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Abstract Efficient solids-liquid separation of the activated sludge wastewater treatment method depends on the
formation of flocs in the biological step, and their rapid settling and proper compaction in the secondary clarifier.
The effect of dissolved oxygen (DO) concentration on sludge floc morphology and settleability in three full-scale
conventional activated sludge plants treating industrial and municipal wastewater was studied. Floc structure was
considered in terms of size, shape, strength and filament index, while settleability was determined based on the
sludge volume index (SVI). Generally, higher DO concentrations produced more round and compact flocs, while
irregular and open flocs were associated with low DO concentrations. There was only a trend towards larger flocs at
higher DO levels. SVI values did not correlate well with DO concentrations, with municipal plants operated at lower
DO levels achieving better settling compared to industrial plants operated at higher DO levels. However, there was a
positive relationship between SVI and levels of suspended solids in the effluent. Additionally, flocs with the same
filament index but from different plants were morphologically different. These results indicate that activated sludge
floc morphology and settleability are affected by other plant operating conditions, not DO exclusively.
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1. Introduction
The conventional activated sludge process consists of
an aeration tank followed by a sedimentation tank
(secondary clarifier) in which the solids-liquid separation
occurs. This settling stage should produce an effluent with
concentrations of suspended solids low enough to satisfy
discharge standards, and a thickened sludge to maintain
the required concentration of activated sludge in the
aeration tank [1]. The properties of the activated sludge
flocs formed in the aeration tank are dependent on plant
operation conditions such as organic loading, dissolved
oxygen (DO) and solids retention time (SRT) [2]. These
properties determine the settleability of the flocs,
measured as sludge volume index (SVI). A sludge with an
SVI greater than 150ml/g is considered a bulking sludge
as it does not settle properly [3]. Compact, round and firm
flocs are desirable since they ensure good settling and
dewatering, with the subsequent effect of an effluent low
in suspended solids produced [4]. On the contrary, large,
irregular shaped and weak flocs have low settling velocity
and poor compaction, due in part to their large surface
area and also the large amount of bound water trapped
within them. The resultant effect is a reduction in the

capacity of the sedimentation tank as well as a highly
turbid effluent.
Accordingly, considerable efforts have been made over
the years to understand how different factors affect floc
structure in the light of its importance on sludge
settleability [5,6]. Dissolved oxygen is indispensable to
the activated sludge method since it is an aerobic process.
According to [7], the dissolved oxygen level in the
aeration tank should be maintained at 2mg/l or higher to
ensure a balance between the consortium of microorganisms
in the aeration tank. Based on the substrate diffusion
limitation theory, [8] argued that irregular floc morphology
should be associated with dissolved oxygen limitation,
while more round and smooth flocs should abound when
oxygen gradient is not important. Also, [1] reported that
low DO concentration resulted in the production of porous
flocs with poor settling, and that there was no clear effect
of DO concentration on floc size. Similarly, [9] reported
that decreasing the DO concentration in the bulk liquid
had a strong negative effect on sludge settleability.
SRT, also referred to as mean cell residence time or
sludge age, is the average amount of time that
microorganisms are maintained in the aeration tank. This
parameter is calculated for each treatment plant based on
the sludge loading level, and maintained by removing a
calculated amount of biomass (typically new growth) from
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the system in the form of wasted activated sludge [10].
Based on microscopic observations, [5] found out that
lower SRTs resulted in production of irregular and
cylindrical shaped flocs, whereas flocs were more
compact and round at higher SRTs.
Additionally, filamentous bacteria, considered as
providing a skeletal matrix to which flocs adhere [11],
have been reported to be affected by DO concentration.
For instance, a decrease in DO negatively affected solidsliquid separation in a sequencing batch reactor (SBR) due
mainly to dominance of slow growing filaments [9].
Similarly, low DO concentration has been reported to
result in excessive growth of filamentous bacteria,
affecting settling of flocs [1,14]. An increase in filament
numbers can result in a decrease in settling velocity of the
flocs, causing the SVI to deteriorate [12,13].
However, most of these studies were either carried out
on laboratory scale, or on plants with different
configurations [1,5,9]. In addition, reports on comparative
studies of DO effects on sludge structure and settleability
in completely mixed industrial and municipal plants in
different geographic regions are limited. Therefore, the
purpose of this study was to 1) investigate how DO
concentration affects the morphology and characteristics
of activated sludge flocs in full-scale WWTPs, and 2)
determine the effects of floc morphology on sludge
settleability and effluent suspended solids levels.

2. Materials and Methods
2.1. Sample Collection
Mixed liquor and effluent samples were collected from
three full-scale activated sludge wastewater treatment
plants (WWTPs) in Accra, Ghana. Two of these plants
treat wastewater from hotels, while the other treats
wastewater from a food and beverages processing factory.
Interviews with plant operators showed that all the plants
operate at high SRTs; the industrial plant at about 30 days
and the municipal plants even higher. Each treatment plant
was sampled monthly from May to July 2013.
Representative grab samples were collected from areas of
good mixing during aeration using long-handled
aluminum dipper attached to a wooden handle. Effluent
samples were collected from the outlet pipe of the
secondary clarifier. Samples were stored in pre-sterile
plastic containers which were appropriately labeled using
waterproof marker. Samples were stored in an ice chest at
a temperature below 4°C in order to reduce any change to
their characteristics, and transported to the laboratory
within 2 hours of sampling.

2.2. On-site Measurements
Dissolved oxygen concentration and sludge settleability
of the mixed liquor were determined on-site. Dissolved
May
DO
1.3
0.5
0.7

oxygen level was measured using a portable Hach
dissolved oxygen/pH meter (Model HQ 20), which was
calibrated before measurements were taken. Settleability
of sludge was measured as SVI, according to standard
methods [15]. 1000ml of freshly sampled mixed liquor
was poured into a 1L graduated cylinder, allowed to settle
under quiescent conditions for 30 minutes, and the volume
occupied by the settled sludge recorded. The SVI was
subsequently calculated based on the obtained mixed
liquor suspended solids value.

2.3. Mixed Liquor Suspended Solids and
Effluent Suspended Solids Determination
Mixed liquor suspended solids (MLSS) and effluent
suspended solids (ESS) were analyzed according to
standard methods [15]. An aluminum dish was placed on a
dry balance and the balance reading set to zero. 5ml of
well agitated sample was placed on the dish and the initial
reading recorded. The sample was then dried at 103-105oC
till the reading stabilized, indicating that all the moisture
content has evaporated. The suspended solids value was
then calculated from the differences between the initial
and final readings.

2.4. Floc Characterization and Filament
Index Determination
Visual characterization of activated sludge samples was
done according to [13], using phase-contrast and brightfield illumination. Wet mounts of sludge was done to
determine the general characteristics such as size (small,
medium and large), shape and strength (round or irregular,
compact or diffuse, firm or weak) of the flocs. These were
examined under phase-contrast illumination at 100×
magnification with a Nikon Eclipse LV100 (Japan). Floc
size was determined based on the following categorization
by [13]: small ≤ 150µm, medium 150-500µm, large
≥500µm. Overall filamentous organism abundance was
rated using the subjective scoring technique outlined by
[13]. Filament index (FI) was scored on a scale between 0
and 6 (integer scores had the following meanings: 0 =
none; 1 = few; 2 = some; 3 = common; 4 = very common;
5 = abundant; and 6 = excessive). The abundance of
filamentous bacteria was determined using phase-contrast
microscopy at 200× and 400× magnification; the
transparent nature of filamentous bacteria under brightfield hinders their visualization.

3. Results
Dissolved oxygen levels in all the treatment plants were
below the minimum concentration of 2mg/l required for
optimum performance of the activated sludge process. The
industrial plant operated at relatively higher values (1.31.7mg/l) compared to municipal plants (0.4-0.9mg/l).

Table 1. SVI, DO and ESS values
June
SVI
DO
107
1.7
168
0.4
115
0.9

SVI
ESS
Plant 1
90
1.1
Plant 2
104
1.6
Plant 3
134
7.8
SVI = ml/g, DO = mg/l, ESS = g/l
Plant 1 = Industrial plant, Plants 2 and 3 = Municipal plants.

ESS
2.8
9.7
6.2

SVI
147
86
98

July
DO
1.6
0.6
0.7

ESS
17
0.6
0.4
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There was no clear relation between DO concentration
and SVI values. For example, SVI was 147ml/g at a DO
of 1.6mg/l in the industrial plant, while SVI of 86ml/g was
recorded at a DO of 0.6mg/l in the municipal plant (Table 1).
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However, there was a trend towards lower SVI values at
higher DO concentration, especially in the municipal
plants (Figure 1-Figure 3).

Figure 1. Effect of DO concentration on SVI in Plant 1

Figure 2. Effect of DO concentration on SVI in Plant 2

Figure 3. Effect of DO concentration on SVI in Plant 3
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The amount of suspended solids in the effluent gives an
indication of the solids separation efficiency in the
secondary clarifier, and effectively the quality of the
effluent. As expected, SVI values correlated very well
with ESS levels for all plants (Figure 4-Figure 6). The
lowest ESS value of 0.4g/l was recorded in municipal

plant, while the highest value of 17g/l was recorded in
industrial plant. However, all effluent suspended solids
values were generally very high, exceeding the discharge
guideline values of 50mg/l set by the Environmental
Protection Agency of Ghana. No clear relationship
between SRT and ESS was observed in this study.

Figure 4. Relationship between SVI and ESS in plant 1

Figure 5. Relationship between SVI and ESS in plant 2

Figure 6. Relationship between SVI and ESS in plant 3
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Generally, floc morphology was unique and stable in
each plant throughout the study period. For the industrial
plant (Plant 1), round, compact and medium sized flocs
(average diameter of 185µm) were observed. Filaments
could be observed occurring mostly within the floc, with a
few protruding from the flocs. The overall filament index
was 2 and remained unchanged (Pictures A and B). In the
first municipal plant (Plant 2), pin point flocs with average
diameter of 35µm were observed. Filamentous bacteria
were hardly observed (Pictures C and D). This plant
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suffered a dysfunction with the aeration system during the
study. In the second municipal plant (Plant 3), open and
irregular flocs with a lot of bound water were observed.
These flocs were medium size with average floc diameter
of 250µm. An overall filament index of 2 was also
recorded in this plant throughout the study. The filaments
were observed to provide a frame to which most of the
flocs attached; hence the shape of the flocs was
determined largely by the filaments.

Figure 7. Photomicrographs showing flocs shape, size and filaments: (A and B) round and compact flocs containing filaments from Plant 1, (C and D)
pin point flocs with no filaments from plant 2, and (E and F) open and irregular flocs with filaments from plant 3

4. Discussion
Activated sludge flocs have been described as particulate
aggregates whose stability and settling properties are

influenced by several factors such as amount and
composition of the extracellular polymeric substances
(EPS), organic and colloidal particles, cations, and the
interaction forces between them [4,16]. The trend towards
better settleability at higher DO concentrations is
consistent with findings by [17]. However, the fact that
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there was no clear relationship between SVI and DO
suggests that sludge settleability is affected by other
factors, not DO exclusively. Complex interactions between
measured individual parameters make it sometimes
difficult to find clear relationships between them [18].
The positive relationship between SVI and ESS
confirms the fact in the literature that good settling
properties of flocs are necessary for efficient solids-liquid
separation in the activated sludge process. Hence,
operating parameters in the biological step should be
optimized on plant by plant basis [13]. A study conducted
on laboratory-scale SBR found higher ESS concentration
at lower SRTs than that at high SRTs [5], which is
inconsistent with the results of the current study. These
contradictions further point to the differences in studies
conducted under controlled and uncontrolled conditions,
and the need for in situ studies to be preferentially
considered.
Based on observations of large variations in floc
morphology between sludge from different treatment
plants, [4] concluded that plant design as well as changes
and differences in process operating conditions have
significant effects on floc morphology. For instance, [19]
found that under high DO conditions, compact, robust
flocs with rounded shape were produced. Similarly, [20]
reported that low DO concentration in a SBR resulted in
the production of porous and irregularly shaped flocs. The
differences in DO concentrations in the various plants
should therefore partly account for the distinct appearance
of flocs from each plant in this study. The low DO in plant
B should account for the general lack of filaments in the
flocs, hence their pin point nature. Although DO
concentration and floc size did not correlate properly,
there was a trend towards larger flocs at higher DO
concentrations, which is consistent with results by [1] and
[17].
According to [5], “famine” conditions at high SRTs
produce more stable biomass, whereas “feast” conditions
at lower SRTs lead to breakage of flocs into smaller ones.
This conclusion, however, is inconsistent with the results
of this study. Other studies have reported that high SRT
favors the growth of slow growing filamentous bacteria
[21], which tend to grow outwards into the bulk solution
when there is an oxygen deficiency within the floc. This is
consistent with the diffusion limitation theory [11].
Therefore, the low DO concentration, coupled with the
high SRT, should account for the open nature of the flocs
in plant 3. It has been argued based on the filament
backbone theory [11] that flocs with a high FI should be
stronger than those with low FI [8]. Also, the presence of
filamentous bacteria should produce stronger flocs due to
the tensile strength of the filaments [22]. However, the
results of this study indicate that flocs from the various
plants were morphologically different, despite having the
same FI. Hence, floc strength cannot be explained by only
filamentous organism abundance. Other research has
proved that not just filament numbers, but also filament
types, affect floc structure [23]. This is because different
filaments occur at different locations in the floc [4], and
hence influence floc shape differently. Also, different
filamentous bacteria have been found to have different
surface properties which affect floc formation and
structure [24]. Obviously, filamentous bacteria are
important in sludge floc characteristics, hence detailed

studies on how they are affected by DO concentration
need to be conducted.

5. Conclusions
This research investigated the effect of DO concentration
on characteristics and settleability of activated sludge
flocs in full-scale municipal and industrial WWTPs. The
following conclusions are made:
DO has an effect on floc morphology since more round
and compact flocs were observed in the industrial plant
operated at relatively high DO concentrations as compared
to open and irregular flocs in municipal plants operated at
low DO concentrations. However, the effect of DO on floc
settleability could not be established because of the low
SVI values recorded in the municipal plants operated at
low DO levels. The role of other factors on floc
settleability should be studied, since the investigated
plants treat different wastewater types under different
operating conditions. For instance, the results suggest that
higher SRT has a positive impact on sludge floc
settleability irrespective of the DO level. As such,
operating at a suitable SRT can improve solids-liquid
separation. However, further research is needed to confirm
this.
Although DO concentration has an effect on
filamentous bacteria abundance, filament index alone
cannot be used to determine morphology and settling
properties of flocs, since flocs with the same filament
index exhibited different shapes and settleability. The
effect of DO on different filamentous bacteria, and how
this correlates with floc structure and settleability should
be investigated.
SVI is a good indicator of levels of effluent suspended
solids as these parameters correlated very well for all
plants.
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