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Abstract: In this paper, reactivation of microalgal-bacterial granular sludge (MBGS) stored at −20 ◦C
for 6 months was investigated under respective aeration (R1) and non-aeration (R2) conditions.
Results showed that the granular activity could be fully recovered within 21 days. The average
removal efficiency of ammonia was higher in R1 (92.78%), while R2 showed higher average removal
efficiencies of organics (84.97%) and phosphorus (85.28%). It was also found that eukaryotic mi-
croalgae growth was stimulated under aeration conditions, whereas prokaryotic microalgae growth
and extracellular protein secretion were favored under non-aeration conditions. Sequencing re-
sults showed that the microbial community underwent subversive evolution, with Chlorophyta and
Proteobacteria being dominant species under both conditions. Consequently, it was reasonable to
conclude that the activity and structure of frozen stored MBGS could be recovered under both
aeration and non-aeration conditions, of which aeration-free activation was more feasible on ac-
count of its energy-saving property. This study provides important information for the storage and
transportation of MBGS in wastewater treatment.

Keywords: microalgal-bacterial granular sludge; frozen storage; reactivation; wastewater treatment;
microbial community

1. Introduction

Domestic wastewater comes from a wide range of sources and needs to be treated prior
to discharge. The conventional activated sludge and aerobic granular sludge (AGS) have
been widely applied for domestic wastewater treatment at present, but there are problems
such as high energy costs [1], CO2 emissions [2], large excess sludge production [3,4], etc.
In view of this, an innovative and promising microalgal-bacterial granular sludge (MBGS)
process has emerged [5]. The advantages of this MBGS process have been illustrated
in terms of CO2 emission reduction, resource recovery, efficiency, and energy-saving in
wastewater treatment [6–8]. In addition, the effect of heavy metal and antibiotics on MBGS
has been investigated [9,10] in wastewater treatment. Hence, MBGS is gradually becoming
an alternative for future wastewater treatment with broad application prospects.

There have been two kinds of MBGS widely reported for wastewater treatment,
i.e., aerated MBGS and non-aerated MBGS. The aerated MBGS can be deemed as the
development of AGS with illumination [11]. It was reported that aerated MBGS could be
applied for low carbon wastewater [12] and saline wastewater treatment [13]. However,
similar to the AGS process, the energy cost of aerated MBGS associated with aeration
was also concerning. As such, the non-aerated MBGS process has been developed [5,8,14].
Unlike the conventional activated sludge and AGS with the pollutant removal being via
both microbial assimilation and dissimilation [15,16], the pollutant removal by non-aerated
MBGS mainly relies on microbial assimilation [5] with the synergy between microalgae
and bacteria.
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Besides environmental factors, e.g., temperature [17] and light [18], the MBGS process
may also experience sludge storage and idleness problems, such as sludge transport,
inoculation, and process scale-up, which have not been studied so far. Thus, it makes
sense to investigate the storage and reactivation of MBGS for practical applications in
municipal wastewater treatment. In addition, frozen storage is a common means of granule
preservation. For instance, AGS was studied for frozen storage and reactivation [19,20]. As
such, it is of significant importance to know whether frozen storage is suitable for MBGS.
Moreover, it is also unknown whether the reactivation of MBGS depends on aeration.

Therefore, this study aimed to compare the reactivation of frozen stored MBGS under
aeration and non-aeration conditions. The granular characteristics, reactor performance,
microbial communities, and possible mechanisms were studied. It is expected that the
study would provide some valuable information for MBGS practical applications in regard
to its storage and reactivation.

2. Materials and Methods
2.1. Synthetic Municipal Wastewater

The composition of the synthetic wastewater mainly consisted of about 527.0 mg/L
NaAc, 113.1 mg/L NH4Cl, 50.0 mg/L MgSO4·7H2O, 30.3 mg/L KH2PO4, 40.0 mg/L
FeSO4·7H2O, 20.0 mg/L CaCl2, and 40.0 mg/L NaHCO3. The concentrations of organics,
phosphorus, and ammonia were about 400.0 mg/L, 5.0 mg/L, and 30.0 mg/L, respectively.

2.2. Experimental Setup

The experiments were conducted in two open conical flask reactors (R1 and R2) with
the effective volume of 500 mL in this study. MBGS was stored frozen at −20 ◦C in a
fridge for six months without the addition of any chemicals. Two reactors with the above-
mentioned synthetic wastewater as feed were exposed to a light-emitting diode (LED)
light at a photosynthetic photon flux density (PPFD) of about 180 µ mol/m2/s. R1 was
continuously aerated from the bottom at a flow rate of around 4 L/min, while R2 was not
aerated. The hydraulic retention time was controlled at 12 h. Typical dissolved oxygen
(DO) concentrations were 5–7 mg/L and 4–5 mg/L in R1 and R2 at the end of the cycle,
respectively. The frozen stored MBGS was continuously activated under continuous light
at a room temperature of around 25 ◦C for 21 days.

2.3. Microbial Community Analysis

Sludge samples from the initial stage, aeration, and non-aeration reactors (referred
to as R0, R1, and R2, respectively) were collected. DNA extraction, PCR amplification,
and sequencing were performed for bacteria and microalgae based on prokaryotic primer
338f-806r [21] and eukaryotic primer 528f-706r [22] targeting 16S rRNA and 18S rRNA,
respectively. The samples were biogenetically analyzed using the Illumina MiSeq platform,
and the raw sequence data can be obtained from the NCBI under the accession number
PRJNA715013.

2.4. Analytical Methods

Chemical oxygen demand (COD), ammonia–nitrogen (NH+
4 -N), phosphate–

phosphorus (PO3−
4 -P), mixed liquor suspended solids (MLSS), mixed liquor volatile sus-

pended solids (MLVSS), and 5-min sludge volume index (SVI5) of the water samples were
determined according to standard methods [23]. MLSS and MLVSS were maintained
at 2.4 ± 0.20 g/L and 2.2 ± 0.25 g/L, respectively. The particle size distribution of the
activated MBGS was compared using particle size analyzer (Mastersizer 2000, Ver. 5.60,
Malvern, UK). The DO concentrations were tested with a YSI 5100 DO meter (Yellow
Springs, OH, USA). The extracellular polymeric substance (EPS) was extracted using a
modified thermal extraction method [24], which consisted of proteins (PN) and polysac-
charide (PS). The PN content was detected using a modified Lowry method, and the PS
content was obtained using a phenol–sulfuric acid method [24]. The total chlorophyll (total
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Chl) content, including chlorophyll-a (Chl-a) and chlorophyll-b (Chl-b), was extracted
using an acetone extraction method [25]. The specific oxygen production rate (SOPR) of
MBGS was determined using a respiration method [26].

2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS version 22 to analyze the reactor
performance of MBGS under aeration and non-aeration conditions for significance with p <
0.05 and the Pearson coefficient for correlation analysis.

3. Results and Discussion
3.1. Reactor Performance

Figure 1 illustrated the influent and effluent concentrations and removal efficiencies
of COD, NH+

4 -N, and PO3−
4 -P during the activation of the frozen stored MBGS with the

aeration (R1) versus the non-aeration reactor (R2). The experimental process was divided
into two phases. The first 14 days was the activation phase (Phase I) and the subsequent
7 days was the stable phase (Phase II).

Figure 1. Profiles of influent and effluent concentration, removal efficiency: (a) COD; (b) PO3−
4 -P; (c) NH+

4 -N; and boxplot
of removal efficiency of two group reactors during the reactivation process: (d) COD; (e) PO3−

4 -P; (f) NH+
4 -N. (R1: Aeration;

R2: Non-aeration).

In Phase I, as illustrated in Figure 1d–f, R1 and R2 exhibited respective average
removals of COD (76.28%, 49.52%), PO3−

4 -P (35.93%, 32.68%) and NH+
4 -N (61.18%, 35.26%),

suggesting that R1 showed superior average removal efficiency, especially for COD and
NH+

4 -N removal (P < 0.05) (Figure 1d,f). In Phase II, as shown in Figure 1d–f, R1 and R2
showed excellent removal efficiencies on average (COD: 75.29%, 84.97%; PO3−

4 -P: 80.44%,
85.28%; NH+

4 -N: 92.78%, 86.23%), which were comparable to previous studies [27,28],
indicating that MBGS almost had been fully activated. It was also found that NH+

4 -N
removal was consistently superior in R1, while R2 showed higher removal efficiencies for
COD and PO3−

4 -P. The better NH+
4 -N removal of R1 than R2 could be ascribed to that the

bacteria growth could be promoted under aeration conditions, and the bacteria (C5H7O2N)
could have higher nitrogen content than microalgae (C5H8.9O1.8N0.6), as revealed by their
empirical formulas [29]. However, the better COD and PO3−

4 -P removal in R1 than R2
could be ascribed to the higher abundance of heterotrophic bacteria and phosphorus
accumulating organisms, respectively. In addition, the removal of COD, NH+

4 -N, and PO3−
4 -

P exhibited an increasing trend in both R1 and R2 (Figure 1a–c), reflecting the recovery
of MBGS under both aeration and non-aeration conditions. It was worth mentioning in
Figure 1a that the highest removal efficiencies (82.53% and 89.97%) and the lowest effluent
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concentrations (69.37 and 43.75 mg/L) for COD were achieved on day 20 in both R1 and
R2. In view of this, the activity of frozen stored MBGS could be fully recovered after about
20 days of activation.

3.2. Morphological and Characteristic of MBGS

After being in frozen storage for 6 months, the MBGS became dark and lusterless,
which was caused by the long-term anaerobic condition; after 21 days of being fully
activated, granules turned green and brownish green in R1 and R2, respectively (Figure S1).
The total Chl content of R1 and R2 were 22.28 mg/g-VSS and 5.53 mg/g-VSS, respectively,
indicating that the color change of the MBGS was consistent with the variation of total Chl
content shown in Figure 2a.

Figure 2. Variations in properties of microalgal-bacterial granular sludge during the reactivation
process. (a) Chl-a, Chl-b, Chl-a/Chl-b; (b) SOPR; (c) PN, PS; (d) SVI5. (R1: Aeration; R2: Non-
aeration).

It can be observed from Figure 2a that the Chl-a content increased sharply from the
initial 5.07 mg/g-VSS to 18.43 mg/g-VSS in R1 after 21 days of activation, while Chl-b also
increased from 0.98 mg/g-VSS to 3.85 mg/g-VSS. However, the content of Chl-a and Chl-b
showed slight variation in R2. The sharply increased total Chl content in R1 indicated that
the aeration conditions facilitated microalgae growth. Furthermore, the Chl content was
related to particle size, which was also influenced by aeration. The small size MBGS due to
the shear force generated by aeration in R1 (Figure S3), expanded the specific surface area
and improved light utilization efficiency [30,31], resulting in the fast growth of microalgae.
In addition, the increase in chlorophyll in Phase I of R1 was a prediction for Phase II,
suggesting that the suspended microalgae would grow.

As shown in Figure 2b, the SOPR gradually increased in both reactors. R1 had almost
reached a steady state within the first 14 days due to aeration, while R2 showed a sharp
increase to 13.28 mg O2/g VSS·h on day 21. This indicated that the non-aerated MBGS
could generate oxygen after activation. Figure 2c illustrates that the variations of PN,
PS, and EPS content in R1 and R2. EPS content did not significantly change during the
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first 14 days, but increased on day 21, especially for R2. Significantly, PN content of R2
drastically increased to 454.45 mg/g VSS, while the PS content remained relatively stable,
implying that PN might play a crucial role in MBGS recovery, which was similar to AGS
recovery in idle conditions [32].

Figure 2d shows the initial SVI5 of 71 mL/g and 98 mL/g in R1 and R2 respectively,
resulting in relatively poor settle ability. After 21 days of full activation, SVI5 were stabilized
at 38 mL/g and 40 mL/g in R1 and R2, respectively (Figure 2d), with all granules recovering
excellent settle ability, which could be reflected by the increased EPS content and microalgae
growth [22,33], as indicated in Figure 2a,c.

3.3. Microbial Community Succession

The relative abundance variation of prokaryotic communities is shown in Figure 3a,c.
The initial, aerated, and non-aerated samples referred to R0, R1, and R2, respectively. At
phylum level, R0, R1, and R2 were mainly composed of Proteobacteria (49.16%, 80.47%,
82.04%), Firmicutes (39.34%, 0.34%, 8.12%), Actinobacteria (4.13%, 0.31%, 0.20%), Bacteroidetes
(3.56%, 12.41%, 3.90%), and Cyanobacteria (2.46%, 1.97%, 4.44%). Clearly, Proteobacteria
was the most abundant species in both R1 and R2. Moreover, previous studies had also
elaborated that Proteobacteria and green algae were correlated [12], which both increased
in this study (Figure 3a,b). Meanwhile, Firmicutes, Actinobacteria and Clostridia decreased
substantially (Figure 3a,c). However, more Clostridia (39.31%) belonging to phylum Firmi-
cutes (39.34%) in R0 indicated the presence of more anaerobic and facultative anaerobic
bacteria during the storage period [34,35]. In addition, representatives of Burkholderi-
aceae, Xanthomonadaceae and Sphingomonadaceae belonging to phylum the Proteobacteria
were identified. Some of these bacteria were known to contain microcystin-degrading
species [36], which may have enabled their growth in the reactor along with the microalgae.
However, we did not test for microcystins. As seen in Figure 3c, the prokaryotic commu-
nity became dominated by members of the classes Alphaproteobacteria (42.52%, 37.28%)
and Gammaproteobacteria (36.71%, 44.60%) in R1 and R2. Notably, the higher abundance
class Gammaproteobacteria (44.60%) in R2 was favorable for the initiation and maturation
of MBGS due to its secretion of EPS [18], which was correlated with the EPS content
shown in Figure 2c. Furthermore, part of the increased EPS content might be the result of
Rhodanobacteraceae and Xanthomonadaceae [37].

Distinctive differences in the relative abundance of eukaryotic communities are ob-
served in Figure 3b,d. At the phylum level, R0 consisted mainly of Chordata (11.44%) and
Rotifera (25.42%), but Chlorophyta (74.73%, 97.67%) became the dominant phylum in R1
and R2 (Figure 3b). Clearly, the abundance of Chlorophyta was higher in the non-aerated
MBGS, implying that non-aeration conditions might be more favorable for the growth of
Chlorophyta. In addition, as shown in Figure 3d, Trebouxiophyceae (73.97%, 97.60%) was
the most abundant species in R1 and R2 at the class level, but Spirotrichea (30.69%) and
Colpoda (16.55%) of R0 disappeared in R1 and R2 after activation, demonstrating a shift in
the photosynthetic composition after the activation eukaryotic microbial community. It
should be noted that the eukaryotic microalgae in R1 was more abundant than in R2, as
reflected by Figure S3 and the Chl-b content in Figure 2a, while R2 appeared to have a more
abundant prokaryotic microalgae, implied by a slightly higher Chl-a to Chl-b ratio [38] in
R2 than in R1 (Figure 3a).
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Figure 3. Microbial community of microalgal-bacterial granular sludge at phylum and class levels (>1% relative abundance).
(a) prokaryotic phylum; (b) eukaryotic phylum; (c) prokaryotic class; (d) eukaryotic class. (R0: Initial; R1: Aeration; R2:
Non-aeration).

3.4. Potential Functional Characteristics of Microorganisms

To further understand the organics and phosphorus removal of MBGS under aeration
and non-aeration conditions, potential functional groups were classified at genus level
including heterotrophic bacteria (HB) and phosphorus-accumulating organisms (PAO)
(Table 1). Pseudomonas and Thauera, as both HB and PAO [39,40], could favor efficient
organics and phosphorus removal, which were found to be much more abundant under
non-aeration conditions (R2) than in aeration conditions (R1). A higher abundance of
Aquimonas and Acinetobacter in R2 than R1 might also contribute to organics degradation
and phosphorus removal, respectively [34,41]. Overall, the higher abundance of both HB
and PAO in R2 than in R1 could be responsible for the better organics and phosphorus
removal under non-aeration conditions than in aeration conditions for the recovered MBGS.
As for nitrogen removal, the better performance of R1 could be achieved since aeration
could promote the growth of bacteria, while increasing the bacteria to microalgae ratio in
the MBGS as discussed.

The possible removal pathways of COD, N, and P are shown in Figure 4. It depicts
that the reactivation of the frozen stored MBGS could have considerably different pollutant
removal pathways under aeration and non-aeration conditions. It suggests that external
oxygen could alter the functional characteristics with regard to pollutant removal in the
MBGS for wastewater treatment.
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Table 1. The potential key functional microbial groups at the genus level.

Key Functional Groups
Relative Abundance (%)

Reference
R0 R1 R2

Heterotrophic Bacteria

Pseudomonas 0.43 1.36 15.79 [39]
Thauera 0 0.02 7.01 [40]

Acinetobacter 12.47 0.32 3.21 [41]
Flavihumibacter 0.02 11.5 0.02 [42]

Pseudoxanthomonas 0.04 6.84 1.04 [39]
Aquimonas 0.01 0.15 7.9 [34]

Phosphorus-Accumulating
Organisms

Pseudomonas 0.43 1.36 15.79 [39]
Thauera 0 0.02 7.01 [40]

Acinetobacter 12.47 0.32 3.21 [41]
Gemmatimonas 0 2.39 0.01 [43]
Leptolyngbyales 0.02 1.8 0.61 [14]

Figure 4. Possible pollutant removal pathways based on key functional microbial groups in the microalgal-bacterial granular
sludge process under aeration and non-aeration conditions.

As shown in Figure 5, the reactor performance and microbial community evolution
were investigated in the reactivation of long-term frozen stored MBGS under aeration
and non-aeration conditions for the first time. Results showed that the frozen stored
MBGS could fully recover activity after 21 days of activation, which provided important
information that can be applied when the MBGS was faced with sludge storage and
transport problems during practical applications. These two different methods had their
different characteristics, as illustrated in Figure 5. The aeration favored biomass growth,
especially in the growth of eukaryotic microalgae, Chl content, and ammonia removal.
Contrarily, the non-aeration method favored particle size, EPS secretion, prokaryotic
microalgae growth, and organics and phosphorus removal. Considering the environmental
and economic sustainability in waste treatment [44], the non-aeration conditions were more
promising in frozen MBGS recovery than the aeration conditions.
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Figure 5. Overall characteristics of reactivation of frozen stored microalgal-bacterial granular sludge
under aeration and non-aeration conditions.

4. Conclusions

This paper presented the first study on the reactivation of frozen stored MBGS in aera-
tion and non-aeration conditions. It proved that granular structure and activity could be
fully restored after 21 days of reactivation. The recovered system under aeration conditions
was efficient in ammonia removal. Meanwhile, the recovered system without aeration
favored the removal of organics and phosphorus. In addition, microbial communities were
also subverted, with Chlorophyta and Proteobacteria being the dominant species. Overall, the
reactivation of MBGS without aeration seemed to be more energy-saving and promising.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13141974/s1, Figure S1: Variation in morphological appearances of microalgal-bacterial
granules (a) Aerated PBR; (b) Non-aerated PBR during the reactivation process, Figure S2: Microbial
community reflected by microscope and SEM of microalgal-bacterial granules. Aerated PBR: (a)
microscope; (b) SEM. Non-aerated PBR: (c) microscope; (d) SEM, Figure S3: Particle size distributions
of microalgal-bacterial granules after reactivation. (R1: Aeration; R2: Non-aeration).
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