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Abstract

This study examined the feasibility of cultivation and harvesting of oil-producing
microalgae (i.e. Ankistrodesmus falcatus var. acicularis) via biogranulation in two
identical sequencing batch reactors (SBRs) fed with synthetic anaerobic digestion
liquor. Easily settled algae granules with compact structure appeared around day 90
and mature granules were obtained after 150 days’ operation. The microalgae
settleability was remarkably improved, signaling by the substantial decrease of sludge
volume index (SVIso) from initially >3000 to 53.4443.31 ml/g, with settling velocity
correspondingly increased from nearly 0 to 18.4740.23 m/h. Although the percentage
of the target microalgae (Ankistrodesmus falcatus var. acicularis) decreased along

with the granulation process, the biomass concentration (2-4 g/L) and biomass



productivity (130-270 mg/L/d) using biogranulation were 10-20 times and 16-34
times that by the traditional suspension method. Compared to the seed microalgae
cells, more extracellular polymeric substances (EPS) (162.5443.60 mg/g-volatile
suspended solids (VSS)) with a higher proteins/polysaccharides ratio (7.62) were
excreted from the mature algae granules. Moreover, the mature microalgae granules
showed comparable nutrients removal, averagely 96% and 86% of dissolved organic
carbon (DOC) and NH4*-N from the digestion liquor, respectively, reflecting its great
potential for simultaneous microalgae cultivation, harvesting and wastewater
treatment.
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1. Introduction

The depletion of natural resources especially fossil fuels has stimulated a global
concern on material recycling and waste minimization. Special attention has been
paid to renewable energy resources including geothermal, wind, solar, hydropower,
and bioenergy (Demirbas and Demirbas, 2011). Bioenergy is regarded as one of the
most potential energy alternatives, and biofuels have been promoted as energy
substitute in many countries. As it is known, various kinds of lipid-rich materials can
be used for biofuel production, including naturally derived crops, refined/used/waste

vegetable oils, animal fats, algae and sewage sludge (Tasic et al., 2016). As a new



renewable resource for biofuel production, recently microalgae have been paid more
attention by the researchers worldwide.

Microalgae can be cultivated without competing with food consumption and
disruption of the environment, which can also produce oil for biofuel utilization up to
7-31 times greater than soy oil and palm oil per unit (Demirbas, 2011). However,
biofuels from microalgae haven’t been commercialized on a large scale yet, mainly
due to the high cost and energy input for the production of algae biomass
(Borowitzka, 2013). Microalgae strains and their cultivation medium selection are
identified as the important contributors to the reduction of overall production costs
(Kadir et al., 2018). Among the various microalgae, Ankistrodesmus sp. is more
promising due to its high contents of lipids, carbohydrates and proteins in the cells
(Do Nascimento et al., 2013; George et al., 2014). Cultivation of microalgae using
wastewater has been intensively studied during the past few years towards microalgal
production of useful chemicals (including biofuels) as well as for wastewater
treatment simultaneously (Alvarez-D &z et al., 2017; Cabanelas et al., 2013). From the
earlier studies, nutrients in wastewater including nitrogen (N) and phosphorus (P) can
be utilized for microalgal growth with potential reduction in cultivation cost for
microalgae (Christenson and Sims, 2011; Kadir et al., 2018). Moreover, anaerobic
digestion (AD) process has been widely applied in the world as an effective energy
and resources recovery approach from organic wastes including waste activated

sludge (WAYS), livestock manure or other organic solid wastes, and high-strength



organic wastewaters. However, AD process can also release secondary pollutants to
the environment if its liquid effluent (digestate, or digestion liquor) being discharged
without proper treatment. Various components including mineral materials, non- or
slowly biodegradable organics, and some intermediate products like volatile fatty
acids (VFAs) are still remained in the digestion liquor after AD process (Barker et al.,
1999; Ji and Chen, 2010; Cai et al., 2016). If microalgae can be cultivated with
wastewaters like digestion liquor, the microalgae-based technology can be more
beneficial for the establishment of a sustainable society due to its low cultivation cost
and great potential for pollution amelioration.

Owing to its substantial costs and energy input, microalgae harvesting is another
obstacle to develop microalgae biotechnology into a commercial scale (Grima et al.,
2003; Gonzdez-Fernéndez and Ballesteros, 2013; Pragya et al., 2013). The tiny cell
size (0-30 um), low settleability (settling velocity < 0.0036 m/h) and much diluted
culture (microalga biomass concentration < 0.6 g L) of microalgae have brought
about the economic inefficiency in energy production and wastewater treatment
(Granados et al., 2012). It is claimed that the current microalgae harvesting step
accounts for 20-30% of the operation cost for microalgae cultivation, mainly through
coagulation/flocculation, centrifugation, flotation, etc. (Chen et al., 2011). Among
these technologies, centrifugation is regarded as the most time-efficient method for
microalgae harvesting, which has been widely applied for the separation of microalgal

biomass (Grima et al., 2003; Barros et al., 2015). However, the main drawback of



centrifugation is energy intensive, greater than 3000 kWh/t as reported by Schenk et
al. (2008). Hence, the microalgae type, value, and properties in addition to its
sedimentation velocity, cell viability, recyclability of culture medium, cell density and
size should be considered together when making decision on the suitable harvesting
method for a large-scale application (Barros et al., 2015). In this context, based on the
hitherto reports, till today none of the commonly used harvesting technologies have
been proven to be economical and efficient at large scale (Mathimani and Mallick,
2018; Shi et al., 2019). Therefore, seeking a proper harvesting technology is still
crucial for a sustainable and cost-effective biofuel production.

On the other hand, biogranulation can be realized in the symbiosis system of
algae and bacteria when the bacterial granulation system is exposed to natural
sunlight, achieving excellent biomass settleability (with sludge volume index in 30
min or SVI30=37-40 ml/g after maturation), and relatively dense and compact granule
structure (Huang et al., 2015). Specific microalgae strains (Chlorella and
Scenedesmus) can be introduced into bacterial aerobic granules, finally forming algal-
bacterial aerobic granules with the seed algae dominated (Liu et al., 2017). Moreover,
algae granules can be successfully achieved from activated algae (Tiron et al., 2017)
or natural microalgae/bacteria consortium isolated from the algal-bacterial aerobic
granular sludge (AGS) system (Cai et al., 2019). However, little information is
available for the formation of algae granules from single-cell oil-producing

microalgae, i.e. Ankistrodesmus falcatus var. acicularis applied in this study, through



biogranulation to date, so as to realize the fast microalgae harvesting. Furthermore, no
report can be found on simultaneous microalgae biogranulation of Ankistrodesmus sp.
and nutrients removal from anaerobic digestion liquor.

In this study, the oil-producing microalgae strain Ankistrodesmus falcatus var.
acicularis previously cultivated in the sterilized suspended medium was firstly
inoculated into two identical sequencing batch reactors (SBRs) under the designed
operation strategies for granule formation, aiming to obtain mature granules with
good settleability for fast harvesting. Nutrients (C, N and P) removal from the
synthetic digestion liquor by the SBRs was also evaluated. In addition to the changes
of biological communities, the content and composition of extracellular polymeric
substances (EPS) were quantified in order to make clear the functions of EPS and its
relationship with the mechanisms involved in the granulation process. Results from
this work are expected to provide scientific data for functional microalgae cultivation
and fast harvesting through biogranulation with low energy and time consumption as
well as simultaneously treating digestion liquor after ammonia recovery with

stripping method.

2. Materials and methods
2.1 Synthetic digestion liquor and seed microalgae
The synthetic digestion liquor was prepared according to a previous study (Cai et

al., 2016), which was mainly composed of 500 mg chemical oxygen demand



(COD)/L, 50 mg PO+*-P/L, and 100 mg NH4*-N/L to mimic the fermentation liquor
after ammonia recovery by stripping. The trace elements solution contained (in mg/L)
H3BO; (50), ZnCl; (50), CuCl2 (30), MnSO4 H20 (50), (NH4)sM07024 4H20 (50),
AICl3 (50), CoCl2 6H20 (50), and NiCl (50) (Adav et al., 2008). The influent pH to
the reactors was adjusted with sodium bicarbonate to be within 7.0-8.3.

The microalgae strain, Ankistrodesmus falcatus var. acicularis (NIES-2195) was
supplied by the Microbial Culture Collection at the National Institute for
Environmental Studies (NIES), Japan. All the stock and experimental algae were
maintained at room temperature (25 £2<€) in the artificial CT medium containing the
following ingredients (per liter): Ca(NOs)2 4H20 (150 mg), KNOs (10 mg), p—
Nazglycerophosphate 5H>0 (50 mg), MgSO4 7H20 (40 mg), Vitamin B12 (0.1 ug),
Biotin (0.1pg), Thiamine HCI (10 pg), Na2EDTA 2H,0 (3 mg), FeCls 6H20 (0.59
mg), MnCl, 4H20 (108 ng), ZnSO4 7H20 (66 pg), CoCl, 6H20 (12 pg) and

Na:MoOs 2H20 (7.5 pg) (Waterbury and Stanier, 1981).

2.2 SBRs set-up and their operation strategies

Two identical laboratory-scale cylindrical column SBRs with a working volume
of 0.9 L each (5.7 cm in diameter and 36 cm in effective height) were operated in
parallel with their average results being reported. The SBRs were operated at room
temperature (25 +2 <€) and illuminance of 146-157 pmol/m? s for 24 hours at the top

and 88-97 umol/m? s at the bottom by two artificial solar lights fixed above the SBRs.



The light illuminance was measured by a pocket digital lux meter (ANA-F11, Tokyo
Photo-electric Co., Ltd., Japan). Before being inoculated to the SBRs for biomass
accumulation, microalgae were centrifuged at 3000 rpm for 5 min after being washed
with 0.9% sodium chloride to exclude the influence of CT medium.

Before the SBRs being operated in a 6 h cycle, pre-cultivation for biomass
accumulation and settleability enhancement was performed for 10 days in both SBRs.
During this pre-cultivation period, the influent was manually filled and discharged
(after centrifugation). And non-aeration and aeration periods were alternatively
operated every 3 hours. An air pump (AK-30, KOSHIN, JAPAN) was used for air
supply at an air uplift velocity of 0.98 cm/s. After SBRs being switched to automatic
operation, the cycle duration was set as 6 h, consisting of 2 min filling, 90 min non-
aeration, 146 min aeration, 120 min settling and 2 min discharging at the very
beginning. During the operation, the settling time was stepwise reduced from initial
120 min to 10 min, 5 min and 2 min, respectively. Meanwhile, the aeration time was
increased accordingly with the reduction of settling time. The volumetric exchange
ratio was kept at 50%, equivalent to a hydraulic retention time (HRT) of 12 h. After
the initial granules appeared in the reactors on day 90, the algal biomass in the
reactors was discharged daily to control the sludge retention time (SRT) at around 15

days.

2.3 Analytical methods



Mixed liquor (volatile) suspended solids (ML(V)SS) were measured to represent
the biomass of microalgae or algal granules according to standard methods (APHA,
2012). Chlorophyll a (Chl-a) content was used to estimate the algal biomass
according to the modified method proposed by Ngearnpat et al. (2018). Briefly, 10 ml
sample of microalgae or algal granules after crushed completely with a glass rob was
centrifuged at 3000 rpm for 5 min. Then 10 ml of 90% methanol solution containing
0.2% MgCl, was used to suspend the settled fraction after centrifugation, and the
mixture was heated at 70<C for 30 min in the dark for extraction. The extract was
centrifuged at 3000 rpm for 10 min after cooling down. The Chl-a concentration was
determined at the wavelengths of 750, 665, 645 and 630 nm by a spectrophotometer
(UV 1800, Shimadzu, Japan), and then calculated using Eqg. (1):

Chl-a (Mg/L) = (11.6X (Asss-A750) -1.31x (Asas-Ars0 )- 0. 14 (As30-Ars0)) X ‘;—’]’f (1)
where Vm (ml) and Vf (ml) are the volume of the extraction methanol and sample,
respectively.

Sludge volume index (SVI) (APHA, 2012) and settling velocity (Ghangrekar et
al., 2005) were used to indicate the settleability of microalgae or algae granules.
Integrity coefficient (%) is defined as the ratio of solids in the supernatant after being
shaken on a platform shaker at 200 rpm for 5 min to the total solid weight of the
determined sample (Ghangrekar et al., 2005), which was used to estimate the strength

of algal granules in this study. Dissolved oxygen (DO) concentration in the reactors



was measured with a DO meter (HQ40d, Hach, USA), and pH was monitored using a
compact pH-meter (Horiba, Japan).

The size of granules was measured using the wet sieve separation method as
previously described (Cai et al., 2018), and the morphology of microalgae or algal
granules was observed by Leica M205 C Microscope (Leica Micro-systems,
Switzerland).

As for the evaluation of nutrients removal, the suspension samples were filtrated
through 0.45 um filter and the filtrates were used for determination. Ammonia
nitrogen (NH4*-N), nitrite nitrogen (NO2™-N), nitrate nitrogen (NOs™-N) and total
phosphorus (TP) were analyzed according to standard methods (APHA, 2012).
Dissolved organic carbon (DOC) was quantified by a TOC analyzer (TOC-VCSN,
Shimadzu, Japan) equipped with an auto-sampler (ASI-V, Shimadzu, Japan).

The extraction of loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS)
was performed using the heating method (Morgan et al., 1990). Polysaccharides (PS)
and proteins (PN) contents were determined by the phenol-sulfuric acid method
(DuBois et al., 1956) and Lowry-Folin method (Lowry et al., 1951) with glucose and
bovine serum albumin (BSA) as the standards.

As for heat value, the samples were firstly dried at 105°C for 24 h to constant
weight, and then determined using Auto-Calculating Bomb Calorimeter (CA-4AJ,

Shimadzu, Japan)
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Samples for microbial community analysis were harvested on day 0, day 25, day
105 and day 155, respectively, and the methods for DNA extraction and PCR were
described elsewhere (Zhang et al., 2020). The specific primers for bacteria and algae
to amplify the hypervariable region of 16S rRNA and 18S rRNA were also the same
as Zhang et al. (2020). After quantification using QuantiFluorTM-ST (Promega,
USA), the PCR products of all samples were taken for high-throughput sequencing on
[llumina platform (Illumina PE250, USA). MOTHUR (version: 1.31.2) was used for
analyzing the biodiversity of bacteria and eukaryote in the samples.

2.4 Calculations

DOC, NH4*-N, and TP removal efficiencies were calculated according to Eq. (2).
Removal rate (%) = 100X (pinf - pefr) / pin 2)
in which pi,s (Mg/L) and pess (Mg/L) are the influent and effluent DOC, NH4*-N or TP
concentrations, respectively.

TP removal capacity was calculated according to Eg. (3) modified from Cai et al.
(2016), which was used to describe P removal on the basis of MLSS.
TP removal capacity (mg/g-MLSS -d) = 4X (TPinf -TPetf)x0.5/ (MLSSx 0.9)  (3)
where TP;,s (mg P/L) and TP (mg P/L) are the average influent and effluent TP
concentrations during the operation period, respectively; MLSS (g/L) is the average
MLSS concentration in SBR during this period, and 4, 0.5 and 0.9 are the number of
cycles per day, exchange ratio and working volume (L) of SBR, respectively in this
study.
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3. Results and discussion

3.1 Morphological changes and formation of microalgae granules

A. falcatus var. acicularis is a kind of unicellular green microalgae and its cells are
acicular to narrowly fusiform with the ends of taping to acute apices, 2-4 um wide and
25-45 um long. It represents one of the smallest taxa from microalgae category. The
seed algae are independently single cells smaller than 50 um under microscopic
observation (Fig. 1a). After 40 days’ operation, the microalgae were aggregated with
white organisms to form activated algae flocs, exhibiting irregular and mainly opened
flocs, and filamentous microorganisms and the inoculated algae were frequently
observed (Figs. 1b and f). Along with the operation, an obvious decrease in the
number of free microalgae was noticed. The mean diameter of activated algae flocs
was about 480 £11.2 um after 90 days’ operation and irregular algae granules
appeared with loose structure (Figs. 1c¢ and g). Some vorticella and rotifers anchored
into the granules or adhered to the surface of granules under microscope observation,
which is in agreement with Cai et al. (2018). After 150 days’ operation, regular algae
granules with a compact structure and average size of 2.25 mm predominated the
reactors (Figs. 1d and h).

According to the experimental records (Fig. S1), only a small percentage (6.10 +

0.09%) of total biomass volume were granules < 1 mm, and the largest proportion
(50.00 %1.12%) were granules > 2 mm. The remaining biomass (43.91%) were

composed of larger granules > 3 mm (32.93 +1.12%), and medium-sized granules
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ranged between 1 mm and 2 mm (10.98 +0.90%). The above size change revealed an
evolution of microalgae from single cells to microalgae granules with round shape
and compact structure (Fig. 1). Compared to the light green color of the single cells of
A. falcatus var. acicularis, the mature microalgae granules reflected a dark-green

color (Fig. 1h).

3.2 Changes in biomass concentration during granulation in the reactors

The initial MLSS of seed algae were around 0.32 g/L in each SBR (after pre-
cultivation), which remarkably increased to 2.19 g/L within 10 days after being
inoculated to the SBRs fed with the synthetic digestion liquor containing high
nutrients concentration (Fig. 2a). A slight decrease (to 1.59 g/L) was detected on day
14 due to a shorter settling time applied (from 2 h to 10 min). After that, the biomass
concentration steadily increased till day 95 (5.45 g/L), and then decreased with some
fluctuations due to the start of SRT control at 15 days. After day 112, the biomass
concentration increased again and peaked at 4.0 g/L on day 129 when 5 min settling
time was applied. From day 130 on, when the settling time was decreased to 2 min,
the biomass concentration decreased to around 2.0 g/L and kept stable. According to
the experimental results, the biomass concentration (2-4 g/L) and productivity (130-
270 mg/L/d) of A. falcatus var. acicularis in this study are respectively around 10-20
times and 16-34 times that cultivated with traditional suspension method under the
optimum conditions (0.21g/L and 7.9 mg/L/d) (George et al., 2014). This observation
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implies that biogranulation process for microalgae cultivation can achieve much
higher biomass concentration and biomass productivity in the reactors, reflecting
great potential for large reductions in reactor volume and land occupation, and energy
saving.

The ratio of MLVSS to MLSS (MLVSS/MLSS) denotes the organic proportion
of the total biomass. The MLVSS/MLSS ratio in this study was observed to decrease
sharply from around 0.8 to lower than 0.6 during the first 20 days, then increase
continuously during the granulation period till the appearance of mature granules
(Fig. 2a). This ratio kept greater than 0.7 from day 60 to day 100; and a relatively
stable MLVSS/MLSS ratio ranging between 0.58 to 0.67 was noticed after day 130,
possibly attributable to the balance between algal-bacterial symbiosis growth and
minerals accumulation. This observation agrees with Cai et al. (2018) who cultivated
algae granules by using natural microalgae. As noticed, Chl-a content showed almost
the same trend as the biomass concentration in the reactors. In addition, a higher Chl-
a content was also detected during the granulation period. As Hu et al. (2017) pointed
out that, the decrease of Chl-a content is associated with the combination effect of
community change, nutrients deficiency, aging and the accumulation of EPS and
chemical precipitates in the biomass. Thus, further characterization of the biomass or

microalgae granules should be conducted.

3.3 Changes of microalgae settleability during the granulation
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The pure A. falcatus var. acicularis cells are generally suspended in the culture
medium, which are difficult to be separated. As seen, along with the formation of
granules, more biomass can be easily separated from the liquor only after 5 min
sedimentation. Also, the SV 1z value showed a decline trend during the granulation,
from > 3000 ml/g of the seed algae cells to 205.48 ml/g on day 10, and finally to
53.44 +3.31 ml/g for the mature granules (Fig. 2b), revealing the increase of settling
efficiency during operation. The SVIso data of mature granules are slightly greater
than those conventional bacterial AGS (~ 25 ml/g) and algal-bacterial AGS (~38
ml/g) (Huang et al., 2015), reflecting their different structure compactness. A higher
proportion of algae in the granules obtained in this study might be the major reason
for this settleability difference. While this observation to some extent is in agreement
with the findings by Choi et al. (2010) and Su et al. (2012). However, compared to the
seed microalgae cells in this study, the settleability of microalgae granules was
remarkably improved, and almost all the biomass can be harvested within 2 min after
maturation, which can also be reflected by the changes of settling velocity (Fig. 2b).
Tiron et al. (2017) stated that the settling velocity of microalgae cells (Chlorella sp.)
was lower than 0.54 <102 m/h. In another previous study, microalgae settleability
was claimed to efficiently achieve with a settling velocity of 0.36 m/h (Granados et
al., 2012). The biomass settling velocity in this study reached averagely 18.47 +0.23

m/h after the algae cells being transformed to activated algae granules, which is also
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faster than the algae granules achieved from natural microalgae flocs (Cai et al.,

2019).

3.4 Overall performance on nutrients removal

Microalgae can utilize carbon, nitrogen, phosphorus and other nutrients for
biomass accumulation simultaneously from wastewater. Nutrients removal
efficiencies during the operation are illustrated in Fig. 3. The granules exhibited
excellent organic removal efficiency: The effluent DOC was always less than 5 mg/L
after day 60, achieving 95.70+1.22% of DOC removal till the end of experiments
(Fig. 3a).

P removal capability was 7.34 +0.53 mg-P/g-MLSS 4, which is higher than the
bacterial AGS (6.15 mg-P/g-MLSS 4) treating the same synthetic digestion liquor
(Cai et al., 2016). During day 66 to day 86, the SBRs showed better phosphorus
utilization capacity and produced effluent with a lower TP concentration. This
observation is closely related to the relatively high algae biomass concentration
during this period (Fig. 2a) as no SRT control was applied, suggesting this microalgae
strain has high potential for phosphorus uptake from wastewater. The TP content in
biomass was also monitored during the operation. After mature granules formed, the
granular TP content kept relatively stable, around 53.33 #+3.48 mg/g-MLSS in the

granules (Table 1).
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As for N removal, after 30 days’ operation, the effluent NH4"-N concentration
was <14.41+2.71 mg/L, averagely achieving 85.59 +2.71% of NH4"-N removal till
the end of experiments. This observation indicates that a stable nitrification could be
quickly established in this reactor system. However, TN removal was about 54.66 +
0.86 % after reaching a stable state, due to nitrite accumulation occurred under the
test conditions. In this study, nitrite concentration (26.06 +1.49 mg/L) higher than
nitrate concentration (4.50 £1.93 mg/L) was always detected in the effluent. This
phenomenon is to some extent in agreement with the finding by Liu et al. (2017) who
inoculated two microalgae strains (Chlorella and Scenedemus) into aerobic granules.

In order to better understand carbon, phosphorus and nitrogen uptake by the
mature algae granules, typical cycle tests were also conducted on day 150 (Fig. S2).
The DOC concentration decreased sharply from 43.83 +1.17 mg/L to 11.59 £0.12
mg/L within 120 min, revealing that organic carbon can be utilized efficiently during
the non-aeration period, possibly attributable to the co-existing bacteria. DO level was
detected to decrease from 3.32 mg/L to 0.32 mg/L during the non-aeration phase,
suggesting the possible existence of some heterotrophs in the reactors, and then
increased to 6.36 0.10 mg/L during the aeration period. A higher P uptake was
detected in the aeration phase than in the non-aeration phase, implying that P was
consumed by algae as well as by phosphorus accumulating organisms (PAOs). With

the decrease of NH4™ -N concentration, NO2™-N accumulated gradually with no
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obvious change of NO3™-N during the aeration phase. That is, partial nitrification may

occur in the reactors.

3.5 Variation of EPS extracted from algae biomass

EPS are metabolic products accumulated on the surface of algal and bacterial
cells, which contain a variety of organic substances such as exopolysaccharides (PS)
and exoproteins (PN) (Wang et al., 2006). EPS are considered to play an important
role in the granulation and flocculation of activated sludge. EPS can be mainly
divided into two fractions, loosely bound EPS (LB-EPS) and tightly bound EPS (TB-
EPS), which are identified by their different distribution in the layered structure of
AGS (Adav et al., 2008; Li and Yang, 2007). LB-EPS and TB-EPS contents and their
major components (PN and PS) were also quantified during the granulation in this
study (Fig. 4). It can be clearly seen that the amount of total EPS increased
remarkably from 63.06 +3.42 mg/g-MLVSS of seed algae (day 0) to 162.54 +3.60
mg/g-MLVSS of mature algae granules (day 150). During the granulation period,
however, a slight decrease of total EPS on day 90 (123.78 +5.30 mg/g-VSS) was
detected when compared to day 40 (131.93 +1.37 mg/g-VSS), mainly contributed by
the decrease in PS content (LB-PS and TB-PS, from 29.12 £0.39 mg/g-VSS to 13.21
+0.13mg/g-VSS) in the aggregates (Fig. 4). Wang et al. (2006) claimed that EPS can
serve as nutrients and energy source in the starvation phase, in which PS are easier to
be utilized than PN. In this study, the biomass concentration was maintained at a
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relatively high level around day 90 (Fig. 2a) due to no SRT control was applied,
providing more possibility for microorganisms’ starvation and EPS consumption. The
good correlation between EPS and MLSS and/or SVI indicates that EPS could
accelerate the accumulation of biomass, thus promoting algae granulation. Both LB-
EPS and TB-EPS showed a similar increase trend with the total EPS content, while
TB-EPS were observed to be more sensitive to algae granulation in this study. In
addition, a continuous increase in PN/PS ratio was noticed during the granulation
process, from 0.81 to 6.05 as per LB-EPS, from 2.19 to 8.54 for TB-EPS, and from
1.40 to 7.42 for the total EPS, reflecting that a higher PN/PS ratio is beneficial for
algae granulation. The above results imply that a higher content of EPS is
advantageous for algae granulation, and TB-EPS may play an important role in the
maintenance of stable algae granules. Further research is still necessary on the

functions of the various kinds of PN and PS in EPS.

3.6 Changes in biological community during granulation process

The changes in biological community structure from seed algae to algal granules
were explored through high-throughput sequencing technology. The dominant
eukaryote at genus level and bacteria at phylum level are shown in Fig. 5. As
expected, the seed algae Ankistrodesmus genus kept predominant in the eukaryote
community of granular consortia. No obvious accumulation of other harmful algae
that would greatly affect the harvesting and algal composition was observed. The
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proportion of Ankistrodesmus genus was found to gradually decline from 99.99%
(day 0) to 96.61% (day 25), 58.92% (day 105), and 17.77% (day 155), while the
eukaryote species quantity and diversity increased as seen from the increased
operational taxonomic units (OTUs) and the decreased Simpson index (Table S1).
Unclassified eukaryote and chlorella emerged after day 25, occupying about 2.20%
and 1.19%, respectively. It was noticed that the percentage of unclassified eukaryote
increased to 40.99% on day 105 after the formation of algae granules, most probably
attributable to some planktons such as vorticella and rotifer as they were frequently
observed under microscope. Li et al. (2013) also reported that vorticella and rotifer
appeared during aerobic granulation, which showed some positive effect on reduction
in effluent suspended solids. Beun et al. (1999) claimed that protozoa enhanced the
granulation process at the beginning of AGS system. Further research should also be
concentrated on the identification of unclassified eukaryote and their effects on
granule formation. The genus Chlorella from family Chlorellaceae occupied about
15.85% in the mature granules. As Nuramkhaan et al. (2019) pointed out, Chlorella
sp. has excellent auto-aggregation capability with a higher EPS excretion, which may
accelerate the formation and stable operation of algal-bacterial AGS. Results from
this study indicate that Chlorella may also play an important role in the formation of
algae granules from single cell suspension of Ankistrodesmus.

The predominant bacteria cover Proteobacteria, Firmicutes, Cyanobacteria and
Bacteroidetes, accounting for 92.80%, 99.25%, 97.45% and 97.76% on day 0, day 25,
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day 105 and day 155, respectively. No significant difference was found in the
proportion of dominant bacteria between the seed algae and the mature granules
except the phylum Actinobacteria which almost disappeared after granules formed.
Nitrite oxidizing bacteria (NOB) belonging to phylum Nitrospirae shortly appeared in
the reactors, accounting for 0.41% in the initial granules, while vanished in the mature
granules. This observation suggests that this kind of bacteria were inhibited under the
symbiotic growth of algae and bacteria, in agreement with the finding from Huang et
al. (2015). The disappearance of NOB can also be reflected by the accumulation of
NO2-N in the effluent (Fig. 3b and Fig. S2). In the mature granules, the proportion of
phylum Proteobacteria was about 48.74%, the largest one in bacterial community, and
the percentage of order Betaproteobacteriales from this phylum was found to largely
increase from 6.20% in the seed algae suspension to 19.49 %. Two genera, Thauera
and Zoogloea from the family Rhodocyclaceae belonging to the order
Betaproteobacteriales appeared after granulation, about 2.28% and 4.84%. These two
genera are reported to closely associate with EPS excretion (Allen et al., 2004; Shao
et al., 2009). The secondly higher percentage phylum was Bacteriodetes, about
34.46%, were reported to have capability of complex biopolymers degradation (Weon
et al., 2005), providing the possibility for the treatment of wastewater containing
higher organic compounds by using this algae-based technology. Moreover, the
phylum Cyanobacteria increased from 3.04 % to 13.34%, in which class
Oxyphotobacteria occupied 13.33%. According to the OTUs and Simpson index
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results, the bacterial community diversity was greatly improved during the
granulation process (Table S1). Restated, further works are still necessary on the
optimization of algae cultivation conditions to enhance the target microalgae
proportion in the formed granules and the functional identification of algal and

bacterial species involved in the formation of granules.

3.7 Preliminary analysis on energy consumption for microalgae harvesting in this
study

The preliminary analysis on energy consumption for microalgae harvesting was
conducted among this novel biogranulation and conventional harvesting methods
according to the energy and materials consumption data in this experiment and
previous studies (Brentner et al., 2011; Shi et al., 2019) with the algae harvesting step
being only considered (Table 2). The electricity requirement was calculated based on
per kg of algae output, and the energy consumption in this study was assumed to be
mainly from artificial light, air pump, influent and effluent pumps. Daily energy
consumption of each equipment was calculated as the total operation time per day
multiplied by energy consumption rate mentioned in the device specification sheet.

As shown in Table 2, centrifugation process consumes 10.8 MJ/kg-algae output,

which is much higher than other technologies. Probably this is the major reason why
centrifugation is generally applied for harvesting algae cells rich in more valuable
compounds other than those for biofuels (Brentner et al., 2011). Electrocoagulation

22



requires pretty lower electricity, but its downstream process is usually affected by the
metal (like Fe) retained in the algae biomass (Richardson et al., 2014; Richardson and
Johnson, 2015). As for the chitosan flocculation method, the algae harvesting
efficiency is proportional to the initial biomass concentration and the highest 95% can
be achieved under optimum chitosan addition at a relatively low energy consumption
(1.98x10t MJ/kg-algae output). The main barriers for its large-scale application are
the cost for chemicals addition and the residual co-product added into the culture
medium (Beach et al., 2012; Billuri et al., 2015). Ultrasonic technology can
concentrate algae cells and continuously separate lipids and proteins by applying a
standing acoustic wave, and no chemicals and materials are consumed at a relatively
low energy consumption. However, the average harvesting efficiency (64%) by this
technology is relatively low compared to other technologies. As for biogranulation,
microalgae granules can be harvested by gravity sedimentation easily within 2 min
without energy consumption, and only wastewater (digestion liquor in this study) is
fed with no other materials addition. In addition, this biogranulation technology can
maintain much higher biomass concentration at 2-4 g/L with a much higher biomass
productivity (130-270 mg/L/d) in the reactors, which can definitely compete against
all the other algae harvesting technologies in large scale applications.

On the other hand, the heating value of microalgae was detected to decrease from
the initial 22.79 MJ/kg (day 0) to 13.33 MJ/kg-MLSS on day 150 (Table 1), which is
still much higher than 9.45 MJ/kg-cultivated or harvested algae by other technologies
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(Shi et al., 2019). When taking its much higher biomass productivity into
consideration, biogranulation process using digestion liquor can realize quick
cultivation and harvesting, which is more promising than other microalgae cultivation
and harvesting methods. Still, it should be further addressed whether the
biogranulation process influence the lipid production from A. falcatus var. acicularis
and more in-depth research works should be conducted on the optimization of
granulation conditions (light-on/light-off cycle, aeration time, etc.), targeting higher

oil production capacity.

4. Conclusions

Ankistrodesmus falcatus var. acicularis can be harvested within 2 minutes by
simple gravity sedimentation after microalgae granule formation, which was stably
achieved around 150 days’ operation of SBRs. The granulation system can maintain
much higher algae biomass concentration (2-4 g/L) with much higher biomass
productivity (130-270 mg/L/d) compared to the traditional suspension cultivation
method under optimum conditions. The microalgae granules showed great potentials
for nutrients removal from digestion liquor with excellent and stable DOC (95.7+
1.22%) and NH4"-N (85.59 +2.71%) removals. Future research is directed to the
optimization of granulation process for a stable lipid content in microalgae granular
biomass and function identification of algal and bacterial species in the granulation
process.

24



Supplementary materials

Supplementary data of this work can be found in online version of the paper.
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Tables

Table 1
Main characteristics of seed algae and mature algae granules in the reactors before

and after granulation.

Parameters Day 0 Day 150
Mean size 25-45 pm 2.25 mm
SVlz (ml/g) 3125 ml/g 53.44 +3.31
Settling velocity (m/h) ~0 18.47 +0.23
Integrity coefficient (%) - 6.18 £0.01
Total phosphorus content (mg/g-TSS) 3.32 +0.18 53.33 £3.48
Total nitrogen content (mg/g-TSS) 11.19 +0.98 24.99 +1.65
Heating value 22.79 MJ/kg 13.33 MJ/kg

All data are the average values of triplicate tests.
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Table 2

Comparative analysis of performance, chemicals consumption and energy inputs among algae harvesting technologies

Harvesting Centrifugation®  Membrane  Electrocoagulation®  Chitosan Ultrasonic®  Biogranulation

technologies filtration P flocculation® (this study)

Electricity 10.8 7.45x101  9.55%102 1.98x101 1.29x101 0

required (MJ/kg- (Only gravity

algae output) sedimentation used
for harvesting step)

Chemicals/ No PorousNi  Fe Chitosan No No

materials membrane

consumption

Harvesting ~95% ~100% ~98% ~95% ~64% ~100%

efficiency

Time 10~30 21.4 146.77 20~30 2.18 <2

consumption (based on

(minfton-algae)  centrifuge

capacity)

4 Brentner et al. (2011); ° Shi et al. (2019)

36



Figures

Figure 1. Transition from single cells of microalgae to granular structure. Light
microscopy images of algae and algae aggregates during granulation: (a, e) seed
algae, (b, f) activated algae flocs on day 44, (c, g) developed activated algae

aggregates on day 90, and (d, h) mature activated algae granules on day 150.
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