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Abstract. This study aims to assess the feasibility of cultivating microalgae-bacteria aerobic
granular sludge using low-strength municipal wastewater (<200 mg COD/L) as a substrate. A
laboratory-scale photo-sequencing batch reactor was inoculated with activated sludge and fed
with municipal wastewater. The development and characteristics of microalgae-bacteria aerobic
granular sludge were observed for 90 days. The average COD removal efficiency of this system
was 71%. The granulation process was observed to occur on day 28, indicated by a high biomass
accumulation and decreasing sludge volume index (SVI). After 90 days of cultivation, MLSS
value was found to be 3.7 g/L and SVIso at 18.9 mL/g. In addition, the diameter of the granules
was significantly increased. Mature microalgae-bacteria aerobic granules were developed with
an average and a maximum diameter of 0.65 mm and 6 mm, respectively. Moreover, cocci-
shaped bacteria and microalgae cells were observed to reside on the granular surface during
observation using field emission scanning electron microscopy (FESEM). The granules
exhibited an excellent settling velocity at 80 m/h. The findings suggest the possibility of using
low-strength wastewater to develop microalgae-bacteria aerobic granular sludge.

1. Introduction

Aerobic granular sludge is a dense and self-immobilized aggregate consisting of microbial consortiums
that concurrently remove carbon, nitrogen, phosphorus, and other contaminants only in a single reactor
[1]. It has been shown that aerobic granular sludge is a more efficient and novel method of treating
wastewater than conventional activated sludge [2,3]. Aerobic granular sludge system demonstrated
several advantages such as high rates of organic matter and nutrient removals, lower land footprint, less
investment cost, lower energy, and better effluent quality [4,5]. At present, aerobic granular sludge has
been successfully developed using various wastewater sources such as domestic, municipal, and
industrial wastewaters, including palm oil mills effluent (POME), paper mills effluent, dairy, textile,
and leachate [6]. Currently, several full-scale aerobic granular sludge technologies have been developed
and are mainly used to treat municipal wastewaters with medium to high COD concentration (>500
mg/L) [7]. However, a full-scale aerobic granular sludge system for the treatment of low-strength
wastewater remains understudied [8].

Low COD concentrations due to rain and sewer leakage are prevalent in countries with combined
sewer systems, such as China [9]. Similarly, low influent COD concentrations of 300—400 mg/L were
frequently reported in Malaysia [8]. However, the implementation of aerobic granular sludge for low-
strength municipal wastewater remains a challenge due to the long-term granular stability and the
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lengthy start-up phases. While the latter problem may be solved by adding biodegradable organic
substrates or/and inoculating with mature granules, complete knowledge of the fundamental factors that
affect granule stability is still inadequate, posing the primary disadvantage of long-term aerobic granular
sludge application for the treatment of actual low-strength wastewater.

Recent research has shown that microalgae can be integrated into aerobic granular sludge systems,
namely the microalgae-bacteria aerobic granular sludge system [10]. This newly established
microalgae-bacteria acrobic granular sludge system was reported to enhance system stability, induce the
rapid formation of aerobic granular sludge, and require less carbon source [11,12]. Up to the present,
several studies have developed microalgae-bacteria acrobic granular sludge systems using low-strength
and synthetic wastewater [12,13]. However, limited studies have been conducted to investigate the
feasibility of developing microalgae-bacteria aerobic granular sludge using actual low-strength
wastewater as a substrate. Synthetic wastewater may not accurately represent how the system will
perform when using actual wastewater, as actual wastewater is more likely to contain complex organic
compounds. Moreover, actual wastewater has varied concentrations that can affect system stability.
Therefore, the purpose of this study is to develop and characterize microalgae-bacteria acrobic granular
sludge using actual low-strength municipal wastewater as an influent.

2. Materials and methods

2.1. Reactor design and operational conditions

A single cylindrical column type photo-sequencing batch reactor (PSBR) column with a total working
volume of 1.5 L and a height/diameter ratio of 16.67 (6 cm of internal diameter and 100 cm of height)
was employed to develop microalgae-bacteria aerobic granular sludge. A microsparger at the bottom of
the reactor was used to introduce air at a rate of 2.5 L/min. The reactor was operated at room temperature,
and illumination was provided at 113 pmol/m”s with 12hr:12hr (light:dark) photoperiod. The batch cycle
lasted 6 hours, comprising 5 min feeding period, 232-247 min reaction period (90 min of non-aeration
and 227-242 min of aeration), 15-20 min settling period, and 3 min period of effluent discharge. The
column was seeded with 750 ml of activated sludge and was fed with municipal wastewater collected
from a local wastewater treatment plant (WWTP). The characteristics of municipal wastewater
employed in this study are listed in Table 1.

Table 1. Characteristics of municipal wastewater

Elements Concentrations (mg/L)
COD 184 + 73

BOD 67.9+6.9

Total Nitrogen (TN) 16.6 £2.3

Total Phosphorus (TP) 24+1.5

pH 6.9 £0.1

2.2. Analytical methods

Parameters indicating the development of microalgae-bacteria aerobic granular sludge were evaluated,
including sludge volume index (SVIs¢), mixed liquor suspended solids (MLSS), and chemical oxygen
demand (COD) removal efficiency, respectively. All analyses were carried out in compliance with the
Standard Methods for the Examination of Water and Wastewater [14]. The shape and diameters of
microalgae-bacteria aerobic granules were determined using a stereomicroscope (LEICA EZ4W,
Germany). Additionally, acrobic granular sludge's microscopic structure and chemical elemental content
were observed using a field emission scanning electron microscope-energy dispersive spectroscopy
(FESEM-EDS; JSM-7800F, Japan). Prior to FESEM-EDS analysis, the granules were fixated with 2.5
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percent glutaraldehyde mixed with phosphate buffer saline (PBS) for 2 hours and then dried with ethanol
gradients (10%, 30%, 50%, 70%, and 100%).

3. Results and discussions

3.1. Development of microalgae-bacteria aerobic granular sludge

Figure 1 depicts the changes in MLSS concentration and SVIsy values throughout the study. When the
PSBR was first inoculated with activated sludge and fed with municipal wastewater, the initial MLSS
was 2.1 g/ with an SVI3 of 166.67 mL/g, indicating poor settleability. MLSS values were first
observed to increase but then sharply decreased due to biomass washout after day-14. Moreover, the
decrease in biomass concentration may be attributed to a scarcity of carbon sources. To combat this
issue, settling time was increased from 10 minutes to 15 minutes. MLSS concentration was observed to
gradually increase after day-35, and 3.7 g/L of MLSS was obtained at the end of the experiment. The
MLSS concentration in this study is comparable to previous reports in treating low-strength municipal
and domestic wastewater [15,16]. Following a similar pattern, the SVI3 value fluctuated until day 35;
then, a decreasing trend was observed as MLSS concentration was stably increasing. A final SVI3, value
of 18.9 mL/g was recorded, indicating an excellent settleability. An SVI3 value of 30-80 mL/g is
generally reported for the settleability of mature aerobic granules [5].
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Figure 1. MLSS and SVI30 value throughout the microalgae-bacteria aerobic granular sludge system.

As this study utilized actual low-strength wastewater, the influent COD concentration (184 + 73
mg/L) fluctuated during the entire experimental period, causing the fluctuation in effluent COD
concentration. The municipal wastewater taken from a local WWTP used an open tank system;
therefore, unforeseen weather circumstances such as heavy rainfall can directly affect the organic
content of the wastewater. However, the effluent COD concentration was consistently less than 50 mg/L,
albeit greater in some cases, as shown in figure 2. The average COD removal and effluent COD
content after 90 days of the experimental period were 71% and 48.5 mg/L, respectively. This result is
in accordance with Malaysia Sewage and Industrial Effluent Discharge Standard A (<50 mg/L) [17].
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Figure 2. COD removal in the microalgae-bacteria aerobic granular sludge system.

In this study, the COD removal efficiency is reported to be lower than prior findings in treating actual
low-strength wastewater at ~80-85% removal efficiency [5,15,18,19]. However, it should be
emphasized that the COD concentration of the municipal wastewater employed in this study (184 mg/L)
is much less than the previous study (218-600 mg/L). This shows that microalgae-bacteria aerobic
granular sludge may be suitable for treating very low-strength municipal wastewater.

3.2. Characteristics of microalgae-bacteria aerobic granular sludge

3.2.1. Morphological and physical characteristics

The mean size of the granules was increased significantly after day 28 and was stable at around 0.6 mm,
as shown in figure 3. This indicates that granulation occurs roughly on day 28, and this observation is
supported by the gradual increase in MLSS value and the decrease in SVI3 value after day 30. Similarly,
a rather small granule size of 0.25-0.63 mm was reported by Sguanci et al. [18]. When the diameter of
aerobic granules reaches above 1 mm during low-strength wastewater treatment, they become loose,
porous, and unstable; therefore, they are more likely to undergo disintegration [20,21].
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Figure 3. Mean diameter of microalgae-bacteria acrobic granules.
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At the end of the experiment, microalgae-bacteria aerobic granules were harvested from the PSBR
column. Figure 4 shows the notable difference between the size of the granules on day-0 and at the end
of the experimental period. The obtained mature microalgae-bacteria aerobic granular sludge had a
maximum diameter of approximately 6 mm. Furthermore, the microalgae-bacteria aerobic granular
sludge has a remarkable settling velocity of 80 m/h, which is about ten times faster than the settling
velocity of conventional activated sludge used in this study (7.9 m/h). This corresponds to the low SVI3o
value at the end of the experiment, indicating an excellent settleability as well as full granulation.

Flgure 4. v(a) seedlng sludge on day 0 (b) Mature mlcroalgae-bacterla aeroblc granular sludge
harvested after 90 days.

3.2.2. SEM images and elemental composition

FESEM analysis revealed many cocci-shaped bacteria residing on the exterior layer of microalgae-
bacteria aerobic granules as shown in figure 5 (a). Cocci-shaped bacteria have been shown to function
as a support in the aerobic granulation's microbial attachment process [22]. In addition, microalgae cells
and a glue-like material termed extracellular polymeric substances (EPS) were also found to be
embedded on the surface of microalgae-bacteria aerobic granules, as indicated in figure 5 (b). EPS is a
complex substance consisting of a mixture of different macromolecules such as carbohydrates, proteins,
lipids, nucleic acids and glycoproteins. EPS has been recognized as the primary component leading to
the production of mature granules because it serves as a 'glue' to trigger biofilm formation among
microorganisms [23]. Moreover, numerous different-sized micropores were seen on the granular
surface. Micropores are required for substrate transportation into the inner layer of the granules as well
as for excretion of the metabolic product out from the granules [24].
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Figure 5. (a) Overview of microalgae-bacteria aerobic granular sludge (b) EPS and microalgae cells.

EDS analysis detected 9 types of elements (figure 6); carbon (C), oxygen (O), iron (Fe), sodium (Na),
magnesium (Mg), aluminum (Al), silicon (Si), potassium (K), and calcium (Ca). The results showed a
dominating proportion of carbon and oxygen in the microalgae-bacteria aerobic granular sludge of 44%
and 26%, respectively. Calcium, potassium, and magnesium (Ca**, K*, and Mg*") are all strongly linked
to the composition of the EPS matrix. [25]. Ca*" is required for the gelation of the alginate-like
exopolysaccharides (ALE) and ALE provides mechanical stability and elasticity to the microalgae
bacteria aerobic granular sludge [26]. Potassium content in microalgae-bacteria aerobic granular sludge
was 0.6%, and none was detected in the activated sludge. However, calcium and magnesium content in
microalgae-aerobic granular sludge was significantly lower than in activated sludge. These findings
contradict the excellent settleability showed by microalgae-bacteria aerobic granular sludge and the
significant increase in granule diameter. Therefore, complementary spectroscopic analysis such as x-ray
photoelectron spectroscopy (XPS) is recommended to confirm and elucidate the elemental composition
of microalgae-aerobic granular sludge.
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Figure 6. Elemental composition of microalgae-bacteria aerobic granular sludge.
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4. Conclusion

Microalgae-bacteria aerobic granular sludge was successfully developed using low-strength municipal
wastewater. Granulation started after 28 days of the experimental period, indicated by a stable increase
of MLSS concentration up to 3.7 g/L, excellent settleability indicated by 80 m/h settling velocity and
low SVI of, as well as a significant increase in granule diameter. The average effluent COD
concentration and COD removal efficiency is >50 mg/L and 71% respectively, indicated the capability
of microalgae-bacteria acrobic granular sludge to be used for the treatment of low-strength wastewater.
Finally, complementary spectroscopic analysis is recommended to characterize microalgae-aerobic
granules’ element composition in detail.
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