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ABSTRACT

Tertiary denitrification is an effective method for nitrogen removal from wastewater. A
pilot-scale biofilter packed with suspended carriers was operated for tertiary denitrification
with ethanol as the organic carbon source. Long-term performance, biokinetics of denitrifi-
cation and biofilm growth were evaluated under filtration velocities of 6, 10 and 14 m/hr. The
pilot-scale biofilter removed nitrate from the secondary effluent effectively, and the nitrate
nitrogen (NO3-N) removal percentage was 82%, 78% and 55% at the filtration velocities of 6, 10
and 14 m/hr, respectively. At the filtration velocities of 6 and 10 m/hr, the nitrate removal
loading rate increased with increasing influent nitrate loading rates, while at the filtration
velocity of 14 m/hr, the removal loading rate and the influent loading rate were uncorrelated.
During denitrification, the ratio of consumed chemical oxygen demand to removed NO3-N was
3.99-4.52 mg/mg. Under the filtration velocities of 6, 10 and 14 m/hr, the maximum
denitrification rate was 3.12, 4.86 and 4.42 g N/(m”day), the half-saturation constant was
2.61, 1.05 and 1.17 mg/L, and the half-order coefficient was 0.22, 0.32 and 0.24 (mg/L)"%/min,
respectively. The biofilm biomass increased with increasing filtration velocity and was 2845,
5124 and 7324 mg VSS/m? at filtration velocities of 6, 10 and 14 m/hr, respectively. The highest
biofilm density was 44 mg/cm? at the filtration velocity of 14 m/hr. Due to the low influent
loading rate, biofilm biomass and thickness were lowest at the filtration velocity of 6 m/hr.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

the amount of biodegradable organic carbon in the secondary
effluent is limited. Therefore, external organic carbon should be

Conventional secondary effluent in wastewater treatment plants
containing high concentrations of nitrate and nitrogen is one of
the limiting factors inducing eutrophication in receiving water
bodies. Tertiary denitrification of the secondary effluent is an
effective method for nitrate removal to control the eutrophication
of receiving water bodies (Boltz et al., 2012). During denitrification,
oxidized nitrogen is denitrified to nitrogen gas under anoxic
conditions, with organic carbon as the electron donor. However,

* Corresponding author. E-mail: wu.guangxue@sz.tsinghua.edu.cn (Guangxue Wu).

http://dx.doi.org/10.1016/j.jes.2014.12.012

supplied for tertiary denitrification, and commonly used sources
include methanol, ethanol and glucose (Park et al, 2009).
Compared with other external carbon sources, denitrification
with ethanol has several advantages as follows: (1) short
acclimation duration (Nyberg et al., 1996), (2) high denitrification
rate (Taljemark et al, 2004; Welander and Mattiasson, 2003),
(3) less affected by temperature (Mokhayeri et al.,, 2006), and
(4) less harmful to the environment.

1001-0742/© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by E]sevier B.V!
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High-density carriers such as quartz and ceramic sands
have been often used as the media for tertiary denitrification
(de Barbadillo et al, 2006), while few studies have focused
on biofilters with suspended carriers. The main drawback of
biofilters with high-density carriers includes high head loss
and high energy requirement for backwashing, while the effluent
from biofilters with suspended carriers often contains a high
concentration of suspended solids (SS), and additional processes
are required to remove SS. For example, in the South Caboolture
Water Reclamation Plant, a moving bed biofilm reactor (MBBR)
with suspended carriers was shown to be able to reduce nitrate to
below 1 mg/L, and filtration was subsequently carried out to
remove SS (Wilson et al, 2008). In order to remove oxidized
nitrogen and SS simultaneously, a new type of biofilter packed
with composite suspended and sand carriers was designed
for post-denitrification of secondary effluent, and the lab-scale
system could remove nitrate and SS efficiently (Shi et al., 2014).

Filtration velocity affects the kinetics of denitrification
and biofilm growth, and consequently affects the system
performance of the biofilter. At low filtration velocity, a long
reaction duration will be required to metabolize pollutants
thoroughly, and in addition, due to the low influent loading
rate, a biomass-limited condition often exists. At high
filtration velocity, the reaction duration is short and denitri-
fication may be inadequate, and the biofilm will be thin with
high shear stress. Wei et al. (2014) found that the denitrifi-
cation rate increased with increasing filtration velocity. In a
denitrifying biofilm system, biomass, density and thickness
of biofilm affect the substrate conversion rate, thus affecting
the denitrification efficiency. For example, in an aerobic
biofilm reactor, the penetration depth of oxygen in the
biofilm is in general 100-150 pm, therefore, for maximizing
aerobically biological processes, the biofilm thickness should
not exceed about 150 um (Tijhuis et al., 1994). The thickness
of the biofilm is determined by balancing growth and detach-
ment of biofilm biomass. The substrate loading rate affects the
growth of the biofilm directly, and a high substrate loading rate
leads to a high amount of biomass and a thick biofilm (Tijhuis et
al,, 1994). The detachment of biofilm is affected by hydrody-
namic conditions, backwashing frequency and the filling ratio
of carriers. Neethling et al. (2010) found that a balance existed
between the backwashing frequency and the appropriate
thickness of biofilm. Melo and Vieira (1999) found that the
biofilm density increased with increasing flow rate, and the
biofilm density ranged between 14 and 28 mg/cm®. Wische et
al. (2002) showed that the biofilm density increased with
increasing sheer stress and substrate load rates, and the biofilm
density ranged between 10 and 65 mg/cm?®. To date, studies on
the biokinetics of denitrification and biofilm growth for tertiary
biofilm systems have been relatively few, and further investi-
gations are required.

A pilot-scale biofilter packed with composite suspended
and sand carriers was operated under filtration velocities
of 6, 10 and 14 m/hr (corresponding to empty bed retention
times (EBRTs) of 17.8, 10.7 and 7.6 min, respectively)
with ethanol as the organic carbon source. Long-term
performance of the system and denitrifying kinetics were
investigated so as to clarify the denitrification performance
for the removal of nitrogen. In addition, biofilm growth was
measured so as to correlate it with denitrifying performance.

1. Materials and methods
1.1. Pilot-scale biofilter and its operation

The schematic diagram of the experimental biofilter is
shown in Fig. 1. The pilot-scale biofilter was made from a
plexiglass column with a diameter of 20 cm and a height of
300 cm, and its effective volume was 91 L. The packed
height of suspended carriers (specific surface area of
500 m*/m?® SPR-1 type, Spring, Qingdao, China) was
178 cm. Sampling ports were provided at different heights
along the biofilter. There was a pre-mixing zone with a
height of 12 cm on the top of the reactor to facilitate the
mixing of the secondary effluent and the organic carbon. At
the bottom of the biofilter, there was a support gravel stone
layer of 10 cm and a quartz sand layer of 20 cm with sizes
between 2 and 4 mm for the removal of SS.

The secondary effluent in the 7th Wastewater Treatment
Plant, Kunming, China, was used as the feed. During the
study, the influent chemical oxygen demand (COD) concen-
tration was 20 mg/L, nitrate nitrogen (NO3-N) was 11.2 mg/L,
ortho-phosphate (PO4-P) was 0.45 mg/L, nitrite nitrogen
(NO,-N) was 0.25 mg/L, pH was 6.9 and dissolved oxygen
(DO) was 2.4 mg/L.

During operation, the external carbon dosage was 5.4 g COD/g
NOs3-N. The treated wastewater and ethanol were fed via
peristaltic pumps from the top of the biofilter. The filtration
velocity was controlled by the speed of the peristaltic pump.
The biofilter was backwashed every 24 hr for 15 min with
combined air and water. During backwashing, the water flow
rate was 10 L/(m?>sec) and the air flow rate was 5 L/(m?sec).
During the start-up period, the filtration velocity was 6 m/hr,
and after the system reached steady state and adequate data
were collected, it was then increased to 10 and 14 m/hr
sequentially.

1.2. Batch experiments

Long-term performance, denitrifying biokinetics of backwashed
biofilm biomass and biofilm biomass on suspended carriers,
and characteristics of biofilm were tested under the filtration
velocities of 6, 10 and 14 m/hr, respectively.

During the long-term operation, parameters such as COD,
NOs-N, NO,-N, ammonium nitrogen (NH4-N), pH and DO were
tested daily to examine the dynamics of nutrient removal in
the biofilter.

Under steady state at each filtration velocity, samples
were taken at 0, 23, 53, 88, 118, 148, 178, 208, 238 and 278 cm
along the biofilter depth, and concentrations of typical
parameters (NOs-N, NO,-N, COD, DO and pH) were tested so
as to investigate the denitrifying biokinetics of the biofilter.
At different stages of the experiment, 2 L of backwashed
biofilm biomass was taken for batch experim i
nitrate and ethanol were dosed to achieve the ifitial NOs-N and
COD of 30 mg/L and 200 mg/L, respectively. Aft¢r the beginning
of the batch experiment, samples were taken at[5 min intervals.
The samples were centrifuged at 12,000 r/mir] for 2 min, and
then the supernatant was stored at 4°C for funther analysis‘of
NOs-N, NO,-N and COD.
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Fig. 1 - Schematic diagram of the pilot-scale biofilter. (1): influent pump; (2): external carbon dosing pump; (3): influent port; (4):
external carbon port; (5): external carbon stock tank; (6): backwashing water pump; (7): backwashing air pump; (8): effluent; (9):
effluent valve; (10): effluent storage; (11): gravel stone layer; (12): quartz sand layer; (13): perforated plate; (14): suspended

carriers; (15): water sampling port; (16): backwashing effluent; (17): effluent; (18): drain valve; (19): check valve; (20): controller.

During the experiment, suspended carriers were taken
from the biofilter regularly, and biofilm biomass, thickness
and density were measured.

1.3. Analytical methods

COD, NOs3-N, NO,-N, NHy4-N, PO,-P, SS and volatile suspended
solids (VSS) were tested according to standard methods
(APHA, 1999). The pH, DO and NTU were measured using
probes pH3110 (WTW, Germany), OXI315i (WTW, Germany)
and 1900C (HACH, USA), respectively.

To measure the biofilm biomass, four pieces of media with
biofilm were taken from the biofilter. The biomass was
washed off from the suspended carriers with distilled water
and VSS was determined. The thickness and density of the
biofilm were calculated based on Egs. (1)—(3) (Shrestha et al,,
2009; Alves et al., 2002):

VSS
w2 M
p="r @
w
Y 3)

where W (g/m?) is the biofilm biomass on the specific surface
area, VSS (g) is the volatile weight of biofilm biomass, A (m?)
is the biofilm surface area, p (g/m?)is the biofilm density,
V (m®/m? is the average volume of the wet biofilm on the
specific surface area, and L (m) is the biofilm thickness.

Denitrification rates were obtained by fitting the dynam-
ics of oxidized nitrogen with linear equations. According to
the Monod equation (Eq. (4)), the half-saturation constant
was obtained by AQUASIM using the maximum denitrifica-
tion rate (Reichert, 1994; Fenu et al., 2010).

7Rmax*5
R= K5+S

where R (mg/(L-min)) is the denitrification rate, Rpax (mg/(L-min))
is the maximum denitrification rate, S (mg/L) is the nitrate
concentration, and K (mg/L) is the half saturation coefficient for
nitrate.

The denitrification process in the biofilter could be
described with a half-order reaction as follows (Harremoes,
1976):

1/2

11(1/2\/ Ha

=G <1_2 cl? Q) (5
i

where C (mg/L) is the nitrate concentration at different
biofilm depths, C; (mg/L) is the initial nitrate concentration,
K12y ((mg/L)¥?/min) is the half-order coefficient, H (dm) is the
biofilter depth from the inlet, a (dm?) is the area of biofilter
and Q (L/min) is the flow rate.

2. Results and discussion
2.1. Long-term performance

The dynamics of nitrate for the biofilter during the 70 days of
long-term operation is shown in Fig. 2. The biofilter reached
steady state after 11 days of operation. For the influent NO3-N
concentration of 12.4 mg/L, the effluent NO5-N concentration
was 1.3 mg/L. During the start-up period, the water temper-
ature was 19°C. de Barbadillo et al. (2008) found that with
acetate as the organic carbon source, the biofilter reached
steady state after 3 days of operation with the influent NO5-N
concentration of 10 mg/L at 15°C. By using ethanol as the
organic carbon source, Shi et al. (2014) operated the biofilter

system with the influent NO5-N concentrati¢n of 10-15 mg/L
and the acclimation time was 5 days. [Compared with
previous studies, the start-up period in |this study was
slightly long. The possible reason could b due to the low
influent nitrate concentration (5.86 mg/L) dquring the initial
stage of the start-up period, and the relativdly low substrate
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Fig. 2 - Dynamics of NO3-N under different filtration
velocities.

loading rate that limited the growth of biofilm (Stinson et al.,
2009).

At the filtration velocities of 6, 10 and 14 m/hr, the influent
NOs-N concentration was 13.1 + 3.4, 11.5+ 3.2 and 11.2 +
2.5 mg/L and the effluent NO3-N concentration was 2.7 = 1.4,
2.6 £ 1.1 and 5.1 + 1.5 mg/L, with the corresponding removal
percentage of 82%, 78% and 55%, respectively. By using the
MBBR system to enhance denitrification with ethanol as the
organic carbon source, Taljemark et al. (2004) also obtained
similar results, and the NO3-N removal percentage was 51%
with a filling ratio of suspended carriers of 36% and EBRT of
40-100 min. The influent COD concentration was 93, 97 and
79 mg/L and the effluent COD concentration was 44, 41 and
49 mg/L, with the corresponding removal percentage of 64%,
57% and 37%, respectively. By calculation, during denitrifica-
tion, the ratio of consumed COD to removed NOs-N was 4.34,
4.52 and 3.99 mg COD/mg NO3-N. The results were similar to
those obtained in previous studies. For example, by operating
a biofilter system, £s@y et al. (1998) obtained a value of 4-
5 mg COD/mg NOx-N with ethanol as the organic carbon
source, and de Barbadillo et al. (2008) found that the carbon
requirement was 5.2 mg COD/mg NOx-N with ethanol.

The relationship between the influent nitrate loading rate
and the nitrate removal loading rate is shown in Fig. 3. At the
filtration velocities of 6, 10 and 14 m/hr, the average influent
nitrate loading rates were 2.07, 3.09 and 4.06 g N/(m?*day),
respectively. The average nitrate removal loading rates were
1.64, 2.41 and 1.47 g N/(m*day). Based on the small-scale
system, at the EBRT of 30 min, Bill et al. (2009) obtained a
removal loading rate of 0.9 g NOx-N/(m?-day) with the influent
loading rate of 1.9 g NOx-N/(m?day) and ethanol as the
organic carbon source. By operating a MBBR to treat low
loading wastewater, Wilson et al. (2008) found that the
maximum removed loading rate was 0.58 g N/(m?-day), with
methanol as the organic carbon source and the influent
nitrate loading rate of 0.1-0.75 g N/(m%day). The main reason
for the high nitrate removal loading rate was due to the fact
that the influent loading rate was high. During denitrification,
the nitrate removal loading rate was correlated with the
influent loading rate and increased with increasing influent

4.5
’;\‘ o 6 m/hr o
S 40T 010 mr 5
£ 55| at4mmr
b
L 30
] 0 oo
Th) o
£ 25F @ ¢o
el
<
=) n oo} oB A
; 20 &] o A A
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2 7 Bp A L YVNIUN
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Fig. 3 - Relationship between the NO3-N removal loading rate
and the influent NO5-N loading rate.

loading rates generally (Koch and Siegrist, 1997). At filtration
velocities of 6 and 10 m/hr, the nitrate removal loading rate
increased with increasing influent loading rates, while at the
filtration velocity of 14 m/hr, there was no obvious relation-
ship between the influent loading rate and the removal
loading rate. Holloway et al. (2008) and Wilson et al. (2008)
also obtained similar trends. Within a certain range of
influent nitrate loading rates, the removal loading rate
increased with increasing influent loading rates. However,
when the influent loading rate was above a certain value, the
removal capacity reached the maximum and the removal
loading rate could not be increased. The main reason for this
tendency might be due to the presence of different limiting
factors. Considering the loading rate of nitrate from the
viewpoint of the substrate or biomass relationship, under
filtration velocities of 6 and 10 m/hr, the system might be
limited by the substrate, while at the filtration velocity of
14 m/hr, the denitrification might be limited by the biofilm
biomass. This might be the reason for the different results
obtained for the relationship for different loading rates.

2.2. Denitrifying kinetics of biofilter

The dynamics of nitrogen for the biofilter and backwashed
biofilm biomass are shown in Fig. 4.

Under different filtration velocities, denitrification occurred
within all the biofilter depths. At the filtration velocities of 6, 10
and 14 m/hr, NO,-N accumulation was not obvious, and the
denitrifying rate was considered to be equal to the NO5-N removal
rate, with values of 23.0, 17.1, 11.7 mg/(g VSS-hr), respectively. For
denitrification of the backwashed biofilm biomass, accumulation
of NO,-N was obvious. At the filtration velocities of 6, 10 and
14 m/hr, the highest NO,-N concentration was 6.12, 2.69 and
5.61 mg/L, respectively. During denitrification, the NO,-N

denitrifying rate could be obtained by subtradqting the NO,-N
accumulation rate from the NOs-N removal rate] At the filtration
velocities of 6, 10 and 14 m/hr, the NOs-N removal rate was 44.6,
64.8 and 61.8 mg/(g VSS - hr) and the NO,-N denifrifying rate was
21.5, 49.2 and 39.3 mg/(g VSS-hr), respectively| Therefore, the
reason for NO,-N accumulation was that the NO§-N removal rate
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Fig. 4 - Dynamics of NO3-N and NO,-N during denitrification for both biofilter biomass and the backwashed biofilm biomass.

was higher than the NO,-N denitrifying rate. The NOs-N removal
rate of the backwashed biofilm biomass was much higher than
that within the biofilter, which might be due to lower substrate
diffusion within the biofilm (possibly caused by the density and
thickness of biofilm).

According to the Monod equation (Eq. (4)), when S is far above
K, Requals Ryax. An external carbon source possessing high Ryax
and low Ks is most desirable. Shrestha et al. (2009) and Bill et al.
(2009) found that the K value was low, suggesting low mass
transfer resistance. Under the filtration velocities of 6, 10 and
14 m/hr, the maximum denitrification rates were 3.12, 4.86 and
442 g N/(m*day), and the half-saturation constants were 2.61,
1.05 and 1.17 mg/L, respectively. By operating the MBBR system
with ethanol as the organic carbon source, Bill et al. (2009)
obtained a maximum denitrification rate and half-saturation
constant of 2.2 g N/(m*day) and 2.2 mg/L, respectively. With
methanol as the organic carbon source and water temperature of
12.5-20°C, Shrestha et al. (2009) found that the Kj increased
with increasing biomass within the range of 0.6-1.1 mg/L. In a
MBBR system, Peric et al. (2009b) found that the maximum
denitrification rates and the half-saturation constants were
3.1 g N/(m*day) and 2.5 mg/L at 17°C and 3.05 g N/(m*day) and
2.4 mg/L at 13.5°C. The study of Peric et al. (2009b) indicated that
K was not affected by temperature and biofilm thickness. At the
filtration velocities of 10 and 14 m/hr, K was lower than that at
the filtration velocity of 6 m/hr, while the biofilm thickness was
higher than that at the filtration velocity of 6 m/hr. Therefore,
biofilm thickness and K were not directly correlated.

Under different filtration velocities, good linear relationships
between the half-order NOs-N concentration and the EBRT were
obtained, and the half-order coefficients were 0.22, 0.32 and
0.24 (mg/L)“?/min, respectively. At the EBRT of 30 min, Janning
et al. (1995) found that the half-order coefficient was 0.21 and
0.18 (mg/L)*min with the influent half-order NO3-N concen-
tration of 4-4.5 (mg/L)Y? and 2.5-3 (mg/L)¥?, respectively.
Harremoes (1976) found that the half-order coefficient was
0.305 (mg/L)/%min with the influent NOs-N concentration of
15.2 mg/L and the EBRT of 15 min. The main reason for the
maximum half-order coefficient obtained at the filtration
velocity of 10 m/hr might be the good hydraulic conditions
and adequate reaction duration obtained under this condition.

At the filtration velocity of 14 m/hr, the half-order coefficient
was significantly lower than that at the filtration rate of
10 m/hr. This might be due to the fact that at the filtration
velocity of 14 m/hr, the EBRT of only 7.6 min limited
denitrification due to biomass limitation rather than
substrate limitation.

2.3. Characteristics of biofilm growth

Biofilm biomass and thickness in the biofilter during the
70 days of long-term operation are shown in Fig. 5, and the
average values under each filtration velocity are shown in
Table 1.

The biofilm biomass increased with increasing filtration
velocity. The main reason for the different biomass at different
filtration velocities was that the influent substrate loading rate
increased with increasing filtration velocity. Generally, under
the same operation conditions, the higher the nutrient concen-
tration and the loading rate, the higher the biomass amount
(A£s@y etal., 1998). Stinson et al. (2009) found that the amount of
biomass was low in the MBBR system with low influent NOs-N
concentrations. With a filling ratio of suspended carriers of 30%
and influent loading rate of 1.43-2.13 g N/(m*day) at 11.1-17°C,
Stinson et al. (2009) found that the biomass on the suspended
carriers was 12-22 g SS/m? Compared with previous studies,
the biofilm biomass in this study was relatively low. The
possible reasons could be as follows. (1) During the experiment,
the temperature was relatively high at 22°C. Shrestha et al.
(2009) and Peric et al. (2009a) found that the amount of biomass
increased with decreasing temperatures. Thick and high
amount of biofilm was formed at low temperatures (Welander
and Mattiasson, 2003). (2) In this study, the backwashing
frequency was once a day and some biofilm was detached
during backwashing. A£s@y et al. (1998) showed that the
backwashing frequency had a significant impact on the biofilm

biomass. (3) The filling ratio of suspended cafriers was 64% in
this study. Duan et al. (2013) found that a high media fill ratio
could increase the chance of biofilm detachment from the
media.

Both biofilm density and thickness werq different under,
different filtration velocities. At the filtration velocityof
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Fig. 5 - Dynamics of biofilm biomass and thickness under
different filtration velocities.

14 m/hr, the biofilm density was 44 mg/cm® which was
much higher than those at the filtration velocities of 6 and
10 m/hr. The biofilm density increased with increasing sheer
stress. Under the same operating conditions, the sheer stress
was high at the filtration velocity of 14 m/hr. Kwok et al.
(1998) and Melo and Vieira (1999) also obtained similar
results. At the filtration velocity of 6 m/hr, the biofilm
thickness was thinnest. The reason was that the influent
substrate loading rate was low at the filtration velocity of
6 m/hr. By operating a fluidized bed biofilm reactor with the
temperature of 26-30°C and the hydraulic retention time of
1 hr, Alves et al. (2002) found that the density and thickness
of biofilm were 5-15 mg/cm® and 344-402 um, respectively.
Tijhuis et al. (1994) found that there was competition for
substrate between suspended and attached biomass in the
biofilm system. Due to the substrate diffusion limitation, the
attached biomass possessed weak competitiveness. Com-
pared with previous studies, the biofilm was dense and thin
in this study. This might be due to the fact that the amount of
suspended biomass was low and the substrate was adequate
for the growth of biofilm within low EBRTSs (7.6-17.8 min).
The performance of the biofilter system was dependent on
both the kinetics of denitrification and biofilm growth. At low
filtration velocities, the denitrification process was complete
with sufficient residence time, but the amount of biomass was
less due to the low influent substrate loading rate. At high
filtration velocities, the biofilm was thin due to the high sheer
stress, which was good for substrate diffusion, but the contact
time between biomass and substrate was inadequate. It is
necessary to balance the kinetics of denitrification and biofilm
growth by controlling filtration velocity in a suitable range.

Table 1-Biomass, density and thickness of biofilm at

different filtration velocities.

Filtration  Biofilm biomass Biofilm Biofilm
velocity (mg VSS/m?) density thickness
(m/hr) (mgem’)  (um)
6 2845 23.46 125
10 5124 27.76 187
14 7324 44.09 170

3. Conclusions

(1) The biofilter reached steady state after 11 days of operation.
Under the filtration velocities of 6, 10 and 14 m/hr, the NO3-N
removal percentage was 82%, 78% and 55%, respectively. During
denitrification, the ratio of consumed COD to removed NOs-N
was 4.34, 452 and 3.99 mg/mg.(2) The denitrification rate
of backwashed biofilm biomass was similar under different
filtration velocities. The different denitrification rates found for
the biofilter were due to different biofilm structures. Under
the filtration velocities of 6, 10 and 14 m/hr, the maximum
denitrification rates were 3.12, 4.86 and 4.42 g N/(m”day), the
half-saturation constants were 2.61, 1.05 and 1.17 mg/L, and the
half-order coefficients were 0.22, 0.32 and 0.24 (mg/L)¥%*min,
respectively. At the filtration velocity of 10 m/hr, the half-order
coefficient was largest and the half-saturation constant was
lowest. (3) The biofilm biomass increased with increasing
filtration velocity and was 2845, 5124, 7324 mg VSS/m’ at
the filtration velocities of 6, 10 and 14 m/hr, respectively. The
biofilm density was 2346, 27.76 and 44.09 mg/cm?® and
the biofilm thickness was 125, 187 and 170 pm, respectively.
The density of biofilm was highest at the filtration velocity of
14 m/hr due to high sheer stress. At the filtration velocity of
6 m/hr, the biofilm thickness was lowest.
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