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A B S T R A C T

A bioreactor system without a biomass-liquid separation unit is evaluated for its chemical

oxygen demand (COD) removal and biomass retention capabilities under the nitrogen

deficient and low F/M conditions that are known to produce bulking biomass. A fully

oxygenated stream recycled from an external oxygenator delivers the oxygen to an upflow

bioreactor in which a biomass zone is formed and maintained in the absence of gas

effervescence. COD is removed with up to 90% efficiency by means of aerobic and anaerobic

bacterial activities occurring in the biomass zone. The biomass is bulking which is brought

about by the extensive filamentous growth caused by the nitrogen deficient and low F/M

conditions adopted. However, the biomass zone is undisturbed at superficial upflow

velocities as high as 0.66 cm/min, because it has a porous, mat-like matrix that is

augmented by the entanglement of filamentous bacteria with the cell clusters. A low-VSS

effluent (i.e.,o10 mg/L) is produced directly from the bioreactor.

& 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The activated sludge process, which is most commonly used

in biological wastewater treatment, combines a biochemical

stage (aeration tank) that supports the microbial metabolism

of organic compounds with a physical stage (secondary

clarifier) that provides biomass-liquids separation to achieve

the required treatment efficiency. Although, the activated

sludge process is highly effective at the biochemical stage, the

performance of the secondary clarifier is often plagued by the

formation of activated sludge particles/flocs that have poor

settling characteristics as a result of poor bioflocculation and/

or unsatisfactory balance between floc-forming and filamen-

tous bacteria (Albertson, 1991; Chiesa, 1998; Eikelboom, 1975;

Eikelboom and Geurkink, 2002; Grady et al., 1999; Martins et

al., 2004a; Metcalf and Eddy, Inc., 2003; Seviour et al., 1994;

Strom and Jenkins, 1984; Wanner, 1994).

A number of techniques have been developed to control the

sludge bulking problems depending on the groups of fila-
r Ltd. All rights reserved.
K. Shieh).
mentous bacterial involved that have high affinities for

different limiting substrates/nutrients (Chambers, 1982;

Eikelboom, 1975; Eikelboom and Geurkink, 2002; Gabb et al.,

1991; Grady et al., 1999; Linne and Chiesa, 1987; Marten and

Daigger, 1997; Pujol and Boutin, 1989; Shao and Jenkins, 1989;

Wanner, 1994). The kinetic-based approach is often used to

control the filamentous bacteria that have a high affinity for

readily biodegradable carbonaceous substrates by reconfigur-

ating the bioreactor to create a high substrate concentration

region near the inlet to stimulate the growth of floc-forming

bacteria (Gabb et al., 1991; Grady et al., 1999; Martins et al.,

2004a; Metcalf and Eddy, Inc., 2003). On the other hand,

the metabolic-based approach attempts to use alternative

terminal electron acceptors other than oxygen to curb

the filamentous growth (Chambers, 1982; Gabb et al., 1991;

Grady et al., 1999; Linne and Chiesa, 1987; Marten and

Daigger, 1997; Pujol and Boutin, 1989; Shao and Jenkins,

1989; Sheker et al., 1993). In many cases, however, the

problems of bulking sludge may still persist because of shifts
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in operating conditions and/or predominant bacterial popula-

tions, although the frequency of occurrences can significantly

be reduced.

A bioreactor system without a biomass-liquid separation

unit has been developed as an alternative to conventional

activated sludge processes. The oxygenated stream recycled

from an external oxygenator is used to deliver the oxygen

influx to the upflow bioreactor. The absence of gas efferves-

cence in the bioreactor facilitates the gravitational separation

of the biomass from the axial liquid flow and therefore, a

reactive biomass zone is formed and maintained. This paper

reports and discusses a laboratory study in which the

bioreactor systems was evaluated for its COD removal and

biomass retention capabilities under the nitrogen deficient

and low F/M conditions that are known to produce bulking

biomass (Grady et al., 1999; Martins et al., 2004a; Metcalf and

Eddy, Inc., 2003).
2. Bioreactor system design

The bioreactor flow schematic illustrated in Fig. 1 was

adopted. A glass column (I.D.: 6.3 cm, length: 40 cm, volume:

1247 cm3) with a bottom cone (altitude: 3.8 cm, volume:

40 cm3) and an enlarged top section (I.D.: 9.0 cm, volume:

723 cm3) was used as the bioreactor. The bioreactor effluent

was discharged from the port in the top section that

maintained the liquid volume in the bioreactor at 1680 cm3.

A glass beaker (I.D.: 9 cm, height: 18 cm, volume: 1145 cm3)

with two ports was used as the oxygenator. The top port was

used to discharge the system effluent stream and maintain

the liquid volume in the oxygenator at 550 cm3. Diffusive

aeration was provided using an air diffusion stone and an

aquarium aerator. The oxygenator was covered with a

Plexiglas plate with three holes that accommodated for the

air line, the feed line, and the bioreactor effluent line. The

bioreactor effluent stream and the feed stream were mixed

and aerated in the oxygenator. The oxygenated stream drawn

from the bottom port of the beaker was introduced downward
Bioreactor  Effluent Stream

PUMP
Feed Stream (refrigerated)

Air

Final Effluent Stream
OXY

Fig. 1 – Bioreactor flow schematic (n
into the bottom cone via a glass elbow connector that was

fused to the reactor wall directly above the bottom cone. The

bioreactor was covered at the top with a plastic Petri dish to

prevent the entrapment of ambient air.
3. Experimental design

Glucose was used as the sole carbonaceous substrate and two

feed C:N ratios at 50:1 and 100:1 were tested. The biomass

harvested from a packed-bed bioreactor treating an aqua-

culture water (4 g volatile suspended solids, VSS) was used to

inoculate the bioreactor. The bioreactor was fed with a

synthetic feed containing glucose (carbon source), NH4Cl

(nitrogen source), NaHCO3 (total alkalinity source), KH2PO4

(buffer), and minerals (i.e., Ca, Fe, Mg, and Co). The bioreactor

startup conditions were: C:N ratio, 50:1; feed rate, 1.0 mL/min,

and oxygenated stream rate, 2.5 mL/min. The inoculating

cells promptly formed a mat-like biomass zone in the lower

portion of the bioreactor, yielding an initial biomass zone

height and volume of 25 cm (measured from the top of the

bottom cone) and 780 cm3, respectively. The mean feed

chemical oxygen demand (COD) concentration was main-

tained at 250 mg/L (236 to 265 mg/L) which yielded a mean

COD influx of 15 mg/h (14.2–15.9 mg/h). pH and temperature

in the bioreactor were maintained at 7.3+0.2 and 22+1 1C,

respectively. The feed solution was refrigerated at 2 1C to

preserve its quality. The empty bed hydraulic retention time

(HRT) based on the biomass zone volume was approximately

13 h. The bioreactor achieved stable COD removal 2 weeks

after startup. The preliminary data on biomass holdup and

bioreactor effluent VSS (VSS: volatile suspended solids)

suggested that the bioreactor was operated at a mean cell

residence time (MCRT)4100 days.

The flow rate of the oxygenated stream, which varied from

2.5 to 20.5 mL/min, was chosen as the sole experimental

variable to control the oxygen influx to the biomass

zone. Once stable COD removal was achieved at a given

oxygen influx, grab samples taken from the feed container,
BIOREACTOR

Biomass Zone

PUMP

GENATOR

Oxygenated Stream

ot prepared to the exact scale).
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Fig. 2 – The oxygen influx to the biomass zone versus the

oxygen utilization in the biomass zone.
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oxygenator, and above the biomass zone were filtered using

GF/A glass fiber filters and then analyzed for COD and SS/VSS

(suspended solids/volatile suspended solids) to obtain steady-

state performance data. In addition, filtered feed NH4
+–N

concentrations were occasionally analyzed to ensure that the

prescribed feed C:N ratio was maintained. The duration of

each experimental run was approximately 3 weeks and five

sets of samples were analyzed weekly.

A two-channel YSI biological oxygen monitor was used to

measure the DO concentrations in the oxygenator and

through the biomass zone. The biomass holdup was mea-

sured once in each experimental run. Three biomass samples

(sample size: 3–4 mL) were, respectively, taken from the

bottom, middle, and top sections of the biomass zone and

then mixed to form a composite biomass zone sample

(�10 mL). The Hach procedure was used for the measure-

ments of COD. The procedures described in Standard

Methods for the Examination of Water and wastewater

(1998) were employed for the measurements of NH4
+–N

(4500-NH3B and 4500-NH3C), biomass holdup (2540D and

2540E), and SS/VSS (2540D and 2540E).
Biomass Zone Height (HB) (cm)
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Fig. 3 – Examples of DO concentration profiles through the

biomass zone.
4. Results and discussion

4.1. Oxygen influx and oxygen utilization

According to the flow schematic illustrated in Fig. 1 the

oxygen influx to the biomass zone and the oxygen utilization

in the biomass zone can, respectively, be calculated by

ROI ¼ Q1CO1, (1)

ROU ¼ Q1ðCO1 � CO2Þ, (2)

where ROI is the oxygen influx (mg O2/h), Q1 is the flow rate of

the oxygenated stream (L/h), CO1 the DO concentration in the

oxygenated stream (mg/L), ROU is the rate of oxygen utiliza-

tion in the biomass zone (mg O2/h), and CO2 is the DO

concentration in the bioreactor effluent (mg/L).

Two input streams were delivered to the oxygenator for

oxygenation: the feed (or influent) stream and the bioreactor

effluent stream. The oxygenator was �100% efficient at the

combined flow rates from 2.2 to 20.5 mL/min. The corre-

sponding oxygen influxes to and the superficial upflow

velocities (up’s) through the bioreactor (up ¼ Q1=A, A is the

bioreactor cross-sectional area, cm2) were 1.2–10.7 mg O2/h

and 0.08–0.66 cm/min, respectively.

Fig. 2 shows that the utilization of oxygen in the biomass

zone was complete. The DO concentrations measured at the

top of the biomass zone wereo0.2 mg/L which was the

detection limit of the DO meter employed. Since the absence

of gas effervescence in the bioreactor would reduce the

magnitude of axial dispersion in the direction of flow (Fogler,

1992), the DO concentrations measured at various depths in

the biomass zone would provide better insight into the

pattern of oxygen utilization. Examples of DO concentration

profiles through the biomass zone at three oxygen influxes

are illustrated in Fig. 3. Similar profiles were also observed at

the feed C:N ratio ¼ 100:1. It is seen that the DO concentra-

tions decreased continuously in the direction of flow, with
sharp decreases taking place near the bioreactor entrance

where oxygen was readily available to support the oxygen

utilization activities. The pre-dissolution of oxygen in the

oxygenated stream yielded better mass transfer of oxygen

between the liquid and biomass phases but reduced the

degree of longitudinal mixing (Fogler, 1992). The nitrogen

deficient conditions imposed had no impacts on the bacterial

oxygen utilization activities. The upper portion of the

biomass zone was oxygen deficient although the penetration

of oxygen in the direction of axial flow could be increased at

higher Q1’s. Under the conditions tested, it was estimated that

at least 60% of the biomass zone would be deprived of oxygen.

4.2. COD removal

Since the COD values measured in the oxygenated stream

agreed well with those calculated from the mass balance

equation written around the oxygenator, the biomass zone

was the only reactive region in the bioreactor system. The

steady-state COD removal rate in the biomass zone is

calculated by

RC ¼ Q1ðC1 � C2Þ, (3)
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Fig. 4 – COD removal as a function of oxygen influx.
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where RC is the COD removal rate (mg COD/h), C1 the COD

concentration in the oxygenated stream (mg/L), and C2 is the

COD concentration in the bioreactor effluent stream (mg/L).

Fig. 4 shows the rate data on COD removal as a function of

oxygen influx. Since the bioreactor was operated under the

low F/M conditions (i.e., �0.144 g COD/g VSS), the COD mea-

surements on both the oxygenated stream and bioreactor

effluent stream would have included those from the cellular

materials released from the decayed cells and the extra-

cellular polymeric substances (EPS) produced. The observed

trends of COD removal were similar for both feed C/N ratios,

and they increased with increasing oxygen influx until

leveling off at about 13.5 mg COD/h at the oxygen influx of

about 6.0 mg O2/h. As a result, COD was removed with up to

90% efficiency based on the system flow scheme and the

experimental conditions adopted.

The rate data in Fig. 4 reveal that COD removal could not be

completely accounted for by the aerobic activities, especially

at low oxygen influxes. The oxygen utilization data suggest

that aerobic COD removal would range from 1.2 to 10.7 mg/h

(respiratory oxygen requirements were assumed to be negli-

gible), which indicate the involvement of other reaction

activities. To further delineate the phenomenon observed,

the diagonal shown in Fig. 4 is used as the baseline to

estimate the stoichiometric amount of COD that would have

been removed aerobically. Since the recipe used to prepare

the feed solution eliminated the possibilities that NOX
� and

SO4
�2 could be used as viable alternative terminal electron

acceptors, the additional COD removal observed was attrib-

uted to the anaerobic activities. The anaerobic COD removal

rate was estimated as: total COD removal rate—stoichio-

metric aerobic COD removal rate, and the results are

illustrated in Fig. 5. A peak anaerobic COD removal rate of

8.6 mg COD/h was observed at the oxygen influx of about

2.2 mg O2/h. Beyond that the percentage of aerobic COD

removal increased with increasing oxygen influx. At the

maximum oxygen influx of 10.7 mg O2/h, aerobic COD re-

moval accounted for about 67% of total COD removal (i.e.,

9 mg/h). By reaction stoichiometry, COD removal could be

totally sustained aerobically at the oxygen influxes412.5

mg O2/h.

The rate data in Figs. 4 and 5 confirm that COD removal was

carried out by both the aerobic and anaerobic activities in the
biomass zone. At low oxygen influxes, the aerobic activities

would likely be limited to the region near the bottom the

biomass zone where oxygen would be readily available. Since

the majority of the biomass zone was deprived of oxygen (Fig.

3), aerobic COD removal would be small as compared to its

anaerobic counterpart. As the oxygen influx increased,

oxygen would become available to the bacterial cells colo-

nized in the region away from the bioreactor inlet and the

aerobic activities would increase accordingly. The anaerobic

COD removal activities decreased at an average rate of about

0.55 mg COD removed/mg O2 added as the oxygen influx was

increased to42.2 mg O2/h (Fig. 5).

4.3. Stability of biomass zone

A biomass zone was promptly formed in the bioreactor after

startup that could primarily be attributed to the absence of

gas effervescence that facilitated the gravitational separation

of the inoculating cells from the axial liquid flow. Since the

flow rate of the oxygenated stream was varied to attain a

range of oxygen influxes for oxygen delivery, it is critical that

the biomass zone formed would remain undisturbed at high

superficial upflow velocities. Two parameters were selected to

assess the stability of the biomass zone: biomass zone height

(HB) and biomass holdup (MX). The data in Fig. 6 indicate that,

over the range of up’s tested (i.e., 0.08–0.66 cm/min), the

variations of HB and MX were small, i.e., 25–27 cm and

2.36–2.60 g VSS, respectively. Moreover, the nitrogen deficient

conditions applied had no discernible effects on the values of

HB and MX observed. To further ascertain that the biomass

zone was not susceptible to the variations in up, the data in

Fig. 6 were analyzed by the linear regression techniques. For

instance, a simple linear regression equation was proposed

that related MX to up as MX ¼ b0 þ b1up þ e, where b0 and b1 are

regression coefficients and e is random error. b0 and b1were

estimated as B0 and B1, respectively, from the MX and up data

using the least square technique (Montgomery et al., 2004).

Then, the following hypothesis was tested at the level of

significance a ¼ 0:05:

H0 : b1 ¼ 0,

H1 : b1a0.
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Fig. 7 – Photograph showing the entanglement of filamentous bacteria with the cell clusters in the biomass zone.
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A student-t test statistic Tn, where n ¼ n� 2 is the degree of

freedom and n is the number of data points used in the test,

was defined in terms of B0 and B1, and its value was calculated

as 1.220, which isot0.025,9 ¼ 1.833 (a two-sided t-test) (Mon-

tgomery et al., 2004). Therefore, H0 was accepted and MX was

deemed to be independent of the superficial upflow velocities
as high as 0.66 cm/min. The same conclusion was also

reached with regard to HB.

Other than one composite biomass zone sample (sample

size: �10 mL) taken in each experimental run for the

measurement of MX, no additional biomass was removed

intentionally during the entire experimental period. VSS
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measurements using 100-mL bioreactor effluent samples

often produced negative readings, which suggested that VSS

present in the samples were negligible. Subsequent VSS data

based on 200-mL sample sizes indicated a low-VSS bioreactor

effluent (i.e.,o10 mg/L), and suggested that the growth of new

bacterial cells was virtually offset by the death of the old

bacterial cells in the biomass zone. In addition, a number of

composite biomass zone samples were centrifuged at 1300� g

for 10 min to separate the water from the bacterial aggregates,

and it was estimated that the porosity of the biomass zone

was roughly 0.85. Therefore, the biomass zone was porous to

permit unhindered axial fluid flow without excessive biomass

detachment by fluid shear stresses.

Examinations performed using a video-equipped optical

microscope revealed that filamentous bacteria were abundant

in the biomass zone, and they were mostly entangled with the

cell clusters (Fig. 7). The presence of extensive filamentous

growth in the bioreactor was a direct result of the nitrogen

deficient and low F/M conditions applied. The entanglement

of filamentous bacteria increased the degree of bulking in the

biomass zone, as indicated by the high biomass specific

volume values plotted in Fig. 6 (i.e., 250–325 mL/g). The

biomass specific volume, which is defined as VB/MX (VB is

the volume of the biomass zone, mL), was used because it is

analogous to the conventional sludge volume index (SVI) but

provides a better description of the biomass matrix char-

acteristics observed. On the other hand, the entangled

filamentous bacteria formed the backbone to which the cell

clusters could attach and therefore, a stable, mat-like

biomass matrix was formed that was separated from a

distinct clear supernatant zone near the top section of the

bioreactor. The observation was in line with this ‘‘backbone

structure’’ provided by filamentous bacteria as suggested in a

number of studies reported elsewhere (Martins et al., 2004b,

Sezgin et al., 1978). In addition, the stability of the biomass

zone could also be enhanced by the increased production of

EPS, as reported elsewhere in bioreactors that were operated

under the low F/M conditions (Tay et al., 2003; van Loosdrecht

et al., 1995). The biomass characteristics observed in this

study were quite different from those of sludge granules that

were reported to be formed in bioreactors operated under the

high DO and organic loading conditions (Mishima and

Nakamura, 1991; Tay et al., 2003).
5. Conclusions

A bioreactor system, which utilized a fully oxygenated stream

recycled from an external oxygenator for oxygen delivery,

was evaluated for its COD removal and biomass retention

capabilities under the nitrogen deficient and low F/M condi-

tions known to cause biomass bulking. A reactive biomass

zone was formed in the upflow bioreactor in the absence of

gas effervescence without using a separate biomass-liquid

separation unit for cell capture and recycle. The following

conclusions can be made.
1.
 The oxygen utilization activities in the bottom region of

the bioreactor were rapid and therefore, the upper portion

of the biomass zone was deprived of oxygen. Over the
ranges of the oxygen influxes tested (i.e., 1.2–12.3 mg O2/h),

COD was removed with up to 90% efficiency (based on the

mean feed COD influx of 15 mg/h) by both the aerobic and

anaerobic activities occurring in the biomass zone. COD

was removed anaerobically at the low oxygen influxes

(o6.0 mg O2/h), beyond that aerobic COD removal became

increasing predominant. Under the conditions tested, a

complete aerobic COD removal was feasible at the oxygen

influxes412 mg O2/h.
2.
 A stable biomass zone with a porous, mat-like matrix was

formed and maintained in the bioreactor despite the fact

that biomass bulking was brought about by the extensive

filamentous growth that was encouraged by the nitrogen

deficient and low F/M conditions adopted. The absence of

gas effervescence facilitated gravitational separation of

biomass from the axial fluid flow. The biomass matrix was

further augmented by the entanglement of filamentous

bacteria with the cell clusters. As a result, the biomass

zone was undisturbed (as measured by the biomass zone

height and biomass holdup) at superficial upflow velocities

as high as 0.66 cm/min.
3.
 A low-VSS effluent (i.e.,o10 mg/L) was produced directly

from the bioreactor without using a biomass-liquid

separation unit to capture and recycle the dislodged cells.
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