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Abstract
Nitrification/denitrification processes at high flocculent biomass concentrations (11.6–13.4 g L–1) were studied in pilot
Sequencing Batch Reactor (SBR). Optimal operating conditions for maximal nitrogen elimination efficiency were as
follows: organic loading of 0.9 g COD L–1 d–1, nitrogen loading of 0.11 gN L–1 d–1, MLSS of 12 g L–1 and SRT of 52
days. Medium sized sludge flocs (0.1–0.4 mm) with excellent settle ability (SVI = 27 mL g–1) were formed during the
experiment. Volumetric nitrogen removal rate of 90 mg NL–1 d–1 was achieved, which is twice as much as in SBR ope-
rating at low MLSS of 3.5 gL–1 and low SRT of 21 days. This process offers an attractive option for the treatment of
highly polluted wastewaters with lower investment and operating costs.
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1. Introduction
The sequencing batch reactor (SBR) has been pro-

ven to be highly effective for biological wastewater treat-
ment. It was reported that SBRs are useful for treating
municipal, dairy, paper mill, tannery and piggery waste-
water.1,2,3,4,5 Improvements in equipment and technology,
especially in aeration devices and computer control sys-
tems, have made SBRs a viable choice relative to conven-
tional activated sludge system. High rates, good bulking
control and nutrient removal have been reported as useful
features of SBR processes.6,7

In the SBR system it is important to achieve a low
biomass growth rate, which results in good settling ability
of the sludge. The biomass growth can be accompanied by
measurement of mixed liquid suspended solids (MLSS)
and by a suitable food to microorganism (F/M ratio), solid
retention time (SRT) and dissolved oxygen (DO). It is
possible to reduce the relative amount of sludge produced
by operating the plant at a low F/M ratio.8,9,10 In a low ra-
tio system, very little sludge will be produced, and is cha-
racterized by having good setting characteristics, i.e. a
low sludge volume index (SVI). The downside of this mo-
de of operation is that the overall treatment time is increa-
sed and so is the total amount of aeration required. A high
F/M may encourage filamentous organisms to predomina-
te, leading to poor settling ability.11

Slow growing bacteria such as nitrifiers in the acti-
vated sludge could be enriched at high SRT. A high SRT
also enables better flocculating ability of sludge, leading
to good settling of sludge flocs. Sludge flocs produced at a
lower SRT are much more irregular and more variable in
size with time than those at higher SRT, and the level of
suspended solids in the effluent at lower SRT is higher
than that at higher SRT.12 A high sludge age (20 days) and
a short filling period of the SBR were the most favourable
conditions for efficient removal of COD and ammo-
nium.13

For good operation of the SBR, the concentration of
DO is important because of its influence on microbial
growth and also on energy saving. A low DO can usually
result in the growth of filamentous bacteria, leading to
poor sludge settle ability and can reduce nitrifying acti-
vity. Normally DO should be maintained above 2 mg L–1

in the reactor. DO has an extremely strong effect on slud-
ge settle ability14 and exerts a significant selective pressu-
re on ammonia-oxidizing bacteria communities.15

The purpose of the present work was intensification
of the SBR process at a high flocculent biomass concen-
tration. Under special condition (biomass concentration
between 11.6 and 13.4 g L–1, an organic loading rate bet-
ween 0.9 and 1.5 g COD L–1 d–1 and a nitrogen loading ra-
te between 0.11 and 0.19 g N L–1 d–1) we investigated ni-
trification/denitrification processes and the efficiency of
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organic and nitrogen elimination in the SBR. Particular at-
tention was paid to the influence of the SRT on the reactor
performance. The operational parameters such as MLSS,
SVI, concentration of COD, NH4–N, NO2–N and NO3–N
in influent and effluent were routinely assayed.

2. Experimental

2. 1. SBR reactor
A laboratory-scale SBR reactor with a total working

volume (Vtot) of 34–50 L was used for investigation. The
rectangular reactor was made of plexiglass and equipped
with instruments to measure dissolved oxygen (DO), oxi-
dation-reduction potential (ORP), temperature (T), pH
and water level. A mechanical mixer was used to provide
appropriate mixing during the anoxic and aerobic phases.
Dissolved oxygen was supplied using a porous diffuser,
placed at the bottom of the reactor. The flow rate of air
was 380 Lh–1. Fig. 1 shows the scheme of the laboratory-
scale SBR reactor.

The operation of the SBR was automated and DO,
ORP, T and pH values were measured on-line; operation
was controlled by a PLC connected to a supervisory sys-
tem. The SBR was operated sequentially with a cycle time
of 6 h (four cycles per day). The duration of each phase in
different stages is presented in Table 1.

In the fill period, 3 litres (stage II) and 5 litres (stage
I, III) of synthetic wastewater were pumped into the SBR,
and after a settling period, 3 litres or 5 litres of the clear
supernatant liquid were withdrawn from the reactor. In

stage I the volumetric exchange ratio in the reactor was
14.7%, in stage II 8.8%, and in stage III 10%. The SBR
was operated ten months at different operational condi-
tions, as shown in Table 2, where average values for indi-
vidual stages are given. Over the entire working period of
the reactor, three different sludge retention times (SRT)
were tested. All experiments were carried out at room
temperature of 20 ±1 °C.

2. 2. Activated Sludge and Wastewater

The pilot SBR was seeded with activated sludge
from a nearby municipal wastewater treatment plant; the
biomass concentration was 2.5 g L–1 after inoculation.
Synthetic wastewater, used in the experiments, was com-
posed of 2.5 g L–1 of meat peptone (Merck, Germany) dis-
solved in tap water and with the addition of 10 vol. % of
municipal wastewater. Municipal wastewater served as a
source of microelements and fresh microorganisms.

Figure 1: Scheme of laboratory – scale SBR reactor.

Table 1: Duration of phases in SBR operation

Phase Stage I and Stage II Stage III
(min) (min)

Fill + anoxic 5+55 5+55
Aerobic 274 284
Settling 20 10
Discharge 5 5
Idle 1 1

Total cycle time 360 360



2. 3. Analytical Methods

Mixed liquid suspended solid (MLSS) and sludge
volume index (SVI) were routinely assayed. SBR perfor-
mance was controlled daily by analyses of COD, NH4–N,
NO2–N and NO3–N in the influent and effluent samples.
All samples were filtered through a 0.45 µm filter paper
and analysed according to Standard Methods.16 Tempera-
ture, pH, ORP and DO concentration were recorded on-li-
ne. Electrodes (WTW, Germany) were calibrated and
maintained according to the manufacturer’s operating in-
structions. Methods for determination of COD and nitro-
gen formed part of the accreditation of the laboratory.

2. 4. Microscopic Observation

The sizes of flocs were determined by a confocal
microscope (Leica TCS SP2 RS) using a x 10 objective
lens with a format of 512 × 512 pixels.

3. Results and Discussion

The pilot SBR system was operated for ten months
under alternating anoxic/aerobic conditions. The influence
of SRT on the formation of flocs and their settling ability
and the efficiency of carbon and nitrogen elimination was
determined throughout the operational period. Figure 2
shows the time course of MLSS, SVI and SRT during the
operational period; an adaptation stage and three operational
stages are evident from the graph. The adaptation stage la-
sted for 56 days; in this period the organic loading rate was
gradually increased from 1.5 g COD L–1 d–1 to 1.8 g COD
L–1 d–1, MLSS increased from 2.5 to 12 g L–1 and SVI de-
creased from 160 mL g–1 to 60 mL g–1. In seeded activated
sludge the flocs were small and irregular in shape (Fig. 4a).

Fig. 3 shows the concentration of COD and nitrogen
compounds in the effluent in the operational stages I, II
and III.
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Figure 2: Time courses of MLSS, SVI and SRT.

Table 2. The operational conditions in the SBR

Constituent Stage I Stage II Stage III
VT (L) 34 34 50
MLSS (g.L–1) 13.4 11.6 11.9
MLVSS/MLSS 0.87 0.85 0.85
F/M ratio 0.20 0.21 0.21
C/N ratio 8.2 8.1 8.0
SRT (day) 31 52 21
HRT (day) 2.5 4.2 2.5
SVI (mL.g–1) 33 27 50
Organic loading rate (g COD.L–1.d–1) 1.5 0.9 1.04
Nitrogen loading rate (g N.L–1.d–1) 0.19 0.11 0.19
COD influent (mg.L–1) 2624 2554 2606
TN influent (mg.L–1) 318.7 313.7 324.6
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The average organic loading rate at the beginning of
Stage I (from day 56 to day 90) was 1.8 g COD L–1 d–1 and
the average nitrogen loading rate was 0.19 g N L–1 d–1. The
high organic loading rate at the beginning of Stage I had a
negative influence on MLSS characteristics and effluent
quality. Flocs started to break up, MLSS in the reactor de-
creased (which is marked with circles in Fig. 2) and SVI in-
creased. MLSS, COD and NO3–N in the effluent increased
(Fig. 3). At a lower organic loading rate (1.5 g COD L–1 d–1)
an optimal F/M and C/N ratio was established. The average
SRT was 31 days. Large and stable flocs were formed (Fig.
4b), MLSS increased and SVI decreased in the reactor (Fig.
2), and MLSS, COD and NO3–N in the effluent decreased
(Fig. 3). Average COD elimination efficiency in Stage I was
97% and the average nitrogen elimination efficiency was
86%.

The influence of a very high SRT (52 days) on the
MLSS characteristics and effluent quality was studied in
Stage II. The organic loading rate was decreased (0.9 g
COD L–1 d–1) in order to maintain a constant F/M and C/N
ratio (Table 2). The average floc size decreased from 0.4
mm – 1.1 mm (Stage I) to 0.3 mm – 0.6 mm (Fig. 4c). At
a higher SRT flocs were smaller but the stability of floc si-
ze distribution was better. The average COD elimination
efficiency in Stage II was 98% and the average nitrogen
elimination efficiency was 87%.

In Stage III we studied the influence of a short sett-
ling time and high organic and nitrogen loading rate on
MLSS properties. The settling phase was shortened from
20 min (Stage II) to 10 min. According to literature data17 a
short settling time and a high organic and nitrogen loading
rate have a beneficial effect on MLSS properties in granu-
lated systems. In our case SVI started to increase (Fig. 2)
and from day 274 onward filamentous bacteria appeared in
the reactor (Fig. 4d). The organic and nitrogen elimination
efficiency was similar to that in Stage II, despite the higher

value of SVI and lowering of MLSS. The average COD
elimination efficiency was 98% and average nitrogen eli-
mination efficiency was 87%. Due to the presence of fila-
mentous bacteria which cause wash out of activated sludge
from the reactor, the experiment was terminated at day
288.

The pilot SBR was restarted with the optimal opera-
tional conditions (Table 1/Stage II). In this experiment we
accompany the kinetics of denitrification and nitrification
processes at SRT of 52 days.

a b

c d

Figure 4: The size and form of flocs in seeded sludge (a) and acti-
vated sludge at SRT 31 days (b), SRT 52 days (c) and SRT 21 days
(d), scanned with a x 10 objective lens.

Figure 3: COD and nitrogen concentration in the effluent.



Figure 5 shows the time courses of NH4–N, NO2–N,
NO3–N and DO during one cycle. At the beginning of the
anoxic phase, NO3–N is reduced into nitrogen gas; the
COD from the incoming wastewater is used in this pro-
cess. Nitrification occurred in the aerobic phase; concen-
tration of NH4–N decreased because of oxidation to
NO2–N and forward to NO3–N. Nitrification was gene-
rally complete, with full conversion of the ammonia to ni-
trate.

Due to the excellent sludge settle ability (SVI = 27
mL g–1) it was possible to operate the SBR at the MLSS of
12 g L–1. The volumetric nitrogen removal capacity of 90
mg N L–1 d–1 was achieved in the single sludge nitrifica-
tion/denitrification system without external carbon addi-
tion. In comparison, the value of 56 mg N L–1 d–1 was ob-
tained in the SBR operated at MLSS of 3,5 g L–1 and opti-
mal influent nutrient composition.18

4. Conclusions

The present work shows that enhanced nitrifica-
tion/denitrification processes can be achieved in the SBR
at high MLSS and high SRT. Optimal operating condi-
tions were as follows: organic loading of 0.9 g COD L–1

d–1, nitrogen loading of 0.11 g N L–1 d–1, MLSS of 12 g
L–1 and SRT of 52 days. Medium sized sludge flocs
(0.1–0.4 mm) with excellent settle ability (SVI = 27 mL
g–1) were formed; flocs characteristics remained stable
over long period of the SBR operation.

High MLSS enable high volumetric nitrogen remo-
val rate of 90 mg N L–1 d–1 which is twice as much as in
SBR operating at low MLSS of 3.5 g L–1 and low SRT of
21 days. This process offers an attractive option for the
treatment of highly polluted wastewaters with lower in-
vestment and operating costs.
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Figure 5: Time courses of nitrogen compounds and DO
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Povzetek
V {ar`nem biolo{kem reaktorju (SBR) smo preu~evali kinetiko razgradnje organskih in du{ikovih spojin pri visoki kon-
centraciji biomase (11,6–13,4 g L–1). Optimalni pogoji delovanja SBR so bili dose`eni pri organski obremenitvi 0,9 g
KPK L–1 d–1, celokupni du{ikovi obremenitvi 0,11 g N L–1 d–1, koncentraciji aktivnega blata 12 g L–1 in starosti aktivne-
ga blata 52 dni. Pri danih pogojih so se razvili kosmi blata velikosti 0,1 mm – 0,4 mm z zelo dobro sposobnostjo useda-
nja (VIB = 27 mL g–1). Visoka koncentracija aktivnega blata je omogo~ala intenzivnej{e procese nitrifikacije in denitri-
fikacije; dosegli smo volumsko hitrost odstranjevanja du{ika 90 mg N L–1 dan–1, kar je skoraj dvakrat ve~ kot v SBR, ki
deluje pri ni`ji koncentraciji aktivnega blata (3,5 g L–1). Tehnologija SBR z visoko koncentracijo aktivnega blata omo-
go~a, da ~i{~enje mo~no obremenjenih odpadnih voda poteka v manj{ih reaktorjih.
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