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ABSTRACT

The study aims at evaluating the impact of gradually decreasing the settling time on
settling properties of activated sludge removing organic matter. For that, a lab-scale
sequencing batch reactor (SBR), fed with soluble starch and acetate, was seeded with
floccular biomass. As the selected strategy to washout slowly settling flocks and retain
biomass with improved settling capacity, settling time (T,) was decreased gradually from
45 to 30, 15, 5 and 1min. Long-term monitoring showed that each time the Ty was
decreased to the next lower level, there was biomass washout. Yet high amount of
biomass (10g MLVSS/L) with improved settling properties (sludge volume
index<16mL/g) and high chemical oxygen demand (COD) removal performance (97%)
was maintained with a Ts as low as 5min. Further decreasing T to 1min did not impose
any negative effect. Biomass maintenance, settling properties, and COD removal perfor-
mance of the system were comparable with those of aerobic granular biomass. Yet,
minimum settling velocities corresponding to 5 and 1min settling times applied at the
last two phases of operation (0.4 and 2.0cm/min) were lower than those reported for
granular biomass systems, hence the biomass remained floccular but the system had an
exceptionally good settling capacity and COD removal efficiency.

Keywords: Hydraulic selection pressure; Sequencing batch reactor; Settling properties; Settling
time; Sludge volume index

1. Introduction

Biological wastewater treatment (BioWWT) has
two main goals of removing organic pollutants and
nutrients from wastewater through biochemical con-
versions employed by activated sludge (AS) popula-
tions and separating the treated effluent from the
biomass so that it becomes possible to discharge.
Although conventional suspended AS-based technol-
ogy has been in use for carbon and nutrient removal
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globally, one of the disadvantages of those systems is
large plant footprint, mainly due to the need for large
aeration tanks and secondary clarifiers in those
systems [1,2]. Because of the floccular structure and
poor settling characteristics of conventional suspended
AS, it is necessary to devote large reaction volumes to
maintain biomass in the system at a level sufficient for
targeted removal efficiencies. This also requires
recirculation of settled sludge from the secondary
clarifiers, and thus adds to capital and operational
costs. Floccular AS with poor settling properties also
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limits the hydraulic loading applicable in secondary
clarifiers resulting in a need for large settling tanks.

Accordingly, research on developing biomass with
improved settling properties intensified during the
last decade and those efforts resulted in the develop-
ment of aerobic granular sludge technology which
provides solutions to the abovementioned shortcom-
ings of conventional AS systems: aerobic biomass
grown in sequencing batch reactor (SBR) systems has
excellent settling properties and grows in granular
form, rather than in floccular structure. Excellent set-
tling capacity of biomass enables decreasing the
time/volume devoted for sludge-liquid separation
resulting in compact units with significantly low
foot-print. Moreover, it is possible to maintain high
biomass concentrations in those systems which trans-
lates into smaller reaction volumes and reduced foot-
prints. SBR configuration eliminates the need for a
separate settling volume thus decreasing the overall
foot-print of the system. Moreover, there is no need
for sludge recirculation pumps, which brings about
an additional reduction in overall energy and mainte-
nance costs in such systems. According to a study
comparing the foot-prints and capital and operational
costs of a full-scale conventional suspended AS
WWTP and an Aerobic Granular Sludge-based sys-
tem, the latter proves to be outcompeting the con-
ventional alternative [1]: the foot-print of the
granular SBR-based model is reported to be four
times smaller than that of the conventional plant and
the annual costs of the granular biomass-based alter-
native is 7-17% lower than those of the conventional
model. Likewise, energy consumption for an aerobic
granular sludge-based BNR (bio-nutrient removal)
system is estimated to be 20% lower than that in a
conventional alternative, mainly due to reduced
pumping needs [2].

Apparently, biomass settling properties are criti-
cal in the design and operation of AS systems;
determining the volume of aeration tanks and sec-
ondary clarifiers in continuous systems and the time
devoted for liquid-sludge separation in batch config-
urations like SBRs. Therefore, to benefit from the
abovementioned advantages of excellently settling
AS-based systems, it becomes crucial to develop and
maintain biomass with improved settling properties.
For that, it is important to test and apply strategies
to obtain an appreciable amount of rapidly settling
biomass. According to the “selection pressure the-
ory”, it is possible to select for microbial popula-
tions with certain desired properties by imposing
external stress factors on biomass and creating
hydraulic, kinetic, and/or metabolic selection pres-
sures [3]. Among those external factors, settling time
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(Ts) has been recognized as one of the main hydrau-
lic selection pressures to wash out slowly settling
flocks, hence help maintain rapidly settling biomass
in SBRs [1,2/4].

In view of these, impact of gradually increasing
this hydraulic selection pressure—that is gradually
decreasing the Ts-on settling properties of activated
sludge in a 2L lab-scale SBR was investigated in this
study. For that, the system was operated at an anaero-
bic/aerobic sequential mode and fed with a synthetic
wastewater to provide 854mg COD/L in the reactor
at the beginning of each cycle. After the start-up per-
iod (approx. 1 month), the T; was decreased gradually
from 45 to 30, 15, 5, and finally to 1min and the sys-
tem was monitored for biomass production, biomass
washout, settling properties, and chemical oxygen
demand (COD) removal performance for a total of
seven months.

2. Materials and methods
2.1. Reactor set-up and cycle configuration

The experimental set-up used in the study was a
2L (working volume) glass vessel with an Hy/D
(height to diameter) of 1.2. The bioreactor was
equipped with a stirrer drive providing mechanical
mixing, probes measuring temperature, pH, and dis-
solved oxygen, a diffuser system and a gas-line for
introduction of desired gases to the system. All probes
and mechanical parts (i.e. influent and acid-base
pumps) were connected to an interfacial unit collect-
ing data from the reactor and receiving commands
from a software enabling data collection and auto-
mated operation. pH was controlled at 6.8-7.3. Dis-
solved oxygen inside the reactor was controlled with
the help of a mass flow meter at 0% of saturation
during the anaerobic period and at 40% during the
aerobic period.

The system was operated as a sequencing batch
reactor for about seven months. For the start-up
period (days 1-25), cycle configuration is as follows:
feeding (Tp): 5.5min, nitrogen purging (Tnz): 15min,
mechanical mixing (Tyy): 99.5min, anaerobic period
(Tanaer): 120 min (Tapnaer =T+ Tz + Tstir), aerobic period
(Taer): 180min, settling (T,): 45min, discharge (T.,):
6min, idle period (T;): 9min. This cycle configuration
is schematically presented in Fig. 1. Total cycle time
(T.) was six hours per cycle.

The study was divided into five phases and the
main operational parameter altered during that time
was the T,. At Phase-I (start-up period), biomass was
let to settle for 45min at the end of each cycle. Then,
the Ts was decreased gradually from 45 to 30, 15, 5,
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Fig. 1. Cycle configuration during start-up (days 1-25).
Table 1
Changes in cycle configuration throughout the study (durations of cyclic periods in minutes)
Phases (weeks) Days T¢ Tno Tstir T anaer Taer Ts Tw T; T.
I1@3.5) 1-25 5.5 15 99.5 120 180 45 6 9 360
II (5.5) 25-64 11.7 15 93.3 120 180 30 10.6 20 361
111 (4) 65-94 11.3 15 93.7 120 195 15 11.0 18 359
IV (7) 95-145 115 15 113.5 140 190 5 10.5 14.5 360
IV (6) 146-189 115 15 303.5% 140 190 5 10.5 14.5 360
V (3) 190-210 115 15 303.5° 140 190 1 10.5 18.5 360

“Mechanical mixing was extended to the aerobic period to meet increased mixing requirements due to significant biomass build-up.

Tt =113.5 (anaerobic) + 190 (aerobic) =303.5 min, Q,;; =3 L/min.

and 1min. The system was operated at least for about
1month before changing the operational conditions
for the next phase of the study. Durations of cyclic
periods applied at each phase of the study are
summarized in Table 1.

2.2. Seed biomass, feed composition, analytical
measurements

The lab-scale SBR was inoculated with a floccular
biomass collected from the aeration tank of a full-scale
BioWWTP receiving industrial wastewater from alco-
holic beverage production. Suspended solids concen-
tration of the seed biomass was 5.2g MLSS/L and the
sludge volume index (SVI) was approx. 120mL/g.

The system was fed under anaerobic conditions
with a 10x concentrated synthetic feed stock, includ-
ing acetate (35%) and soluble starch (65%) as the sole
carbon sources. Volumetric exchange rate (V¢/Vrt) was
5% during start-up and 10% for the rest of the study.
Accordingly, COD concentration inside the reactor
originating from the synthetic influent was 854mg/L
at the beginning of each cycle. Daily biomass with-
drawal was not applied; hence biomass wastage was
due to particles escaping to the effluent.

To monitor the changes in biomass concentration,
settling properties, effluent quality, and COD removal
performance, the system was sampled once or twice a
week for a total of seven months. SVI3, were deter-

mined by collecting mixed liquor samples from the
system for approximately 30-35min before the end of
aeration and recording the settled sludge volume after
30min, as outlined in the Standard Methods [5]. Addi-
tionally, values after 10min of settling were also
recorded and used for determining SVI;o. To deter-
mine the suspended solids inside the reactor, mixed
liquor samples were collected from the reactor right
before the end of aeration and MLSS and MLVSS in
fresh, homogenous samples were measured in dupli-
cate [5]. For each cycle to be evaluated, all of the efflu-
ent discharged from the system was collected, mixed
well, and subjected to suspended and volatile sus-
pended solids measurements in duplicate (SSes and
VSSess1, respectively). To determine the COD removal
performance of the system, aliquots of effluent sam-
ples were filtered (pore size: 0.45pm) and the soluble
COD (sCOD) concentrations in those filtered samples
were measured in duplicate by the closed reflux
method in accordance with the International Standards
ISO 6060 [6].

3. Results and discussion

The lab-scale SBR was operated for a total of
seven months divided into five subsequent
phases—determined by altered settling times—and
the system was monitored for biomass production,
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Fig. 2. Long-term monitoring for determining the impact of gradually decreased T: (a) biomass production (MLSS and
MLVSS), (b) biomass washout (SS and VSS in the effluent), (c) settling properties (MLVSS and SVI), and (d) COD

removal (soluble COD in the effluent).

settling properties, biomass washout, and effluent
quality, as well as for COD removal efficiency at each
phase to determine the response to the gradual
decrease in the T, from 45 to 1min. Results of this
long-term monitoring are shown in detail in Fig. 2,
panels a, b, ¢, and d, respectively, and explained
below.

3.1. Biomass characteristics

As apparent from Fig. 2(a), biomass concentration
in the reactor increased three- to five-folds of the
starting values during the first month of reactor
operation (Phase-I). This significant build-up in solids
was due to applying a Ts of 45min, which allowed
majority of the floccular inoculum as well as the
developing biomass, to remain in the system. In the
meantime, settling properties of the newly developing
biomass improved, as revealed by the sharp decrease
in SVI from 119 to 50mL/g within the first 25days
(Fig. 2(b)). Suspended solids concentrations in the
effluent revealed that there was biomass escaping to
the effluent during the start-up period (Fig. 2(c)).
Accumulation of biomass in the system combined

with the constant COD loading resulted in a low F/M
ratio and caused decrease in viability of the biomass
as revealed by the decreasing MLVSS/MLSS values,
which dropped from 54 to 39% during this phase.

To washout the floccular biomass with decreased
viability and to apply a higher hydraulic selection
pressure for removing the slowly settling portion of
the biomass, the Ty was decreased from 45 to 30 min
on day-25. As intended by this operational change, a
major biomass washout was observed right after
decreasing the T to 30 min: 27.9 g/L of suspended sol-
ids was washed out and appeared in the effluent at
the end of the first cycle of Phase-II (Fig. 2(c)).
Accordingly, biomass in the reactor dropped from
36.1 to 8.6 g MLSS/L at the next cycle (Fig. 2(a)). After
this post-incident response, MLSS and MLVSS values
quickly increased and stabilized at around 20.9 and
11g/L, respectively (Fig. 2(a)). Likewise, SS and VSS
in the effluent decreased promptly and leveled at
around 4 and 1.8g/L, respectively (Fig. 2(c)). During
5.5 weeks of operation with 30min settling (Phase-II),
there was no apparent change in the settling capacity
of the biomass and the SVI values were leveled at
around 44mL/g, which indicated that the biomass
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in the system had already acquired good settling
properties.

Those results confirmed that it was possible to
washout the undesired portion of the biomass from
the system and develop a biomass with better settling
properties by decreasing the T,. Consequently, for the
next phase of operation (Phase-III), T; was decreased
from 30 to 15min on day-65 to provide a more strin-
gent hydraulic selection pressure and the system was
operated for another month. Similar to the previous
case, a major washout occurred right after decreasing
the T, to 15 min, which resulted in a sharp decrease of
biomass content of the system from 224 to 8.8g
MLSS/L at the first cycle. Yet, MLSS and MLVSS val-
ues recovered rapidly and biomass concentrations
fluctuated between 12.9 and 20.5g MLSS/L and 8.2
and 9.9g MLVSS/L during Phase-III (Fig. 2(a)). SVI
fluctuated between 51 and 71 mL/g during this period
(Fig. 2(b)).

To continue washing out the slowly settling flocks
and maintain a considerable amount of biomass with
enhanced settling properties along with high COD
removal at the next phase, a more stringent hydraulic
selection pressure was introduced to the system on
day-95 (start of Phase-IV) and the T, was decreased
from 15 to 5min. The system was operated under
those stress conditions for more than three months.
Again, biomass washout occurred upon decreasing
the T, to 5min, yet system’s response to the new and
increased stress condition was much smoother: MLSS
decreased to 12.2g/L at the first cycle but then
increased to around 14.5g/L in two days and fluctu-
ated around that level during the following month
(days 95-125). MLVSS was around 6.9 g/L at that per-
iod (Fig. 2(a)). In the meantime, settling properties
and capacity of the biomass improved significantly
and SVI decreased from 77 to 20mL/g (Fig. 2(b)). The
amount of biomass escaping from the system was at a
considerable level at the beginning of Phase-IV, yet
parallel to improvements in biomass settling proper-
ties, SS and VSS in the effluent also dropped (Fig. 2
(c)). Within one month, the system reached to a stable
level, in terms of settling properties and sCOD
removal performance (day-125) and remained so dur-
ing the following two months (between days 125 and
189). MLSS and MLVSS values leveled at around 24.8
and 10.1g/L, respectively, SVI was as low as
15mL/g, and suspended solids in the effluent was
around 2.3 g/L (Fig. 2(a—0)).

Considerably high solids concentration in the sys-
tem along with significantly low SVI values obtained
at Phase-IV implied that the biomass maintained in
the reactor under the stress condition of 5min settling
had exceptionally good settling properties and capac-
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ity. Comparative evaluation of all results of this long-
term monitoring study confirmed that decreasing the
Ts in a step-wise manner improved the settling prop-
erties of the biomass and in contrast to the general
expectations, resulted in better effluent quality.

At the final stage of reactor operation (Phase-V),
the system was operated with the highest hydraulic
selection pressure to confirm the response of the sys-
tem and the findings obtained at the previous phase.
Upon decreasing the T, from 5 to 1min on day-189,
some biomass washed out, but this was apparent only
from the solids concentration in the effluent by the
end of the first cycle (7.9 g SS/L in the effluent), rather
than the biomass concentration in the reactor, which
remained approximately at the same level as that of
the previous phase (Fig. 2(a)). Effluent quality recov-
ered quickly and fluctuated between 1.2 and 3.3 g SS/
L with an average of 1.8gSS/L and between 0.4 and
0.9gVSS/L with an average of 0.6gVSS/L (Fig. 2(c)).
Settling properties of the biomass were still consider-
ably good and SVI was stable at a level as low as
16 mL/g (Fig. 2(b)).

These results confirmed that when appropriate
operational strategies are applied and the system is
given sufficient time to adapt to new conditions, it is
possible to maintain considerable amount of biomass
with remarkably good settling properties, even under
stress conditions of 5 and 1 min T..

3.2. COD removal performance

During the 4th day of reactor operation, the COD
removal performance was 95%. Yet, during the follow-
ing 20 days, there was a continuous increase in effluent
sCOD values (Fig. 2(d)) and the COD removal capacity
decreased down to 78% by the end of the start-up
period. Upon decreasing the T, from 45 to 30 min on
day-25, a significant portion of the biomass was
washed out and parallel to the growth of new biomass
in the system, COD removal capacity recovered
quickly and increased to 85-96% at Phase-II (Fig. 2(d)).
Further decreasing the T, to 15min on day-64 allowed
washing out some more biomass and helped develop
some new biomass with improved COD removal
capacity at the following phase. Accordingly, COD
removal efficiency increased and stabilized at around
96% at Phase-III (Fig. 2(d)). Comparative evaluation of
the MLSS, MLVSS results (Fig. 2(a)), SVI values (Fig. 2
(b)), and the stable COD removal performance (Fig. 2
(d)) indicated that the biomass remaining in the sys-
tem after 15min of settling not only had good settling
properties, but also adapted to metabolizing the organ-
ics in the influent—the soluble starch and acetate with
65 and 35% contributions to 854 mg/L of sCOD in the
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reactor at the beginning of each cycle. It was consid-
ered that the enzymes required for anaerobic/aerobic
hydrolysis of soluble starch, which was the slowly bio-
degradable fraction (Sgy) of the influent COD, and the
enzymes for utilization of acetate forming the readily
biodegradable fraction (Ss) were transcribed by the
biomass at a sufficient level and were active, hence
those biochemical conversions were operating effi-
ciently. Results of semi-quantitative enzyme-activity
tests (API ZYM , bioMérieux) supported those
assumptions (data not shown).

There was no capacity loss in COD removal
performance when the T was decreased to 5min on
day-95 (Phase-IV) and to 1min on day-189 (Phase-V)
(Fig. 2(d)): COD removal efficiency of the system
stabilized at 97% at Phase-IV and remained at this
high level till the end of reactor operation at Phase-V
(Fig. 2(d)).

In summary, there was a significant biomass
washout each time the T, was decreased to the next
lower level, yet those were one-time, post-incident
responses, and got less dramatic in time (Fig. 2(a) and
(b)). After decreasing the T, to 5min, a biomass stable
not only in terms of exceptionally good settling
properties but also in terms of high COD removal
performance was maintained in the system.
Decreasing T further to 1 min did not impose deterio-
ration in those features.

Performance of the system in terms of biomass
maintenance, settling properties, and COD removal
efficiency recorded at the second-half of reactor opera-
tion (Phases-IV and V) was comparable with those
reported for aerobic granular biomass systems [i.e.
4,8,10]. Yet, due to limitations of reactor set-up, the
exchange ratio in this study was only 10% and thus,
the minimum settling velocities (V) corresponding
to 5 and 1min settling times applied during Phase-IV
and V were 0.4 and 2.0 cm/min, which were consider-
ably lower than or at the limit of those reported for
granular biomass systems. Consequently, the biomass
remained floccular and there were still biomass parti-
cles escaping to the effluent, even though the settling
properties were exceptionally good as revealed by sig-
nificantly low SVI values. Some v, values reported
in the literature for developing and/or maintaining
aerobic granular biomass characterized by excellent
settling properties are as follows: Liu et al. reported
the lower limit of v, as 1.67cm/min for fully
aerated systems [7]. Dulekgurgen et al. reported
developing and maintaining aerobic granular EBPR
biomass with improved settling properties and excel-
lent C-removal and EBPR performance even with
application of 15 min settling, corresponding to a Umin
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as low as 0.95cm/min [8]. In another study, they
developed aerobic granular biomass in an anaerobic/
aerobic SBR where the settling velocity was 11cm/
min and the main hydraulic selection pressure was
the shearing forces [9]. de Kreuk and de Bruin applied
a settling velocity of 16.7 cm/min to develop aerobic
granular EBPR biomass in column SBRs [10]. de Bruin
et al. referred to the results of lab-scale studies where
settling velocities of around 20 cm/min ensured devel-
opment and maintenance of stable aerobic granular
biomass with excellent settling properties in SBR
systems [1].

Those remarks in the literature and the findings
obtained in this study together suggest adoption of
minimum settling velocity (vmin) along with T as an
appropriate descriptive of hydraulic selection pressure
for washing out slowly settling flocks, maintaining
rapidly settling biomass and ensuring good effluent
quality, as well as developing aerobic granular
biomass.

4. Conclusions

The strategy of gradually decreasing the Ts was
proved to be suitable for removing slowly settling
flocks and retaining high amounts of biomass with
improved settling properties: substantial biomass
washout occurred each time the T was shortened, yet
those were post-incident responses and a stable bio-
mass with significantly improved settling properties
and high COD removal performance was obtained
with 5min of settling. No deterioration was observed
when the T was decreased to 1min and the system
remained stable in terms of good settling properties
and high COD removal performance.

High biomass concentrations, good settling proper-
ties, and high COD removal performance obtained
with floccular biomass in this study are comparable
with those reported for aerobic granular biomass sys-
tems, even though there was no granulation in the sys-
tem and the effluent quality (in terms of SS) needed
improvement. These factors draw attention to adopt-
ing minimum settling velocity (vm;n) as an appropriate
hydraulic selection pressure parameter as well. Mini-
mum settling velocity is not only a function of T, but
also related to factors like reactor geometry (H,,/D),
exchange rate (thus Hpin/D), and cycle configuration.
Hence, future work needs focusing on optimization of
reactor configuration and cycle operation to provide
appropriate minimum settling velocities and thus to
further enhance biomass settling properties and efflu-
ent quality along with the possibility of developing
aerobic granules in SBRs. Research with this perspec-
tive is currently in progress and preliminary results
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confirmed maintenance of a totally granular biomass
in a bubble column SBR with an H,,/D ratio of 9.7, an
exchange rate of 50%, a T of 1.5min, and a minimum
settling velocity of 24 cm/min.

Attaining high biomass concentrations in anaero-
bic/aerobic SBRs combined with improved settling
properties, and good removal efficiencies, as obtained
in this study and further developing aerobic granular
biomass in such systems will enable optimization of
process configurations and the advantages of SBRs,
and excellently settling compact biomass will provide
a potential for designing and operating BioWWTPs
with considerably smaller foot-prints, lower capital,
and operational costs.
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