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ARTICLE INFO ABSTRACT

Keywords:
Algal-bacterial aerobic granular sludge

Reducing CO; emission and energy consumption is crucial for the sustainable management of wastewater
treatment plants (WWTPs). In this study, an algal-bacterial aerobic granular sludge (AGS) system was developed
for efficient carbon (C) assimilation and nitrogen (N)/phosphorus (P) removal without the need for mechanical
aeration. The photosynthetic O, production by phototrophic organisms maintained the dissolved oxygen (DO)
level at 3-4 mg/L in the bulk liquid, and an LED light control system reduced 10-30% of light energy con-
sumption. Results showed that the biomass assimilated 52% of input dissolved total carbon (DTC), and the
produced Oy simultaneously facilitated aerobic nitrification and P uptake with the coexisting phototrophs
serving as a C fixer and O, supplier. This resulted in a stably high total N removal of 81 + 7% and an N
assimilation rate of 7.55 mg/(g-MLVSSed) with enhanced microbial assimilation and simultaneous nitrification/
denitrification. Good P removal of 92-98% was maintained during the test period at a molar AP/AC ratio of 0.36
+ 0.03 and high P release and uptake rates of 10.84 + 0.41 and 7.18 + 0.24 mg/(g-

MLVSSeh), respectively. Photosynthetic O was more advantageous for N and P removal than mechanical
aeration. This proposed system can contribute to a better design and sustainable operation of WWTPs using algal-
bacterial AGS.

Carbon fixation

Nitrogen assimilation

Photosynthetic oxygen

Simultaneous nitrogen and phosphorus
removal

1. Introduction (GHGs) emission, mainly CO5 from electricity consumption and bio-

The global wastewater generation is estimated at 359.4 billion m®

annually, with only 53% receiving adequate treatment (Jones et al.,
2021). The substantial volume of wastewater production and its asso-
ciated environmental impacts drive the need for sustainable develop-
ment of wastewater treatment plants (WWTPs). Aeration is these plants’
most energy-intensive treatment unit, with energy consumption ranging
between 0.27 and 1.89 kWh/m® in conventional activated sludge
(CAS)-based WWTPs (Vergara-Araya et al., 2021). Additionally, WWTPs
have been identified as a significant contributor to greenhouse gasses
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logical processes (Campos et al., 2016; Larsen, 2015). As a result,
reducing CO, emission and energy consumption in WWTPs has become
a subject of increased attention.

Bacterial aerobic granular sludge (AGS) has become a popular option
for wastewater treatment because of its compact structure, efficient
settling, and high biomass retention, which can reduce operating costs
and energy consumption (de Sousa Rollemberg et al., 2018). It has been
applied in over 90 WWTPs in 20 countries (Nereda, 2023). However, it is
worth noting that the application of AGS does not necessarily reduce
CO4 emission from biological processes. Additionally, sequencing batch
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reactors (SBRs) commonly used for AGS cultivation and operation
(Adav et al., 2008; de Sousa Rollemberg et al., 2018) can contribute to a
higher direct CO, emission compared to other processes, such as anae-
robic/anoxic/oxic (A2/O), anoxic/oxic (A/0), and oxidation ditch (Bao
et al., 2015).

Cultivation of phototrophic organisms (including microalgae and
cyanobacteria) using wastewater can provide a promising way to fix
carbon (C) in WWTPs. Phototrophic organisms can fix CO5 and produce
high value-added biomass during the biological processes, reducing net
CO4 emission; simultaneously, the photosynthetic O3 can help microbes
decompose organics, remove nutrients, and substantially reduce elec-
tricity consumption required by aeration in biological WWTPs (Gon-
calves et al., 2017; Munoz and Guieysse, 2006). Unlike the big granule
size of AGS, the tiny structure of phototrophic organisms (especially
microalgae) leads to a low biomass settleability and a high energy
requirement for biomass separation and harvesting (Goncalves et al.,
2017; Wang Q. et al., 2020). In addition, the cultivation of phototrophic
organisms for nutrients removal requires a long hydraulic retention time
(HRT) of 2-6 days (Munoz and Guieysse, 2006), resulting in lower ef-
ficiencies when compared to nitrogen (N) removal by nitrifiers/deni-
trifiers and phosphorus (P) removal by polyphosphate-accumulating
organisms (PAOs) in conventional biological WWTPs. More recently, the
newly developed algal-bacterial AGS has attracted much attention due
to its great potential for reduction in CO2 emission and energy con-
sumption since it combines the excellent properties of microalgae
and/or phototrophic organisms and bacterial AGS (Abouhend et al.,
2018; Ji et al., 2020a; Wang J. et al., 2020; Zhao et al., 2018). At its early
stage, the algal-bacterial AGS were developed in SBRs with mechanical
aeration (Huang et al., 2015; Liu et al., 2017), beneficial for granulation
and stable granules maintenance. Nevertheless, the stripping effect of
bubbling aeration operation may remove the inorganic C available for
microalgae growth and the photosynthetic O, for aerobic bacteria (Li
et al., 2022; Zhang et al., 2020). Therefore, the open airlift reactors may
not fulfill this new granule system’s and coexisting microalgae’s po-
tential. Currently, several studies have attempted to develop
aeration-free algal-bacterial AGS systems where phototrophs fix inor-
ganic C to produce O, for organics and nutrient removal, targeting the
maximum effects of phototrophic organisms on C fixation and energy
saving. Zhao et al. (2019) detected excellent C/N removal performance
by the algal-bacterial AGS in shaking photo-reactors without mechanical
aeration. Wang J. et al. (2020) achieved efficient C/P removal from a
photosynthetic Oy-supported and closed photo-SBR with algal-bacterial
AGS naturally developed from bacterial AGS. Ji and co-workers inves-
tigated N/P removal pathways in the algal-bacterial AGS system under
non-aeration using successive cycle tests (Ji et al., 2020a, 2020b); they
attributed the main N/P removal mechanisms to microbial assimilation.
These previous works show that the activities of functional bacteria
(including (de)nitrifiers and PAOs) are weakened in this aeration-free
granule system. de Sousa Rollemberg et al. (2018) pointed out that
functional bacteria can maintain highly efficient nutrient removal per-
formance and play critical roles in granules formation and stability.
Thus, good coordination between microalgae/phototrophs and func-
tional bacteria can favor the sustainable operation and maintenance
(O&M) of algal-bacterial AGS systems. Abouhend et al. (2018) noticed
photosynthetic Oy-supported nitrification in an algal-bacterial AGS
system treating the primary effluent from a WWTP under aeration-free
conditions, in which efficient N removal was realized via nitrification
and denitrification. However, little information is available on the suf-
ficiency of photosynthetic O, to facilitate PAOs for P removal or both
nitrifiers and PAOs, targeting stably high nutrient removal efficiency.

In the photosynthetic Os-supported algal-bacterial AGS system, the
growth of phototrophs can impact two critical parameters, namely dis-
solved oxygen (DO) concentration and pH, that are closely associated
with the activities of functional bacteria under uncontrolled conditions.
Therefore, this study was designed to coordinate microalgae/photo-
trophs with functional bacteria for simultaneously high efficiencies of
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N/P removals and C fixation in algal-bacterial AGS by adopting the
following strategies: (1) pH control for enhanced growth of the func-
tional bacteria; (2) DO control to eliminate adverse impacts of high DO
concentration on phototrophs and functional bacteria for reduced light
energy consumption; and (3) a shorter oxic phase to promote simulta-
neous nitrification and denitrification for improved N removal and
reduced energy consumption. In this study, batch cycle tests, mass bal-
ance analysis, and microbial communities analysis were also conducted
to shed light on the mechanisms involved in C/N/P removal and the C
and O, mass exchanges between microalgae/phototrophs and bacteria.

2. Materials and methods
2.1. Experimental setup of photo-SBR

The experimental photo-SBR was a glass beaker (AS ONE, Japan)
with a working volume of 1.0 L (10.4 cm in inner diameter and 15.1 cm
in height). Two LED lights (NLSS20C, NIKKI, Japan) were placed
opposite at the right and left sides to provide a photon flux density of
about 480 umol s~ m~2 (about 28 klx) at the beaker wall. An overhead
stirrer (0S20-S, DLAB, China) was operated at 150 rpm to ensure the
mature granules in suspension in the beaker during the anaerobic and
oxic phases. A pH controller (NPH-6900, Nissin Rika, Japan) was used to
monitor and control the bulk pH by automatically adding 0.5 mol/L HCl
when the bulk pH rose above the setpoint pH. The bulk DO concentra-
tion was also monitored and/or controlled by a DO controller (HI8410,
Hanna Instruments, USA) connected to the two LED lights that were
automatically switched on or off at the DO level below or above the set
range.

2.2. Operation of the photo-SBR

In a pre-experiment, the impact of atmospheric O, on aerobic P
uptake and nitrification was evaluated using this open photo-SBR under
the same operating conditions described in Section 2.1. The DO con-
centration remained below 0.1 mg/L after a one-hour anaerobic phase.
The concentrations of P and NH4-N were detected almost unchanged
during a subsequent three-hour test period under no illumination and
mechanical aeration (air bubbling). These results indicate that atmo-
spheric Oy had minimal influence on this open system under the oper-
ational conditions applied.

As shown in Table 1, the whole study comprised three Stages. During
Stage I, according to the nutrient removal profiles from a pre-
experiment, the open photo-SBR was operated at a 4-h cycle consist-
ing of 50 min anaerobic phase (including 5 min feeding), 170 min
illumination phase (oxic phase), 3 min settling, 5 min discharging, and
12 min idling. Among them, anaerobic, oxic, and idling durations were
set to allow completely anaerobic P release, aerobic NH}-N and P
removal, and residual O removal, respectively. The bulk pH was
controlled at < 8.0 during the illumination period, facilitating the

Table 1
Experimental conditions during the three test stages.
Duration pH DO control ~ Cycle Hydraulic
control (mg/L) time (h) Retention Time
(HRT, h)
StageI ~ Days1 ~7 <8.0 No control 4 8
7d
Stage Days 8 ~ 13 <8.0 3~ 4" 4 8
i 6d)
Stage Days 14 ~ <8.0 3~ 4 3 6

111 43 (30 d)

" The DO concentration may be a little bit lower than 3 mg/L during the in-
crease period of DO by photosynthetic O, production due to the delayed
response of the DO controller. Solids retention time (SRT) was not controlled
during the test periods.
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activities of PAOs and nitrifiers (Li et al., 2022). DO was monitored but
not controlled during Stage I, and the volumetric exchange ratio (VER)
was controlled at 50% (HRT=8 h). During Stage II, a feedback loop
“Phototrophs — Light - Oz — DO controller — Light — Phototrophs”
was constructed through the DO controller to stabilize the growth of
phototrophic organisms and reduce input illumination/energy con-
sumption. The LED lights were switched on via the DO controller at DO
< 3 mg/L, which were switched off at DO > 4 mg/L during the illumi-
nation phase. During Stage III, under the controlled bulk pH and DO
concentration conditions, the cycle time was optimized for a higher
wastewater treatment efficiency and capacity, in which the oxic and
idling periods were decreased to 115 min and 7 min, respectively,
leading to a shorter cycle time of 3 h (HRT = 6 h) with the other
operational parameters being unchanged. The solid retention time (SRT)
was not controlled in this study, estimated as 28, 10, or 14 days during
Stages 1, II, or III, respectively, according to the discharged effluent
biomass and sampled sludge for analysis (averagely 10 mL/d). It was
worth mentioning that the operation of algal-bacterial AGS was not
stopped after the experiments in this study because this proposed system
was then used to examine other impact factors and some interesting
phenomena to better its design and sustainable operation.

The seed algal-bacterial AGS was sampled from a mother photo-SBR
treating synthetic domestic wastewater, which has been stably operated
for 3 years in the laboratory. The synthetic wastewater (pH ~ 7.4) was
prepared with tap water and chemicals as previously (Wang et al.,
2021). During the whole test period, the average concentrations of the
primary influent nutrients and ions were as follows: Dissolved organic
carbon (DOC, with CH3COONa as the sole organic carbon), 91.05 +
4.22 mg/L; dissolved inorganic carbon (DIC), 27.19 + 1.65 mg/L; total P
(TP, KHyPOy4), 4.77 + 0.18 mg/L; total N (TN, NH4Cl), 30.57 + 1.63
mg/L; KT, 11.74 + 1.09 mg/L; Mg?*, 11.43 + 0.36 mg/L; Ca2t, 22.89
+ 0.69 mg/L; Na¥, 158.30 + 5.00 mg/L; Cl~, 131.59 + 7.13 mg/L;
S0%7, 50.25 + 1.22 mg/L; and Fe?*, 0.24 + 0.02 mg/L.

2.3. Cycle and batch tests

2.3.1. General cycle tests

During the test period, two consecutive cycle tests were performed
every 2 — 4 days to check the reactor performance, with average values
being reported. In addition, a 1:1 (v/v) mixture solution of influent
(synthetic wastewater) and effluent from the previous cycle was used as
the sample at zero min during the cycle tests.

2.3.2. Batch tests

In the batch tests, aeration, instead of photosynthetic O3 to maintain
DO concentration at 3 - 4 mg/L, was performed to illuminate the role of
phototrophic organisms. The lights were switched off during the oxic
phase, but an air pump aerated the bulk liquor at a low aeration rate of
0.3 L/min. Other parameters, including stirring, were the same as the
cycle tests in Section 2.3.1.

2.3.3. Mass balance analysis of C, N, and P

In order to analyze the fates of influent C, N, and P, mass balance
analysis was performed during the stable operation from days 31 to 43.
During this period, the sampled effluents were centrifuged. The liquid
was used to analyze soluble C/N/P concentrations, and the solid was
collected and stored at -18 °C for further quantification of C/N/P con-
tents in the effluent biomass. In addition, the granular C/N/P contents
were also quantified from the sampled granules. The released C and N
were calculated by subtracting C and N in the liquid and solid portions
from the total input C and N amounts.

2.4. Calculations and statistical analysis

2.4.1. Calculations
The calculations of (1) total emitted C or N (mg/(g-MLVSSed)) and
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assimilated C or N in biomass (mg/(g-MLVSSed)), (2) the molar ratios of
AP/AC, AK/AP, AMg/AP, or ACa/AP for estimation of PAOs activity
(Acevedo et al., 2012), (3) P release or uptake rates (mg/(g-MLVSSeh)),
and (4) nitrification efficiency (%) were described in detail in the Sup-
plementary Material.

2.4.2. Statistical analysis

Paired- samples T-Test was adopted to analyze the statistical differ-
ence of datum using IBM SPSS Statistics 27. p < 0.05 was assumed as
statistically significant difference. The linear correction coefficient was
also calculated.

2.5. Analytical methods

Mixed liquor (volatile) suspended solids (ML(V)SS) were determined
according to the standard methods (APHA, 2012). The pigment con-
tents, including chlorophyll-a, (Chl-a), chlorophyll-b (Chl-b), and ca-
rotenoids, were extracted by using the methanol method and quantified
according to Pancha et al. (2014). The concentrations of acetate, PO?{,
NO3 and NO3, CI~, Nat, NHZ, K*, Mg?*, and Ca®" in the liquid were
quantified by Ion Chromatography (SHIMADZU, Japan) after samples
being filtered through 0.22 pm membrane filters (Wang et al., 2021).
Total P and N in liquid were measured with the standard methods
(APHA, 2012) after the samples were completely oxidized with persul-
fate. Dissolved total carbon (DTC), solid TC, dissolved inorganic carbon
(DIC), and dissolved organic carbon (DOC) in the liquid were measured
by the TOC detector (TOC-VCSN, SHIMADZU, Japan) equipped with an
autosampler (ASI-V, SHIMADZU, Japan) and a solid sample combustion
unit (SSM-5000A, SHIMADZU, Japan). The total N (TN) in solid was
determined by an elemental analyzer (UNICUBE, Elementar, Germany).
The extraction and determination of total phosphorus (TP), apatite
phosphorus (AP), and non-apatite inorganic phosphorus (NAIP) were
performed according to a previous study (Wang et al., 2021). The
extracellular polymeric substances (EPS) were quantified after being
extracted from the mixed suspended granules with a heating method
following the same procedures (Wang et al., 2021): after being crushed
and centrifuged, the liquid was used for the analysis of loosely bound
EPS, and the residual sludge was re-suspended and treated at 80 °C for
30 min for quantification of tightly bound EPS. Granular morphology
and size were recorded by microscope (Leica M205 C, Leica Micro-
systems, Switzerland) and analyzed by ImageJ 1.53a.

The Lab-Aid824s DNA Extraction kit (ZEESAN) extracted total DNA
from freeze-dried sludge samples. A 2-step tailed PCR method was used
to amplify 16S rRNA and 18S rRNA gene fragments from the extracted
DNA using primers of 338F/806R and 1422f/1642r, respectively. The
verified amplicons were subjected to paired-end sequencing on the
Mlumina MiSeq sequencing platform at Bioengineering Lab Co. Ltd.
(Japan). The raw reads have been deposited in the NCBI Sequence Read
Archive (SRA) database (Accession Number: PRINA957041).

3. Results and discussion
3.1. Changes in granule properties

3.1.1. Biomass concentration, pigments, and EPS

The results shown in Fig. 1A indicate a rapid increase in MLVSS from
51 + 0.1 g/L on day 1 to 7.1 £ 0.1 g/L on day 7 during Stage I,
accompanied by a corresponding increase in Chl-a content from 5.3 +
0.1 to 7.4 + 0.5 mg/g-MLVSS (Fig. 1B). During Stage II, however, the
MLVSS decreased to 5.1 + 0.4 g/L (Fig. 1A). In contrast, the Chl-a
content continued to increase to 12.0 £ 0.4 mg/g-MLVSS on day 13
(Fig. 1B), probably due to high effluent biomass and decreased inhibi-
tion of controlled DO on the growth of phototrophic organisms. In Stage
III, both MLSS and MLVSS showed an upward trend, while the effluent
biomass decreased and then remained stable, achieving a biomass yield
of about 0.64 g-MLVSS/g-COD during the last 12 days. Despite the
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during the three operational stages.

A B

100 7 mp_ Others 100 7 uf_Others
mp_ Planctomycetes m{f Nitrosomonadaceae
%0 4 v icrobi 1 uf Hyphomonadaceae
Hp_ Verrucomicrobia mf Cytophagaceac
mp  Elusimicrobia mf Chitinophagaceae
60 mp_ Actinobacteria i mf Rhodospirillaceae
mf Pseudanabaenaceae
] hloroflexi .
p__Chloroflexi m{ Hyphomicrobiaceae
40 1 =p_ Cyanobacteria : 1 = f_Rhodobacteraceae
[ ] p_Acidobacteria . L f_Thiotrichacea
20 A " p__Bacteroidetes 1 " f—E“m6O7_5
) ] = f Saprospiraceae
=p__Nitrospirae uf Nitrospiraceae
0 Ep_ Proteobacteria 0 mf Rhodocyclaceae

Day 1 Day 43 Day 1 Day 43
D

100 -

=N} [}
=1 (=1

Relative abundance (%)
s

Relative abundance (%)

33
=1

@!

[%)
[=2)

B g Acinetobacter H Others

Mg  Mycoplana

Mg  Prosthecobacter I ®mc_Incertac_Sedis

B g Dechloromonas mc_ Mammalia

B g Oscillochloris

Hg  Leptolyngbya "¢ Agaricomycetes

B g Hyphomicrobium

® ¢__Intramacronucleata

Mg Rhodobacter -

W g Bdellovibrio . mc_ Tetramitia

mg  Arthronema

B g Candidatus Accumulibacter = c__Trebouxiophyceae
6 W g Thiothrix mc LKMII

mg Nitrospira
0 Mg  Zoogloea 0 4 Hc_ Discosea

Day 1 Day 43 Day 1 Day 43

o) w2
= S
. .
=N ®
S S
L L

—_
=)
s

B
(=]
!

Relative abundance (%)
I

Relative abundance (%)

o3
(=]
!

Fig. 2. Changes in microbial communities including prokaryotes at phylum (> 1%, A), family (> 1%, B), and genus (top 14 identified groups, C) levels in addition to
eukaryotes (D) in the algal-bacterial aerobic granular sludge AGS on day 1 and day 43, respectively.



Z. Lietal

reduced illumination time as a result of the shortened cycle time and
controlled DO, a high Chl-a content of 11.1 + 0.9 mg/g-MLVSS was
maintained (Fig. 1B). This content is significantly higher than those of
algal-bacterial AGS developed under mechanical aeration conditions
(He et al., 2018a; Wang et al., 2022), but close to those of algal-bacterial
AGS developed under non-aeration conditions (Ji and Liu, 2022; Wang
J.etal., 2020; Zhao et al., 2019). Additionally, the trend in Chl-b content
was similar to that of Chl-a (Fig. 1B), while the carotenoid content
showed a slight increase during Stages I and II and decreased during
Stage III (Fig. 1B). This observation may suggest no photoinhibition to
phototrophic organisms in this system, as a high carotenoid content with
low Chl-a content is generally considered a sign of photoinhibition
(Sousa et al., 2013). The variation of EPS and their components, poly-
saccharides (PS) and proteins (PN), are associated with the changes in
granular stability. Both PS and PN contents decreased during Stage I.
However, they gradually increased during Stage II (Fig. S1), which may
imply that the granular stability deteriorated to some extent during
Stage I while recovered during Stage II, in agreement with the variations
of effluent biomass concentration (Fig. 1A).

3.1.2. Granule morphology

The seed algal-bacterial AGS was nearly spherical with a compact
structure and smooth surface, entangled with green microalgae and
surrounded by some filamentous organisms (Fig. S2). The average
diameter of seed granules was 1.24 + 0.59 mm, and about 44% were
smaller than 1.00 mm. Along with the operation, the granules became
more brushy with more significant amounts of green matter, which was
also indicated by the increment of Chl-a content. On day 31, some brown
matter appeared and intertwined with the filamentous organisms, which
promoted the growth of some small new granules, increasing the per-
centage of granules with a diameter of < 1.00 mm. The newly grown
granules were cylindrical, different from the spherical granules sampled
from the mother photo-SBR, probably due to the stirring operation.

3.1.3. Microbial community

Fig. 2 shows that the relative abundances of major functional bac-
teria kept well during the test period in this photo-SBR. Nitro-
somonadaceae (1 - 2%) and Nitrospiraceae (9 - 10%), the frequently
reported ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bac-
teria (NOB) (He et al., 2018b), remained relatively stable during the
entire period, suggesting a stable nitrification process. The genera Par-
acoccus and Pseudomonas as typical denitrifying bacteria were detected
but presented a low relative abundance of < 0.04% in this system, thus
the enriched Zoogloea and Acinetobacter possibly contributed to deni-
trification (Rajta et al., 2020). The typical PAOs like the genus Candi-
datus Accumulibacter (Oehmen et al., 2007) were also detected at a
relative abundance of 3 - 4%. These data imply the stable nutrient
removal performance by the functional bacteria.

The identified eukaryotic microalgae were class Trebouxiophyceae,
but their relative abundance decreased from 7% on day 1 to 4% on day
43 (Fig. 2D). Thus, the increased Chl-a/b and carotenoid contents
(Fig. 1B) were probably attributable to the growth of photosynthetic
bacteria, including genera Arthronema, Leptolyngbya, Rhodobacter, and
Oscillochloris (Fig. 2C). Besides the genera Arthronema and Leptolyngbya
of Cyanobacteria, the genus Thiothrix of Proteobacteria possibly
contributed to the filamentous structure of algal-bacterial granules.

3.2. Changes of DO and pH, and their control strategies

During the operation of Stage I, a significant amount of photosyn-
thetic Oy production was detected during the illumination phase
(Figs. 1C and S3A), which is sufficient for both aerobic P uptake and
nitrification. The DO profile was characterized as three steps during the
light-on period of Stage I: (1) DO concentration rapidly rose after
initializing the illumination (Step 1); (2) DO reached a stable concen-
tration (Step 2), during which the generated O, was consumed by
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aerobic P uptake, nitrification and/or other aerobic reactions as dis-
cussed in Sections 3.4 and 3.5 (Please note that the DO concentration
was elevated by 1-3 mg/L along with the operation (Fig. S3A), possibly
resulting from the increased Chl-a content); and (3) at Step 3, the DO
concentration linearly increased to a level up to supersaturation. In this
step, the photosynthetic O was much more than the O, consumption
needed by the system. Such a too-high DO concentration may affect P
uptake by PAOs (Carvalheira et al., 2014) and N removal by denitrifiers
(Mosquera-Corral et al., 2005). Thus the DO concentration in the sub-
sequent oxic phases during Stages II and III was controlled at 3 - 4 mg/L
via the DO controller and LED lights on/off, which was set slightly
higher than the stable DO concentration (Step 2) at the end of Stage I, as
a higher DO concentration may allow phototrophic organisms to fix
more inorganic C. During Stages II and III, the DO concentration
increased faster to the set DO range (3 - 4 mg/L) in Step 1 (Fig. S3A) than
in Stage I due to their higher Chl-a contents. With adequate DO control,
some balance might be established among Chl-a content, DO concen-
tration, and illumination. As such, the increased Chl-a content promotes
photosynthetic O, production to increase DO; the rapid increase of DO
activates the DO controller to switch off the LED lights, limiting the
phototrophs growth (increase in Chl-a content). This resulted in a rela-
tively stable Chl-a content during Stage III (Fig. 1B).

During the anaerobic phase, the pH slightly decreased (Fig. 1D),
probably due to the combined effects of influent wastewater and
anaerobic decomposition. Once the illumination was initiated, the pH
linearly rose to the controlling point of 8.0 due to CO2 consumption by
photosynthesis. During Stages I and II, the time needed for pH rising to
the setpoint (pH 8.0) were gradually shortened (Fig. 1D), owing to the
increased phototrophs growth indicated by Chl-a content. During Stage
111, the principal pH rise was completed in 30 min, attributable to the
granules’ relatively stable and high Chl-a content (Fig. 1B and D). Then
the pH gradually decreased with DO fluctuations after reaching the set
DO. In this proposed system, the illumination phase is dominated by
three biological reactions: photosynthesis by phototrophs, aerobic P
removal by PAOs, and (de)nitrification by (de)nitrifiers, respectively
(Fig. 2). For simplicity, microbial assimilation was not taken into
consideration in these bioreactions. The following reactions (1-4)
summarize the major biological processes as described by Gerardi
(2002) and Smolders et al. (1995).

Photosynthesis : CO, + H,O — CH,0 + O, (@D)]

Puptake : 0.87CH,5005 + O, + 3.23 H;PO, — 3.23HPO;
+ 0.87CO, + 3.87 H,O (2)

Nitrification : 0.5NH, + O, - 0.5NO; +H* + 0.5H,0 3

Denitrification : 0.625 CH,O + 0.5 NO; + 05 H" - 0.25 N,
+ 0.625C0, + 0.875 H,0 (©)]

P uptake and nitrification are pH-decreasing processes, while
photosynthesis and denitrification are pH-increasing processes. Seen
from the above reactions, one mmol CO; corresponds to one mmol O,
production during photosynthesis; One mmol O, utilized by nitrifiers
can generate one mmol H' or 0.87 mmol CO, by PAOs. If all the pro-
duced NOj is denitrified, one mmol Oy consumed would produce 0.50
mmol H™ and 0.63 mmol CO,. In this reaction, the contribution of
produced protons is much more significant than CO,, considering the
very low dissociation constant of carbonic acid, pKy; = 6.37 (25 °C).
Therefore, the decrease in pH is mainly attributable to nitrogen removal
during the illumination phase. Restated, in the present photo-SBR sys-
tem, the increased pH by photosynthesis based on the unit Oy produced
was lower than the decreased pH by nutrient removal based on the unit
O, utilized. As such, if the pH controller controlled the LED lights to
maintain liquid pH, the DO increase by photosynthesis based on a unit
pH elevated will be higher than the DO decrease by nutrients removal
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based on a unit pH decreased, which has been supported by an
increasing DO concentration during the oxic phase (data not shown).

3.3. C removal

3.3.1. Changes in C species and their removal

The photo-SBR system demonstrated an excellent and stable DOC
removal efficiency of 90 + 3% during the entire test period (Fig. 3A).
The average effluent DOC was 8.95 + 2.78 mg/L, close to the effluents
from bacterial or algal-bacteria AGS systems (Zhao et al., 2018). This
observation is attributable to the dissolved organic substances excreted
by the coexisting microalgae and/or bacteria since the sole organic
carbon (sodium acetate) was almost completely removed within the
initial 30 min during the anaerobic phase (Figs. 3C and S4A). During
Stages I and II, the effluent DIC concentration remained low at 17.44 +
3.56 mg/L, lower than the influent DIC concentration. When the illu-
mination duration was shortened during Stage III, the effluent DIC
concentration slightly increased, very close to the influent DIC, sug-
gesting less contribution of phototrophic organisms to the DIC removal.

Under the mechanical aeration operation, an insignificant increase of
DIC was detected (Fig. 3D), in which DIC from acetate degradation may
be stripped into the air by aeration operation. In the photosynthetic Oy
condition, the DIC concentration decreased during the illumination
period (Fig. 3C), demonstrating the great potential of the algal-bacterial
AGS system for GHGs emission reduction.

3.3.2. C assimilation and CO5 emission reduction

As expected, the TC content in granules increased from 405.7 mg/g-
MLVSS on day 1 to 460.3 mg/g-MLVSS on day 43. The average C
assimilation rate was 35.03 mg/(g-MLVSSed) during the last 12 days
(Table 2). To estimate the contribution of phototrophs to C fixation in
the algal-bacterial AGS, an empirically stoichiometric formula of CH; 7g
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00.36N0.12P0.01 (Boelee et al., 2014) for phototrophs and a ratio of 56.31
mg-MLVSS/mg-Chl-a (Samiotis et al., 2021) were used. As shown in
Table 2, the contribution of phototrophic organisms to C sequestration
was about 23.28 mg/(g-MLVSSed), with a CO fixation capacity of
85.36 mg-CO,/(g-MLVSSed), which accounted for about 66% of total C
assimilation by the algal-bacterial AGS.

The CO3 emission from this algal-bacterial granule system was only
0.25 kg-CO,/kg-COD (without consideration of other direct and indirect
CO4 emissions), much lower than 0.58, 0.68, 0.76, and 0.97 kg-COy/kg-
COD from the four full-scale A0, AO, oxidation ditch, and SBR-based
WWTPs (Bao et al., 2015), indicating its great potential of reducing
GHGs emission. It was estimated that 14% of input DTC was released,
while the biomass assimilated 52% of input DTC. In this study, the
contribution of phototrophic organisms to C fixation was limited due to
the short illumination duration of 80 — 104 min under the DO control
strategy applied. In order to achieve more reduction of CO2 emission
from this photo-SBR, the DO control range is a crucial factor which
needs more in-depth studies.

3.4. N removal

3.4.1. N removal and nitrification efficiency

As shown in Fig. 4, effective N removal was achieved through the
photosynthetic Oz supply. The effluent TN concentrations rapidly
decreased during Stage I and kept relatively stable during Stage II,
possibly associated with the relatively low DO concentration compared
to the near-saturated DO concentration in the mother photo-SBR. The
effluent NO3-N concentration followed the trend of the effluent TN,
while the effluent NH{-N and NO3-N concentrations were negligible
during these two stages. As a result, the TN removal efficiency was
increased from 62% on day 1 to 79 + 2% during Stage II, with NH4-N
removal of nearly 100% during Stages I and II.
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Fig. 3. Variations of DOC (A) and effluent DIC (B) concentrations during the three operational stages; and typical dissolved C profiles with the oxic phase maintained

by the photosynthetic O, (C) and the mechanical aeration (D) in the batch tests.
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Table 2
Mass balance analyses of total C, N, and P during the last 12 days’ operation.
Element Input Assimilated in biomass Effluent liquid Emission” Contribution of phototrophs”
Total Total organic Grown Discharged Effluent
C (mg/(g-MLVSSed)) 66.87 51.50 14.22 4.68 16.13 22.44 9.40 23.28
P (mg/(g-MLSSed)) 2.40 - 1.20 0.23 0.65 0.12 - 0.60
N (mg/(g-MLVSSed)) 17.29 - 3.22 0.90 3.43 2.50 7.24 3.26

@ Calculated as ([Input] - [Fixed in biomass] — [Effluent liquid].

b Estimated according to an assumed stoichiometric formula (CH; 78 Og.36No.12P0.01) of microalgae (Boelee et al., 2014) and the ratio (54%) of microalgae’s MLVSS
to Chl-a (Samiotis et al., 2021).
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An interesting phenomenon was observed when the illumination NO3-N concentration decreased first and remained low. In addition, the
duration was shortened during Stage III. The photo-SBR experienced a effluent NO3-N concentration slightly increased. As such, the NH4-N
deterioration period and then recovery of N removal. The effluent NHZ - removal efficiency dropped to 77% on day 27 and then recovered to
N concentration increased first and then decreased, while the effluent nearly 100%, while TN removal efficiency kept at 81 + 7% during Stage
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III.

A competitive NH{-N removal rate was obtained during the entire
test period (Fig. 3B), averagely 1.25 + 0.30 mg/(g-MLVSSeh), much
higher than 0.89 + 0.05 mg/(g-MLVSSeh) of a bacterial AGS system
under an aerobic/oxic/anoxic mode (He et al., 2016). On the other
hand, the nitrification efficiency was almost halved from 68% to 35%
during Stage I. It remained at 36 + 2% and 20 + 12%, respectively
during Stages II and III, significantly lower than 80% by the mother
photo-SBR. Considering the relatively stable TN removal efficiency, it
can be inferred that more N might be emitted and/or assimilated in the
biomass during the operation.

3.4.2. Main contributors to N removal

As illustrated in the cycle tests (Fig. 5A and B), NHj-N removal was
rapidly initiated once the LED lights switched on, while NO3-N was
correspondingly produced during Stages I and II. In Stage I, N removal
was completed in 2 h illumination, in correspondence with the stable DO
concentration (Step 2 in Fig. 1C). The above results indicated a photo-
synthetic Oz driving aerobic nitrification process, which was evidenced
by the stable AOB and NOB abundance in granules (Fig. 2). On the other
hand, the generated NO3-N and low NO3 -N production cannot cover the
decreased amount of NHj-N. What is more, the effluent NO3-N
decreased with the operation. Such an increasing N loss may imply its
complex N removal pathways including microbial assimilation, simul-
taneous nitrification and denitrification, anammox, and/or ammonia
precipitation (such as struvite formation).

The TN content in the seed granules was about 92.0 mg/g-MLVSS,
higher than 56.7 &+ 11.3 mg/g in the activated sludge (Chen et al., 2021)
used for the initial seed sludge for granulation in the mother photo-SBR.
In addition, the granular N content did not increase with the increase in
Chl-a content, which was about 88.4 mg/g-MLVSS on day 31 and 91.4
mg/g-MLVSS on day 43. According to the N balance analysis (Table 2),
approximately 44% of input N was assimilated in biomass compared to
the maximum 20% by seed granules in the mother photo-SBR from their
nitrification efficiency. This significant difference is attributable to the
enhanced assimilation by phototrophic bacteria indicated by the
increased Chl-a content (Fig. 1B) and enriched Arthronema, Lep-
tolyngbya, Rhodobacter, and Oscillochloris (Fig. 2C). The N assimilation
rate was about 7.55 mg-N/(g-MLVSSed) in this study, lower than 11-37
mg-N/(g-MLVSSed) by activated sludge with enriched nitrogen-fixing
bacteria treating thermomechanical pulping wastewater (Slade et al.,
2003). The N assimilation rate of phototrophs was estimated as 3.26
mg-N/(g-MLVSSed) (Table 2), indicating that bacteria in this system
contributed about half of N assimilation. As illustrated in Fig. 5D, the
photosynthetic O3 can help remove N faster with a higher N removal
efficiency when compared to the mechanical aeration, suggesting less
contribution of nitrifiers to N removal in this algal-bacterial AGS system.
However, a similar nitrification efficiency of 14% was observed under
the two O, supply strategies, implying that the N species assimilated by
phototrophs include both NHj-N and NO3-N since whichever N species
was utilized alone by phototrophs would contribute to their difference in
nitrification efficiency (Fig. 5D).

Simultaneous nitrification and denitrification are considered other
competitive contributors to N removal since about 42% of input N was
emitted from the system according to the N balance analysis. Although a
low NO3-N and NO3-N during NH-N removal process may imply the
possibility of shortcut denitrification during Stage III, the enriched
Nitrospiraceae directly indicated a stable nitrite-oxidizing process.
Therefore, shortcut denitrification is not considered a major N emission
pathway. The low DO concentration, increasing granular size (Fig. S2),
and short oxic time may favor denitrification in the AGS systems
(Abouhend et al., 2023; He et al., 2018b; Mosquera-Corral et al., 2005)
probably accounting for simultaneous nitrification and denitrification in
the present system. On the other hand, the DOC concentrations during
the illumination phase were statistically (p < 0.05) higher than those
under the mechanical aeration condition (Fig. 3C and D), which may be
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utilized as carbon sources to some extent. Thus, the relatively high
phototroph content and the photosynthetically produced DOC or
organic matter may favor simultaneous nitrification and denitrification.

It is worth mentioning that the removal of NHf-N by ammonia
precipitation (struvite) was excluded since struvite is unsaturated under
the low pH value < 8.0 estimated by Visual MINTEQ 3.1 software. On
the other hand, during the NH4-N removal process, the set DO range of 3
- 4 mg/L still maintained an oxic condition with almost no NO3 accu-
mulation (Fig. 5). In addition, the typical anammox bacteria, such as
genera Brocadia, Kuenenia, Anammoxoglobus, Jettenia, and Scalindua,
were not detected in the granules (Fig. 2). The anammox process is thus
not considered as the primary N removal pathway in this study.

3.5. P removal

3.5.1. P removal efficiency and removal rate

A highly efficient P removal was achieved through photosynthetic O,
production that supports aerobic P uptake. During Stage I, the TP
removal efficiency rapidly increased from 42% on day 1 to 98% on day 7
(Fig. 6A), indicating that the algal-bacterial AGS quickly adapted to the
new environment under the adopted pH control strategy. The controlled
DO and shortened illumination time also showed little adverse impact
on TP removal efficiency, which remained at 97 + 2% and 92 + 8%
during Stages II and III, respectively.

The P release and uptake functioned well during the test period
(Fig. 6B and Fig. S4B). The P uptake process was completed within 2 h
illumination during Stages II and III, corresponding to the stable DO
concentration (Step 2 in Fig. 1C); during this period, the O, generated by
phototrophic organisms was used for aerobic P uptake and nitrification.
The P release rate of the seed granules was about 27.57 mg/(g-
MLVSSeh), much higher than 2.87 + 0.29 mg/(g-MLSSeh) from the
bacterial AGS (He et al., 2016) and 16.24 + 0.91 mg/(g-MLVSSeh) from
the algal-bacterial AGS system under no pH control (Li et al., 2022).
During Stage I, the P release rate decreased quickly to 16.55
mg/(g-MLVSSeh) on day 7, accompanied by the decrease of maximum P
release; this decreasing trend continued during Stage II with a lower
decrease rate till day 25 (Fig. 6B). Finally, the P release rate remained
around 10.84 + 0.41 mg/(g-MLVSSeh) during the subsequent opera-
tion. During Stages I and II, the growth of phototrophic bacteria and
higher effluent biomass (Figs. 1A and 2) possibly led to the low granular
polyP content that accounts for the decrease in P release rate. This
deduction is partially evidenced by the decrease in granular NAIP con-
tent (Fig. 7D). In contrast, the variation of P uptake rate was insignifi-
cant, averagely 7.18 + 0.24 mg/(g-MLVSSeh) during the entire test
period. Li et al. (2022) pointed out that aerobic P uptake is limited by
intra-particle diffusion, including macropore and micropore diffusion in
the algal-bacterial AGS. Luo et al. (2014) claimed that flocculent sludge
had a higher surface area than AGS. According to the morphological
changes of the algal-bacterial AGS (Fig. S2), the granules became more
significant with more filamentous matter attached along with the
operation. This morphological change may increase granular surface
area and improve intra-particle diffusion limitation, maintaining the
stable granular P uptake rate under the controlled DO/pH operation
conditions.

3.5.2. P removal pathway

All the plots of AP against AC achieved high linear correlation co-
efficients (R?) (Fig. 7A). Similar to the changes in P release rate, the
molar AP/AC ratio significantly decreased during Stages I and II,
implying the decreased PAOs activity in the granules (Acevedo et al.,
2012). During Stage III, the molar AP/AC ratio was 0.36 £ 0.03, lower
than 0.48-0.80 for PAOs-enriched cultures but much higher than 0 -
0.02 for GAOs-enriched cultures (Acevedo et al., 2012). Meanwhile, the
genus Candidatus Accumulibacter of PAOs slightly decreased from 4% on
day 1 to 3% on day 43 (Fig. 2). This observation suggests that the PAOs
primarily contributing to P removal were still active in the present study.
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K" and Mg?" as the counterions of PO3~ are known to participate in
anaerobic hydrolysis and aerobic synthesis of polyP at an assumed
stoichiometry of (Ko 33Mgo.33PO3)n. The increase in phototrophs abun-
dance may change their quantitative relationship. From the cycle tests,
the molar AK/AP and AMg/AP ratios were relatively stable (Fig. 7B),
averagely 0.23 + 0.02 and 0.28 =+ 0.03, lower than the theoretical value
of 0.33. This observation may support P assimilation by phototrophic
organisms that result in low AK/AP and AMg/AP ratios. According to
the TP removal efficiency and the assumed stoichiometry of polyP, the
maximum contributions of PAOs to K™ and Mg?" reduction can be up to
7% and 4%, respectively. The latter estimation is close to the measured
Mgt reduction, about 4 & 2%, except on day 1 (Fig. 7B), but the former
significantly deviated from the measured K' reduction (24 + 11%)
except on day 1. Such a deviation is probably associated with active
assimilation by phototrophic organisms that require more K*, which
needs further confirmation. In the case of Ca2", besides the low pH
condition, its negligible reduction in concentration may exclude Ca-P

precipitation from the P removal pathway.

Fig. 7C presents the apparent advantage of the photosynthetic O3 on
P removal compared to the mechanical aeration due to a higher P uptake
rate detected in the former. However, similar molar ratios under the two
O, supply strategies did not support the phototrophs’ P assimilation. A
previous study found that microalgal P assimilation during aerobic P
uptake from the liquid was negligible in the algal-bacterial AGS system;
P for microalgae growth was from the solid (granules) instead of the
liquid (Li et al., 2022). Generally, P assimilation by phototrophs requires
a long HRT. The adopted short HRT of 6 h during Stage III in the present
study may not highlight the contribution of assimilation. As shown in
Table 2, according to the estimated contribution (0.60 mg/(g-MLSSed))
of phototrophs to P assimilation, namely 0.1 mg/g-MLSS is required for
each cycle. This value is significantly lower than the anaerobically
released P (5.9 + 1.1 mg/g-MLSS based on MLSS concentration during
the last 12 days’ operation). This study determined the P assimilation
rate as 2.08 mg/(g-MLSSed), mainly attributable to PAOs. As noted in
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Table 2, the measured output TP cannot cover the input TP, probably
due to TP dissolution from the effluent biomass during the collection and
storage stages (for final determination).

3.6. Energy consumption and implications

The energy requirement by the biological treatment (especially the
aeration unit) generally accounts for 50 — 70% of the total operating
costs in WWTPs (Vergara-Araya et al., 2021). According to the ideal
mixing energy requirement of 1.5 W/m® and the mixing energy of 5
W/m? in an example WWTP (Vergara-Araya et al., 2021), the energy
consumption for only mixing applied in this study was about 5.75
Wh/m? during the oxic phase, significantly lower than 180-800 Wh/m?
for the commonly mechanical aeration operation (Silva and Rosa,
2021). This observation implies that only mixing instead of mechanical
aeration to suspend algal-bacterial granules is economically feasible.
However, the energy consumption by stirring should be carefully
re-examined when the reactor system is scaled up since the energy
consumption may not increase linearly with the increase in system
treatment capacity. On the other hand, a high electricity consumption of
36.73 kWh/m® for the LED lights is required (Supplementary Material),
which can be replaced by natural sunlight and designed correspondingly
in the followed-up research works.

The algal-bacterial AGS system is promising for C fixation and CO,
emission reduction from WWTPs, which successfully assimilated 52% of
the total input C. The fixed C estimated by the assumed formula of
phototrophs Table 2) can be used to produce a maximum 55 mg-O, per
cycle, enough to complete the high O, requirement by the nitrification
process (35 mg-O,, assimilated N was not counted) and aerobic P uptake
process (15 mg-0O5) according to Egs. (2) and ((3) and nutrient removal
performance. This observation indicates that a higher C fixation could be
achieved when treating wastewater with a higher NH-N concentration
that requires more O,. In addition, the DO control by switching on/off
the light reduces illumination time from 115 min to 80 — 104 min, saving
10 - 30% of light energy requirement. As noted, compared to the energy-
intensive mechanical aeration, the photosynthetic O4 is more efficient
for nutrients removal as the Oy molecules generated by the coexisting
microalgae inside or on the granule surface may avoid the resistance to
gas diffusion and transfer from the gas phase to liquid phase and then
into the granules.

4. Conclusions

The feasibility of using photosynthetic Oy from phototrophic or-
ganisms for simultaneous aerobic nitrification and P uptake by PAOs in
an algal-bacterial AGS system has been demonstrated. The energy con-
sumption of 5.75 Wh/m? for mixing required only for the proposed
system is more economical than that of mechanical aeration commonly
used for AGS systems. Although the additional illumination cost by
artificial lights was relatively high in this study, the DO control strategy
involving switching the lights on and off could reduce light energy
consumption by 10 — 30%.

In a short HRT of 6 h, the coexisting phototrophic organisms in algal-
bacterial AGS could photosynthesize enough Oy production to imple-
ment nitrification and aerobic P uptake. The system achieved a highly
efficient TN removal of 81 + 7% with an N assimilation rate of 7.55 mg/
(g-MLVSSed), mainly due to microbial assimilation and simultaneous
nitrification/denitrification under the test conditions. In the proposed
pH/DO- controlled algal-bacterial AGS system, PAOs dominated P
removal process and exhibited high activity, as indicated by a high P
release rate of 10.84 + 0.41 mg/(g-MLVSSeh), P uptake rate of 7.18 +
0.24 mg/(g-MLVSSeh), and a molar AP/AC ratio of 0.36 + 0.03,
resulting in TP removal greater than 92%.

Considering the scale-up and better O&M of the proposed algal-
bacterial AGS system, a more in-depth research is demanded. C/N/P
assimilation and removal mechanisms, contributions of microalgae/
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phototrophs and bacteria, light system design, the sensitivity of CO»
emission to DO/pH control range, and influence of influent character-
istics should be further explored during the long-term operation of the
algal-bacterial AGS system.
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