
= 0.6 m>/h; Stage two, aeration rate = 1.0 m3/ h).

3.2. Nitrification performance

The ammonia and NO; -N of influent and effluent
in NB during the two stages are presented in Fig. 4.

During the 90 d of stage one, the influent ammonia
varied from 10.3 to 20.4 mg/L. The corresponding
influent ammonia loads varied within the range of
0.16-0.31 kgNH,"-N/m®d (average 0.22 kgNH, -N/
m>-d). NB showed 60.6-72.2% (average 64.4%) ammo-
nia removal rate at aeration rate of 0.6 m>/h. The
ammonia in the effluent was in the range of
3.5-7.9 mg/L (average 5.4 mg/L). The nitrification

Stage one
100 >: 100
1

PO EWWMQO

_ 80 Ee Stage two 180
= 70t ap S ¢ 70 _
5P cos S
g eomfe A i leo &
=t : )
S 50f : 450 o
& i 3
£ 40p : 140 §
2 H x

8 30 ! 430

20

10

Day

Fig. 4. The profiles of ammonia oxidization under two differ-
ent aeration conditions in NB (Stage one, aeration rate =
0.6 m®/h; Stage two, aeration rate = 1.0 m>/h. The symbols
of (%) and (*) represent the concentrations of influent and
effluent NH; " —N, (A) and (A) represent the concentrations
of influent and effluent NO;~ —N, (®) represents the remove
rate of NH, —N, respectively)

efficiency of the process was relatively low and showed
a certain fluctuation with the influent ammonia loads.
Most of the oxidized ammonia in the effluent was in
the form of NO3; -N while little NO, -N was present.
The average concentrations of NO, -N and NO3; -N
in the effluent were about 0.4 and 16.7 mg/L,
respectively.

During the 99 d of stage two, the aeration rate was
adjusted to 1.0 m®>/h to investigate the effect of an
increase of aeration rate on the nitrification efficiency
of NB. At this stage, the influent ammonia load showed
no significant change and varied within the range of
0.14-0.34 ngH4+—N/ m>.d. At the initial 28 d, the
ammonia removal rate kept increasing. After 28 d, the
efficiency was over 90% and remained stable. The total
nitrification efficiency was in the range of 90.1-93.5%
(average 91.6%) during the steady state of stage two.
Compared with stage one, NB showed a strong adapt-
ability to the shock of ammonia load, and the effluent
ammonia remained almost stable in the range of 0.6-
1.9 mg/L (average 1.3 mg/L). Just as in stage one, the
majority of the ammonia removed was converted to
NOs3; -N. However, due to the fluctuation of influent
ammonia, the effluent NO; -N was unstable. We
found the NO; -N in the effluent was in the range of
10.8-25.8 mg/L. The average concentration of NO, -
N in the effluent was below 0.2 mg/L.

The profiles of ammonia removal and NO, -N
accumulation along the column are shown in Fig. 4.
The nitrite accumulation ratio was calculated as
follows:

Nitrite accumulation ratio (NAR) %
B NO, -N
~ NO, -N +NO; -N

x 100%. @

In stage one (Fig. 5a), as the influent ammonia loads
were in the range of 0.16-0.31 kgNH,"-N/m?’ d, up to
37.4% of ammonia was removed in the first 1.2 m cor-
responding to a 64.4% nitrification efficiency of the
whole filter. In this case, incomplete nitrification was
achieved and the highest nitrite accumulation ratio of
38.4% (average) was observed at the height of 1.8 m
corresponding to the bulk DO concentration of
0.82 mg/L. Above the height of 2.4 m, as the average
bulk DO concentration was over 1.42 mg/L, the nitrite
accumulation ratio decreased to 2.9-3.3%. In stage two
(Fig. 5b), for almost the same influent ammonia loads
as stage one, more than 91.6% nitrification efficiency
was shown in NB and the ammonia removal rate in the
first 1.2 m was increased up to 52.7%. Compared with
stage one, the average bulk DO concentration range in
the first 1.2 m of the filter increased from 0.82-1.42 to
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Fig. 5. Profiles of ammonia removal and nitrite accumulation
along the column in the filter under two aeration conditions
(a, stage one, aeration rate = 0.6 m3/ h; b, stage two, aeration
rate = 1.0 m*/h).

1.62-3.05 mg/L and there was no significant NO, -N
accumulation. Moreover, with the rise of aeration rate,
a 12.9% (average) increase of nitrification efficiency
was observed at the middle and top regions (2.4-
4.8 m) of the filter.

The ratios between NO, -N (NO, -N+NO3; -N)
production and ammonia removal along the height
of the filter are shown in Fig. 6. In stage one, about
98.6% of removed ammonia was oxidized into NO, -N
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Fig. 6. Ratios between NO, -N (NO, -N+NO; -N) produc-
tion and ammonia removal along the height of filter in the
two test stages.

and NO; -N at the bottom region (12-24 m) of
the filter. However, at the middle and top region
(24-4.8 m), the production of NO, -N and NO; -N
accounted for 99.2-99.5% of the removed ammonia. In
stage two, more than 99.4-99.7% of removed ammonia
was oxidized into NO, -N and NO3 -N in the whole
reactor. According to the results of Figs. 5 and 6, it can
be observed that a relatively high loss of nitrogen
occurred at the bottom region (1.2-2.4 m) of the filter
in stage one, corresponding to the higher nitrite accumu-
lation ratio.

3.3. Removal of chemical oxygen demond (COD)

During both test stages, the influent COD varied
within the range of 19.6-422 mg/L (average,
23.5 mg/L), and the corresponding volumetric loads
were in the range of 0.31-0.65 kg COD/m’day
(average 0.36 kg COD/m?-day). For the aeration rates
of 0.6 and 1.0 m®/h, NB showed 25.2% and 31.6%
COD removal, respectively.

3.4. The detection of microorganism activity

The microbial activity tests were carried out during
the steady state of stage one (from the 65th day to the
79th day) and stage two (from the 164th day to the
176th day). The profiles of volatile biomass and specific
activities of AOB, NOB and heterotrophic bacteria of
the two forms of biosolid along the height of the filter
at two different aeration rates (0.6 and 1.0 m>/h) are
summarized in Tables 2 and 3.

According to Table 2, the suspended biosolids
showed higher ammonia oxidizing activity but lower
nitrite oxidizing activity than the attached biofilm at
the aeration rate of 0.6 m>/h. Higher specific activity
of AOB was observed at the bottom region of the filter
(from 1.2 to 2.4 m). This was consistent with the high
ammonia removal performance of the bottom region
shown by Fig. 4. At heights above 2.4 m, the activities
of ammonia oxidization and nitrite oxidization of the
two forms of biosolid all declined along the column
because of the gradual decrease of substrate. In addi-
tion, Table 2 also shows that the specific activity of
NOB was lower in the first 0.6 m of the filter at aeration
rate of 0.6 m>/h. Higher specific activity of AOB and
lower specific activity of NOB accounted for the nitrite
accumulation of the bottom region in stage one
(Fig. 4).Table 3 shows that, as the aeration rate was
raised to 1.0 m>/h, the activities of ammonia oxidiza-
tion and nitrite oxidization of attached biofilm at the
bottom region of the filter (1.2-2.4 m) increased by 2.3
and 3.7 times (average) respectively, while those of
suspended biosolid only increased by 3.3% and
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Fig. 7. Bacteria cell counts at the steady state of both test stages (a, stage one, aeration rate = 0.6 m3/h; b, stage two, aeration rate

= 1.0 m®/h).

352% (average). The biomass measurements in
Tables 2 and 3 reveal that attached biomass was more
than five times higher than suspended biomass at the
bottom region in the two test stages. So, it can be pre-
dicted that the buildup of nitrification efficiency of
the bottom region in stage two (Fig. 3) was mainly
from the improvement of the nitrifying activity of
attached biofilm. For the middle and top region of the
filter, the buildup of nitrification efficiency was also
mainly achieved by the nitrifiers on the attached
biofilm.

It also can be observed in Table 2 that the suspended
biosolids showed higher heterotroph and endogenous
activity than the attached biofilm at the low aeration
rate. As the aeration rate was raised to 1.0 m®/h, the
average heterotrophy and endogenous activities on the
suspended biosolids increased by 1.6% and 14.5%,
while those on the attached biofilm increased by
29.3% and 74.1%, respectively (Tables 2 and 3). Just
as for the ammonia oxidization activity, the hetero-
troph activity of the suspended biosolids also showed
no significant variation in stage two.

3.4. The variation of nitrifier quantity

Bacteria counts were made during the same steady-
state periods of investigation as above. Fig. 7a shows
that the initial cell densities (average) of AOB and NOB
of suspended biosolid at the height of 1.2 m were
848 x 10° and 8.03 x 10* cells/ mgVS, and those of
attached biofilm were 2.04 x 10° and 8.52 x 10* cells/
mgVS, respectively. From the height of 1.2 to 2.4 m, the
average cell densities of AOB and NOB of attached bio-
film increased by 1.5 and 4.2 times while those of sus-
pended biosolid showed no significant variations. At
heights above 2.4 m, the average cell densities of AOB
and NOB in the two forms of biosolid all declined
along the column. The total amount of AOB and NOB
on the whole retained biomass could be evaluated by
the following equation

M n
TNB = — Z (Dsi - VS; + Dy; - VA;) (2)
i=1

where TNB is the total amount of bacteria, cells; i stands
for sampling cross-section number; Dgi and D i are the
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Table 4

Calculation results of total amount of AOB and NOB in the whole retained biomass for stage one (aeration rate = 0.6 m?/h) and

stage two (aeration rate =1.0 m®/h)

AOB (cells, x10"%)

NOB (cells, x10'?)

Suspended Attached Total Suspended Attached Total
Stage one 1.69% (0.53%) 2.62 (0.49) 4.31 (0.78) 0.39 (0.12) 3.86 (0.57) 4.25 (0.58)
Stage two 1.87 (0.48) 3.64 (0.55) 5.51 (0.84) 0.48 (0.23) 6.47 (0.68) 6.95 (0.79)

Note: a, average, b, standard deviation (SD), n = 4.

cell density of nitrifier for suspended and attached bio-
mass at the different sampling cross-section, cells/
mgVSS; VS; and VA; are the volatile biomass of sus-
pended biosolids and attached biofilm per mass of
media, mgVSS/g medias and M is the total mass of
media, kg (M = p - - 7% - h,p = 1.03x10° kg/m?>).

The calculation results summarized in Table 4
show that the amount of AOB of suspended biosolids
and attached biofilm in stage one accounted for
approximately 39.2% and 60.8% of the total AOB on
the whole retained biomass. Corresponding to its
higher ammonia oxidizing activity, suspended bioso-
lid showed higher AOB density. But the total amount
of AOB on the suspended biosolids was still lower
than that of the attached biofilm because of the smal-
ler biomass. As the aeration rate was increased to
1.0 m3/h, the total amount of AOB in the attached
biofilm increased by 38.9%, while that of suspended
biosolids only increased by 10.6%. In stage two, the
proportion of AOB on the suspended biosolids
dropped from 39.2% to 33.8%, while that of the
attached biofilm increased from 60.8% to 66.2%. The
calculation results of NOB showed that only about
9.2% of total NOB was in the suspended biosolids
at an aeration rate of 0.6 m>/h. With the rise of aera-
tion rate, the NOB amount of suspended biosolids
increased by 23.1%, while that of attached biofilm
increased by 67.7%. In stage two, more than 93.1%
of the total NOB was present in the attached biofilm.
It can be seen that the growth rate of AOB and NOB
in the attached biofilm was much greater than that of
the suspended biosolids as the aeration rate was
raised from 0.6 to 1.0 m®/h. The variation of nitrifier
amount of the two forms of biosolid was basically
consistent with the variation of their nitrifying
activities.

4. Discussion

4.1. The influence of aeration on the nitrification of NB

In stage one, for the aeration rate of 0.6 m3/ h, NB
showed a 60.6-72.2% (average 64.4%) nitrification

efficiency with the bulk DO concentration of 0.82-
3.05 mg/L (average 2.18 mg/L). In this case, shortcut
nitrification and relatively high loss of nitrogen were
observed in the first 1.2 m of the filter (Figs. 5 and 6).
Published results demonstrated that oxygen level for
nitrite accumulation is in the range of 0.5-1.5 mg/L for
suspended culture [9,34,35], and 0.8-2.0 mg/L for the
biofilm system [6,11]. Therefore, the low bulk DO con-
centration (0.82-1.42 mg/L) at the bottom region of the
filter (1.2-2.4 m) was expected to be the main factor
limiting the oxidization of nitrite in the reactor. Tallec
[36] reported that when the bulk DO concentration in
the biofilter was in the range of 0.5-1.0 mg/L, nitrifier
denitrification would take place and nitrous oxide
(N20O) could be produced. The bulk DO concentration
level (0.82-1.42 mg/L) of the bottom region in stage
one is favorable for autotrophic bacteria to carry out
nitrifier denitrification and reduce nitrite into N,O in
the reactor. So, it can be speculated that the relatively
high loss of nitrogen occurring at the bottom region
of the filter in stage one might be a consequence of
nitrifier denitrification resulting from low oxygen con-
centrations. As the aeration rate was raised to 1.0 m®/ h,
the total nitrification efficiency was increased to 91.6%
(average) and no significant nitrite accumulation was
deteced in the whole reactor. This means the oxidiza-
tion of nitrite was not inhibited in the reactor at an aera-
tion rate of 1.0 m®/h. As a co-substrate of nitrification,
the bulk concentration of DO influences the reaction
rates of both ammonia oxidization and nitrite oxidiza-
tion [38—40]. Sufficient concentration of DO is essential
to maintain an effective nitrifying biofilm reactor
[37,41]. Chen [14] reported the nitrification perfor-
mance of a nitrifying biofilm reactor with high ammo-
nia loads in synthetic wastewater and suggested the
bulk concentration of DO to be maintained in the range
of 4-5 mg/L. Chui [15] studied the nitrification perfor-
mance of an upflow fixed bed filter with volumetric
loading rate of 1.7 kgCOD/m’.day and 0.33 kgN/
m°.day, and found that nitrification was inhibited as
the average bulk DO was below 3 mg/L. This study
demonstrated, for secondary effluent with an average
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volumetric loading rate of 0.36 kgCOD/m?>.day and
0.22 kgNH,;-N/m?’-day, sufficient bulk DO concentra-
tion (average 3.82 mg/L) is also necessary for the
UBAF process to achieve a satisfactory nitrification effi-
ciency (average 91.6%).

Fig. 4 illustrates that, in stage one, up to 37.4% of
ammonia was removed at the bottom region of the fil-
ter (1.2-2.4 m) corresponding to a 64.4% nitrification
efficiency of the whole reactor. The plentiful ammonia
of the influent and the high oxygen affinity caused the
ammonia oxidizing bacteria at the bottom region of the
filter to play high-efficiency roles in the conversion of
ammonia even though the average bulk concentration
of DO was less than 1.42 mg/L. In this case, more than
40.2% (average) of ammonia oxidization efficiency was
achieved by the bottom suspended biosolid whose bio-
mass only accounted for 16.3% (average) of the total
bottom biomass (Table 2). It can be seen that suspended
biosolids made great contributions to the nitrification
of UBAF under the low oxygen conditions. With the
rise of aeration rate, the efficiency and stability of nitri-
fication of UBAF improved significantly (Figs. 3 and 4).
The increase of bulk DO concentration and stronger
turbulence accompanying with the rise of aeration rate
could increase volumetric nitrification rates by improv-
ing the oxygen diffusion and advective transport in the
granular media [13]. In spite of this, the effect of aera-
tion on the nitrification mainly relied on the function
of nitrifier activity. The specific activities presented in
Tables 2 and 3 reveal that the buildup of nitrification
efficiency in stage two was mainly from the improve-
ment of the nitrifying activity of attached biofilm. Sus-
pended biosolids showed little increase of nitrifying
activity as the aeration rate was raised from 0.6 to
1.0 m®/h. The nitrifying activitiy of both attached bio-
film and suspended biosolids was mainly dependent
on their active biomass. Compared with attached bio-
film, suspended biosolids were more susceptible to
backwashing and showed better wash-out effects. This
might cause more loss of active biomass and limit the
growth of nitrifying bacteria on the suspended bioso-
lids. The increase of nitrifying activity of the attached
biofilm increases the shock resistance capacity of NB,
and thus maintains the stability of the nitrification per-
formance in stage two.

In a BAF process, heterotrophic bacteria are the
main competitors with nitrifiers for oxygen. However,
in this study, because of the low organic loading of the
influent, the total activity level of heterotrophic bac-
teria observed in the filter was relatively low (Tables
2 and 3). As for nitrifying activity, the improvement
of oxygen conditions showed little effect on the hetero-
troph activity of the suspended biosolids. The role of
backwashing is also suggested to be the main factor

limiting the growth of heterotrophs on suspended bio-
solids. In contrast, the heterotroph activity on the
attached biofilm increased more as the aeration rate
was raised from 0.6 to 1.0 m®/h. It was analyzed that
the buildup of heterotroph activity on the attached bio-
film may be arisen from two aspects. Firstly, the
increase of oxygen concentration and diffusion effi-
ciency could strengthen the utilization of influent
organic substrate by heterotrophic bacteria on the
attached biofilm. Secondly, it has been reported that
heterotrophic bacteria in an autotrophic nitrifying bio-
film could use soluble microbe products (SMP) pro-
duced or released by nitrifiers as growth substrate
[42,43]. Therefore, the improvement of nitrifying activ-
ity on the attached biofilm might simultaneously sti-
mulate the growth of heterotrophic bacteria via
production of more SMP.

4.2. The influence of aeration on the distribution of nitrifying
bacteria

The results of AOB enumeration (Table 4) demon-
strated that attached biofilm showed a higher propor-
tion of AOB on the whole retained biomass than that
of the suspended biosolids in the two test stages. The
growth rate of AOB in the attached biofilm was
obviously greater than that of the suspended biosolids
with the improvement of oxygen conditions.

From the viewpoint of mass transfer, the growth of
AOB of the suspended biosolids is dominant over that
of the attached biofilm because better transport condi-
tions exist in the liquid phase than those encountered
within the biofilm. Nevertheless, a better wash-out
effect makes the growth of AOB of suspended biosolids
more depends on the retention time of the suspended
biosolids in the filter. With regards to the distribution
of AOB in UBAF, Villaverde [20] reported that as much
as 78% of ammonia was removed by the suspended
biosolid and most of the ammonia oxidizers were sug-
gested to be suspended instead of attached to the sub-
stratum particles. In the work of Villaverde, backwash
was conducted weekly, and the biomass ratio between
suspended biosolids and attached biofilm was in the
range of 0.5-1.6. This was much greater than the bio-
mass ratio of 0.11-0.26 of our study. So, the relatively
smaller proportion and lower growth rate of AOB
amount of suspended biosolid in the filter might be a
consequence of frequent backwash (3 d) of this study.
The limitation of the growth of AOB on the suspended
biosolids provides more opportunities to the growth of
AOB on the attached biofilm. With the improvement of
mass transfer efficiency of oxygen and substrate within
the biofilm, the growth of AOB of the attached biofilm
gradually becomes dominant because immobilization
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is advantageous. The influence of backwashing on the
growth and distribution of AOB needs to be further
investigated.

The results of NOB enumeration (Table 4) indicated
that majority of NOB (90.2-93.1%) was distributed on
the attached biofilm in the two test stages. The increase
of aeration rate showed little effect on the growth of
NOB on the suspended biosolids.

Just as AOB, the growth of NOB in the suspended
biosolids might be also limited by the frequent back-
washing in this study. In addition, a much lower pro-
portion of NOB of suspended biosolid indicated that
NOB is more inclined to grow in the attached biofilm
than is AOB at the two aeration conditions. This distri-
bution of NOB is consistent with the report of
Villaverde [20]. With regard to the reasons for the high
accumulation of NOB in the attached biofilm,
Villaverde proposed that the growth conditions that
NOB encounters within the biofilm including the
presence of nitrite, oxygen and absence of free ammo-
nia are better than in the liquid phase. Compared with
AOB, NOB showed relatively lower oxygen affinity [7].
Published results showed that most of AOB were
present throughout the biofilms, while the nitrite
oxidizing bacteria were restricted to the inner parts of
the biofilms [44,45]. This means more effective trans-
port of oxygen is vital to maintain the growth of NOB.
Considering the mass transport conditions in liquid
phase are better than those within the biofilm [20], the
mass transfer efficiency of oxygen in suspended bioso-
lid is suggested to be higher than that in the attached
biofilm. By investigating the effects of DO on the distri-
bution of NOB in the filter, it can be predicted that oxy-
gen is not the main reason limiting the growth of NOB
on the suspended biosolids at the aeration rate of
1.0 m>/h. We believe that the concentrations of nitrite
and free ammonia in liquid phase might be the other
important factor limiting the growth of NOB on the
suspended biosolid at the higher aeration condition.

5. Conclusions

Based on the results of this study, the following con-
clusions may be drawn:

1. It has been demonstrated that the increase of aera-
tion rate not only increased the ammonia removal
rate, but also improved the stability of nitrification
performance of the UBAF. For the secondary efflu-
ent of municipal sewage with the volumetric load-
ing rate of 0.31-0.65 kgCOD/m’day and
0.14-0.34 kgNH,-N/m’.day, more than 91.6%
nitrification efficiency can be achieved at an aeration

rate of 1.0 m®/h with average bulk DO concentra-
tion of 3.82 mg/L.

2. The improvement of nitrification performance of the
UBAF with the rise of aeration rate was mainly from
the buildup of nitrifying activity of the attached
biofilm.

3. NOB was more inclined to grow on the attached bio-
film than AOB at the two aeration rates. The increase
of aeration rate from 0.6 to 1.0 m®/h greatly stimu-
lated the growth of AOB and NOB of attached bio-
film, but showed little effects on the growth of
AOB and NOB of the suspended biosolid. We sug-
gest that the growth of the AOB and NOB on the
suspended biosolids might be limited by the fre-
quent backwashing employed in this study. In addi-
tion, the concentrations of nitrite and free ammonia
in liquid phase are also considered to be an impor-
tant limiting factor for the growth of NOB on the
suspended biosolids.
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