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ARTICLE INFO ABSTRACT

Editor: Fumitake Takahashi Oxygenic photogranules (OPGs) are dense, spherical structures containing filamentous cyanobacteria, micro-
algae, and non-phototrophic bacteria. Besides hydrostatic batch conditions, OPGs can be produced directly from
activated sludge under illuminated hydrodynamic batch conditions. The role of Fe in these hydrodynamic batch
conditions is still unknown. In this study, four replicate hydrodynamic batches with two times diluted Amherst
and Hadley activated sludges were operated under continuous illumination (126 + 9 pmol/mz-s) and mixing (20
rpm) for a period of 19 days. Illumination and initial anaerobic condition development led to the rapid release of
Fe, especially Fe (II), into the bulk liquids. However, this Fe pool quickly declined and remained at overall steady
values. The Fe linked with biomass-bound extracellular polymeric substances (bEPS-Fe) continued to decline
during batches and eventually reached stable levels. Cyanobacterial growth exhibited moderate to strong
negative correlations to both bEPS and bulk-liquid Fe pools whereas microalgal growth showed more depen-
dence on bulk-liquid Fe compared to bEPS-Fe. The Fe distribution analysis revealed higher Fe content in the
biomass pellet fraction, followed by bEPS extract and bulk liquid fraction. Increases in the level of pelletized Fe,
over the course of photogranulation, are likely due to increases in intracellular Fe content. Overall, the study
demonstrates that the limitation of available Fe in bEPS and bulk liquid fractions encouraged the formation of
photogranules in hydrodynamic batch conditions. These observations are similar to earlier reported batch hy-
drostatic cultivation, which further supports the shared photogranulation phenomena in the two batch
conditions.
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1. Introduction photogranules (OPG) has been introduced to address these challenges.

OPGs are dense spherical structures having motile filamentous cyano-

The traditional wastewater treatment process has been around for
decades, however, it still faces various sustainability challenges. A key
issue, among them, is reliance on external aeration during the biological
treatment stage, which currently has the highest energy demand in the
wastewater treatment process [1,2]. Another major concern is the
release of greenhouse gas emissions during the biological treatment
process [3]. There is a need for a green, cost-effective wastewater
treatment process, which could promote sustainable development of the
world.

Recently, a new wastewater treatment technology namely oxygenic

bacteria that enclose other bacteria and microalgae in a granular
aggregate [1,4-6]. These OPGs result from the transformation of acti-
vated sludge inoculum under hydrostatic conditions in the presence of
an illumination source [4,5,7]. The hydrostatically-produced OPGs are
then utilized as seeds in hydrodynamically operated bioreactors for the
rapid start-up of OPG-based wastewater treatment processes [1,4,8].
The OPGs generated during the operation of the bioreactor share similar
granular morphology with the seed biomass. The presence of photo-
trophs enables OPG-based processes to treat wastewater without
external aeration. The OPG’s ability to self-aerate via photosynthetic
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oxygenation, fix carbon, and settle rapidly in water makes OPG-based
systems a promising green environmental biotechnology for the treat-
ment of wastewater [1,2,4,8].

Recently Ansari et al. [9] investigated the role of iron (Fe) in the
formation of OPGs under hydrostatic cultivations. Fe is an essential
micronutrient which is involved in numerous cellular processes, such as
photosynthesis, respiration, photopigment synthesis, nitrogen fixation
and assimilation [10-12]. Among the microbial community, cyanobac-
teria, the key granulating microbes in OPGs [4], have exceptionally high
Fe requirements for their metabolic activities [12-16]. Studies have
reported that cyanobacteria form colonies/aggregates under Fe limita-
tions. Ansari et al. made similar observations in an OPG study that the
limitation of the available Fe pool drove the cyanobacteria to aggregate
and ultimately form spherical-like OPGs. Cyanobacterial growth showed
a strong negative correlation with Fe linked with biomass-bound
extracellular polymeric substances (bEPS-Fe), and they reached the
stationary growth phase when bEPS-Fe levels also significantly
decreased and became constant. Ansari et al. [9] further reported the
presence of insoluble Fe(III) oxides within the photogranular biomass,
which is known to bind EPS and promote granulation as a bio-coagulant
[17]. These findings, hence, demonstrate Fe as a potential driving force
in the formation of OPG in a hydrostatic environment.

Previously, Gikonyo et al. [18] revealed the direct production of
OPGs from activated sludge under hydrodynamic batch conditions. The
practical outcome of this study was to find a way to begin the OPG-based
system faster than the previous method, which depended on the hy-
drostatically formed OPG as a seed biomass. This study concluded that,
although conditions in which OPGs are produced are substantially
different between hydrostatic and hydrodynamic batches, the formation
is generally based on the same phenomenon as the morphological and
physio-chemical characteristics of OPGs from the two sources are very
similar. The question then arises: does the limitation of available Fe, as seen
in hydrostatic batches, also occur and influence the OPG formation in hy-
drodynamic batches?

The present study examined the above research question by oper-
ating replicate hydrodynamic batches using two different sources of
activated sludge. The hydrodynamic batches used one combination of
light intensity, seeding density, and mixing conditions, which previously
showed the formation of OPGs [18]. Fe content in bulk liquid, extracted
bEPS, and whole biomass was determined at regular time intervals
throughout the cultivation. The size distribution and oxidation states of
Fe in the bulk liquid were also studied. Additionally, this study inves-
tigated the growth of different phototrophic communities and their
relationship with the available Fe pool during the course of photo-
granulation. The outcome of this study is expected to help to better
understand the photogranulation phenomenon, which seems to occur in
widely varying environments [19]. The acquired knowledge will
encourage the successful application of OPGs, thereby treating waste-
water in sustainable ways.

2. Materials and method
2.1. Batch setup and operation

Hydrodynamic batch cultivation was conducted by using a coagu-
lation jar setup (Phipps and Bird jar tester, model 7790302, USA) for the
duration of 19 days. Prior to the experiment, activated sludges were
collected from the aeration basins of wastewater treatment plants
(WWTP) in Amherst and Hadley, MA, USA, with operational schemes as
documented by Kuo-Dahab et al. [5]. These sludges were diluted two
times with distilled water in a 1:1 ratio. An appropriate dilution factor
was selected using the Gikonyo et al. [18] study on hydrodynamic
cultivation of OPGs. The dilution of inoculum is reportedly anchored on
substrate microbial balance, i.e., food to microorganism (F:M) metric,
where the substrates ‘food’ are nutrients, light and shear. The selected
dilution ratio increased the light attenuation, as per Beer-Lamberts Law,
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lowered drag during mixing, and subsequently enhanced the nutrient
consumption to bring about a rapid onset of a feast-famine condition,
which is a prerequisite for photogranulation [18]. The dilute matrix also
exhibits fewer inter-particle collisions, thereby preserving the OPG
bio-aggregate [18].

Eight hundred (800) mL of diluted activated sludge was incubated in
four replicates of 1.0 L batches. These batches were mixed at 20 rpm
using a straight blade stainless-steel impeller (5 cm diameter). The
mixing speed was based on a previous study where high shear conditions
were found to inhibit the granulation process, especially OPGs [18]. The
batches received continuous light intensity of 126 + 9 umol/m?-s using
9 W LED bulbs (EcoSmart, daylight-5000 K). The application of
continuous illumination, through an artificial source, resulted from the
subsequent engineering of the OPG process to improve its efficacy and
reduce the granulation period [5,9,18,20]. The experimental setup was
undertaken at a constant room temperature of 18 °C. Triplicate com-
posite samples were prepared at each sampling point by combining
known volumes of mixed biomass samples from all four batches.

2.2. Analysis of the fate and dynamics of Fe over the course of cultivation

The Fe content in bulk liquid, extracted biomass-bound extracellular
polymeric substances (bEPS) and the whole biomass was determined at
different sampling points during the course of this study. The Fe content
was analyzed in two bulk liquid size fractions, namely colloidal (0.45 ym
— 30 kDa) and dissolved (<30 kDa) phases. In brief, the bulk liquid was
passed through a 0.45 ym mixed cellulose ester membrane (Fisher Sci-
entific, USA). The obtained filtrate comprised of both colloidal and
dissolved Fe fractions. The Bulk liquid was also passed through a 30 kDa
membrane (ultra-filtration membrane, EMD Millipore Corporation,
Billerica, MA, USA) which was considered as the dissolved Fe fraction
[21]. The Fe difference in the 0.45 um and 30 kDa filtrates was defined
as the colloidal Fe. These bulk liquid filtrates were immediately acidified
with concentrated trace metal grade HNO3 (2 % by vol) (Fisher Scien-
tific, USA) and stored in a 15 mL falcon tube at 4 °C till further analysis.

The bEPS-Fe was determined after extracting bEPS from the com-
posite samples using sequential sonication and base treatment method
[8]. The 10 mL of composite sample was subjected to centrifugation at
12,000 rpm for 10 min. The resulting supernatant was discarded and
replaced with a 5 mL phosphate buffer solution (10 mM NaCl, 1.2 mM
KH5POy4, and 6 mM NapsHPO,). These samples were then homogenized at
700 rpm for 30 s (IKA T18 basic Ultra-Turrax), followed by sonication
(Fisher Scientific Sonic Dismembrator Model 500) at 10 % strength for
40 s and centrifuged at 12,000 rpm for 10 min. The resulting superna-
tant was filtered through a 0.45 pm cellulose filter. This filtrate was then
considered as bEPS extract via sonication treatment. The remaining
pellet was re-suspended in a 5 mL phosphate buffer solution and its pH
was increased to 10.5-11 using 1 M NaOH [22]. These samples were
placed on a shaker for 2 hr at 425 rpm in a 4 °C constant temperature
room. After centrifugation, the resulting supernatant was filtered
through a 0.45 um cellulose filter to obtain the bEPS extract via base
treatment [22]. After each treatment, the bEPS extracts were acidified
with concentrated trace metal grade HNOg3 (2 % by vol) before storing at
4 °C till further analysis. The total bEPS-Fe was the summation of the Fe
content in the sonic and base-treated bEPS extracts. The whole biomass
Fe quantity was determined after subjecting 10 mL of a composite
sample to acid-digestion per Standard Methods (3030 E)[23]. The Fe
concentrations in the acidified bEPS extracts, bulk liquid fractions, and
whole biomass digest samples were determined using inductively
coupled plasma mass spectrometry (ICP-MS, Perkin-Elmer SCIEX). The
pellet Fe was calculated by subtracting bEPS-Fe (0.45 pm) and
bulk-liquid Fe (0.45 um) from the whole biomass Fe.

Besides the total Fe concentration, the oxidation states of Fe in
different bulk liquid fractions were determined using the Ferrozine
method [24]. Ferrozine is a strong Fe(Il) chelator that forms a
magenta-colored Fe-(FZ); complex with Fe(II) [25]. The Fe(II)
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absorbance was read at 562 nm using a spectrophotometer (DR 2700
portable, Hach, USA), which was later quantified using ferrous ammo-
nium sulfate standards. The concentrations of Fe(IIl) were obtained by
subtracting bulk-liquid Fe(II) from total bulk-liquid Fe concentrations.

2.3. Analytical measurements

General analytical parameters, such as total solids (TS), chlorophyll
content and sludge volume index (SVI) were regularly determined using
Standard Methods [23]. The Phycobilin content in photogranular
biomass was determined after modifying protocols by Bennett and
Bogorad [26] and Islam et al. [27]. In brief, 10 mL of a composite
biomass sample was centrifuged at 12,000 rpm for 10 min. The obtained
supernatant was discarded and replaced with 5 mL of a 0.025 M phos-
phate buffer saline solution (pH 7.2). The sample was then homogenized
(IKA T18 basic Ultra-Turrax) at 700 rpm for 1 min and sonicated (Fisher
Scientific Sonic Dismembrator Model 500) at 20 % strength for 2 min.
After treatment, the sample was centrifuged, and its resulting superna-
tant was passed through a 0.22 um syringe filter (Basix, Fisher Scientific)
prior to absorbance reading. The absorbance for phycoerythrin (PE),
phycocyanin (PC) and allophycocyanin (APC) was read at 566, 620 and
652, respectively, using a portable spectrometer (DR 2700, Hach, US).
The absorbance was also read at 750 nm, to correct the background
interference [28]. Equations by Bennett and Bogorad [26] were used to
quantify the concentrations of respective phycobilins. The Phycobilin
concentration was the summation of PE, PC and APC. Protein (PN) in
bEPS extracts and bulk liquid fractions was measured using the modified
Lowry method [29] with bovine serum albumin as standard. Whereas,
polysaccharide (PS) in extracted bEPS and bulk liquid fractions was
measured using the phenol-sulfuric method [30] with glucose as stan-
dard. Dissolved organic carbon (DOC) in different bulk liquid fractions
was determined using a TOC analyzer (TOC-VCPH, Shimadzu, U.S.A).
Dissolved oxygen in the reactor was measured using a portable DO probe
(Orion star A223, Thermo Scientific). Bright light and auto-fluorescence
microscopy (EVOS FL Color, AMEFC4300) were also performed on the
produced OPGs to study changes in the microbial community, especially
cyanobacteria, and the overall structural development.

2.4. Statistical analysis

Pearson correlation coefficient and p-value analyses were conducted
using the Pearson and two-sample t-test, respectively, in Microsoft Excel
2019 to compute correlations and significance between the experi-
mental variables.

Day 0

Day 2 Day 4
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3. Results and discussion
3.1. Progression of photogranulation in hydrodynamic batches

The transformation of activated sludge flocs into OPGs in hydrody-
namic batches is illustrated in Fig. 1. The floc size increased with
negligible phototrophic growth during the first two to three days of the
incubation period. These aggregates were enriched with filamentous
bacteria, which seemed to serve as their backbone. By Day 4, the in-
crease in floc size was accompanied by phototrophic growth, which
included filamentous cyanobacteria (indicated by imposed auto-
fluorescence) (Fig. 1 C, I). The abundance of filamentous cyanobacteria
was significantly less than microalgae (both filamentous and unicellular
forms) during Days 4-12). Cyanobacteria became the dominant photo-
trophic community in aggregates after Day 12. The growth of filamen-
tous cyanobacteria has been established as a key driver for the formation
of OPGs [1,4,19] Indeed, the continued growth of filamentous cyano-
bacteria in the aggregates prompted the formation of sphere-like OPGs
(size range up to 1-2 mm) by Day 17-19 (Fig. 1E, K). The produced
OPGs were enriched with filamentous cyanobacteria which existed
throughout the photogranular biomass as seen with autofluorescence
microscopy (Fig. 1 F, L). Abouhend et al. [1] also made similar micro-
scopic observations with OPGs produced in bioreactors with diameters
of 2 mm or less.

In terms of biomass concentration, Amherst and Hadley activated
sludge inoculums had an average total solids (TS) concentration of 1300
+ 205 mg/L and 1573 + 175 mg/L, respectively (Fig. 2A, B). TS con-
centration showed a decline during the first two days, attributable to the
sludge degradation, after which it started to recover and reached a
plateau for the remaining course of cultivation. The VS/TS ratio was
steady throughout the cultivation period with average values of 0.77
+ 0.03 (Amherst) and 0.74 + 0.06 (Hadley).

The photopigment analysis was conducted to understand the extent
of phototrophic growth in the hydrodynamic batches as presented in
Fig. 3. Chlorophyll a and b showed negligible production during Days
0-3, which afterwards increased in both cultivation sets (Fig. 3 A, B).
Green algae produced both chlorophyll a and b whereas cyanobacteria
produced only chlorophyll a. Continued increase in chlorophyll a and b
during Days 15-19 suggests enhanced growth of microalgae. It should
be noted that the solids concentration and VS/TS ratio during Days
15-19 was steady as observed in Fig. 2. This potentially suggests bac-
terial cell lysis, which would support microalgal growth since their
growth rate is faster than cyanobacteria.

Besides chlorophyll a and b, chlorophyll c showed a gradual increase

Day 12

E‘Qﬁ“’fﬂ

l_ Day 19 _l

Fig. 1. Microscopic observation depicting the progression of photogranulation under hydrodynamic batch conditions using Amherst (A-F) and Hadley (G-L) acti-
vated sludges. Panels E and K have a scale bar of 2000 um, while the rest have a scale bar of 400 pm.
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Fig. 3. Production of photo-pigment (A) chlorophyll a, (B) chlorophyll b, (C) chlorophyll ¢, (D) chlorophyll a/b, (E) chlorophyll a/c, and (F) phycobilin during the
photogranulation process under hydrodynamic batch conditions. Error bars represent standard deviation from triplicate samples.

over the course of cultivation as presented in Fig. 3 C. The production of
chlorophyll ¢ suggested the growth of diatoms in the system, which was
confirmed through microscopic observation. Chlorophyll a/b and a/c
ratios were used to understand the growth of cyanobacteria with respect
to green algae and diatoms, respectively (Fig. 3D, E). The Hadley set
showed an increase in chlorophyll a/b and a/c ratios over time, which
reached a plateau during Days 15-19. Likewise, the Amherst batch set
showed overall similar trends for chlorophyll a/b and a/c.

Phycobilin, an accessory pigment in cyanobacteria, was also used as
an indicator for cyanobacterial growth (Fig. 3F). Initially, phycobilin

content showed a gradual increase till Day 12, which later increased
sharply till Day 15. Phycobilin content is expected to have eventually
reached stable levels during Days 15-19 since mature OPGs appear once
cyanobacteria stop growing [5,9]. These findings indicate that cyano-
bacteria continued to grow till Day 15 after which they reached the
stationary phase and tended to aggregate into the photogranular struc-
ture by Day 19. A strong positive correlation existed between chloro-
phyll a and phycobilin for Amherst (r = 0.92) and Hadley (r = 0.93)
sets. Likewise, a strong positive correlation existed between chlorophyll
a/b and phycobilin (r =0.89 Amherst; r=0.80 Hadley), and
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chlorophyll a/c and phycobilin (r = 0.91 Amherst; r = 0.86 Hadley).
Overall, these results indicate that hydrodynamic batches followed a
similar photogranulation phenomenon as hydrostatic cultivation [9], i.
e., the formation of OPGs is accompanied with the growth of photo-
trophs, especially cyanobacteria, which eventually reach the stationary
growth phase.

3.2. Fate and dynamics of bulk-liquid Fe in hydrodynamic batches

Both Amherst and Hadley activated sludge inoculums showed initial
Fe concentrations of 0.280 + 0.002 mg/L and 0.010 + 0.007 mg/L in
dissolved and colloidal bulk liquid fractions, respectively. Upon incu-
bation, a sharp release of Fe occurred in both cultivation sets. In the
Ambherst cultivation, the dissolved and colloidal Fe fraction increased to
0.320 + 0.002 mg/L and 0.111 + 0.064 mg/L, respectively, by Day 0.5
(Fig. 4 A-D). Whereas the counterparts in the Hadley set increased to
0.309 + 0.004 mg/L and 0.071 + 0.043 mg/L by Day 0.83 respectively
(Fig. 4 G-J). The sharp release of Fe(Il) should be via photochemical
reduction of Fe(IlI) to Fe(Il) [31,32] and also via the development of
anaerobic conditions resulting from enhanced abiotic and biotic re-
actions consuming O (Fig. 4 E-F, K-L). Strong negative correlations
were found between the total bulk-liquid Fe(II) and DO (Ambherst,
r = —0.84; Hadley, r = —0.80). Among the two size fractions, dissolved
Fe(ll) showed stronger negative correlations with DO (Ambherst,
r = —0.89; Hadley, r = —0.80) compared to colloidal Fe(II) (Amherst,
r = —0.43; Hadley, r = —0.49). Besides Fe(Il), Fe(III) was also present in
the bulk liquids during this early batch period.

After the release, the bulk-liquid Fe started to decrease till Day 2-3,
after which it reached steady levels in both size fractions by Day 11 in
Ambherst and Day 8 in Hadley. Fe(II) was the dominant redox state in the
bulk liquids during the first three days of incubation. However, it
decreased in both bulk liquid size fractions, which should be due to
microbial uptake or reoxidation into Fe(IIl) and both could be coupled
with the growth of phototrophs and the production of Os. Indeed, the
decline in Fe(II) seemed to occur simultaneously with the increase in Fe
(IID) till Day 11, after which both Fe oxidation states reached a plateau.

Slight decreases in dissolved Fe concentrations occurred simulta-
neously with increases in colloidal Fe during Days 11-15 in Amherst and
Days 8-15 in Hadley cultivations. During this period (Days 8-19), strong
positive correlations were observed between colloidal Fe and soluble
EPS (Ambherst, r = 0.90; Hadley, r = 0.85). This shows that the released
soluble EPS can potentially form complexes with a fraction of the dis-
solved Fe pool, thereby producing an organically complex colloidal Fe.
Regardless of the shift in Fe size distribution, the total bulk-liquid con-
tent remained relatively constant during this time period.

The progression of photogranulation was accompanied by the release
of DOC in both dissolved and colloidal bulk liquid fractions as presented
in Fig. 5A, B. According to the research literature, Fe(IlI) complexed
with organic ligands at a low Fe/ligand ratio needs to undergo biological
and/or photochemical reduction for effective uptake [33]. In contrast, a
high Fe/ligand condition induces a rapid exchange and production of
unchelated Fe(Ill) from Fe(IlI)-ligand complex [34]. In this study, the
Fe/DOC ratio in the dissolved fraction continued to decrease till Day 11
before reaching stable values (Fig. 5C-D). This Fe/DOC ratio was also
very low throughout the batch period with 0.04 + 0.02 and 0.04 + 0.01
in Amherst and Hadley, respectively. Likewise, low Fe/DOC ratios for
the colloidal fraction existed in Amherst (0.005 + 0.004) and Hadley
(0.01 £ 0.01) cultivation during the entire batch period. These results
imply that the availability of bulk-liquid Fe was negatively impacted by
the release of DOC, including soluble EPS, during the progression of
photogranulation under hydrodynamic batches. These findings, along
with the trends in bulk-liquid Fe size and oxidation state distribution,
are similar to the previously reported hydrostatic cultivation study [9].

Table 1 presents the correlation coefficients between different frac-
tions of soluble EPS and bulk-liquid Fe. Soluble EPS exhibited negative
correlations with dissolved total Fe and Fe(II). The correlations were
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stronger for dissolved Fe(II) and EPS PS (Ambherst, r = —0.91; Hadley,
r = —0.61) than EPS PN (Ambherst, r = —0.59; Hadley, r = —0.53).
Soluble EPS also showed positive correlations with colloidal Fe(IIl) and
total colloidal Fe. These findings are, again, similar to the results of a
hydrostatic batch study [9].

Pearson correlation analysis was also conducted between the bulk-
liquid Fe and the produced photo-pigments (Table 1). Phototrophic
growth, indicated by pigment production, showed a higher dependence
on the dissolved Fe pool as compared to the colloidal Fe pool due to a
higher negative correlation. According to the literature, Fe pool in the
aquatic environment consists of particulate, colloidal, and dissolved
forms, with the dissolved fraction being the most available [35]. Within
the dissolved pool, only Fe(Il) exhibited a strong negative correlation
with pigments, which indicates that dissolved Fe(II) was the preferred
form of Fe for phototrophic growth. The colloidal Fe(I) pool, on the
other hand, showed a weak to moderate negative correlation with the
produced pigments. The analysis also revealed a competitive environ-
ment between the different phototrophic communities for the con-
sumption of bulk-liquid Fe(Il). Among phototrophs, cyanobacteria and
diatoms exhibited the highest negative correlation with both dissolved
and colloidal Fe(II) as compared to microalgae. This finding is different
from the earlier hydrostatic study which showed eukaryotic microalgae
having a comparatively stronger negative correlation with bulk-liquid
Fe as compared to cyanobacteria and/or diatom [9,32].

3.3. Interaction between bEPS and Fe

The relationship between bEPS fractions and its associated Fe con-
tent is presented in Fig. 6. During Days 0-4, the bEPS protein (PN)
declined sharply from 150.9 +8.8 mg/L to 80.9 +15.6 mg/L in
Ambherst and from 122.6 + 7.2 mg/L to 76.4 + 7.0 mg/L in Hadley.
Significant degradation of bEPS-PN under anaerobic conditions has been
reported to initiate the photogranulation process under a hydrostatic
environment [5,9]. The bEPS-PN content continued to decrease till Day
11 in both sludges, with a higher degradation observed in Hadley as
compared to Amherst. Afterwards, the bEPS-PN reached steady levels in
Amberst, while Hadley showed a slight increase and then a decline
during Days 11-19. Overall, the bEPS-PN content decreased up to 64.1
+ 3.7 % in Amherst and 76.0 £ 0.1 % in Hadley during the progression
of photogranulation. These trends are consistent with earlier bEPS-PN
observations during the photogranulation process in a hydrostatic
environment [5,9].

Fig. 6 also shows similar trends between bEPS-Fe and bEPS-PN
during the photogranulation process. Indeed, the Pearson correlation
showed strong positive correlations between bEPS-Fe and bEPS-PN
(Amherst, r = 0.93; Hadley, r = 0.96). According to the literature, Fe
mostly resides within the sludge biomass matrix due to its strong affinity
with EPS protein, [36] which is the major component of the activated
sludge EPS [37]. Previous studies have postulated that the large release
of proteins occurring under anaerobic conditions is due to the reduction
of Fe [36,38]. This suggests that the release of Fe(II) into the bulk liquid
fractions (Fig. 4) under anaerobic conditions occurred due to the
degradation of activated sludge. The results also illustrate that bEPS-PN
was the major source of accessible Fe pool as it continued to decline
along with the progression of photogranulation. The bEPS-Fe content
eventually reached steady levels by Day 11. During the later stages of
cultivation, the cyanobacterial growth (as indicated by phycobilin,
chlorophyll a/b, chlorophyll a/c) seemed to reach a stationary growth
phase and OPGs appeared. These findings further signify the similarity
between hydrostatic and hydrodynamic batch conditions since we
observed OPGs appearing around the time the bEPS-Fe pool reached
stable levels in hydrostatic conditions [9].

Unlike protein, bEPS-PS initially increased from Day 0-2 in both
sludges thereby yielding a moderate to strong negative correlation with
bEPS-Fe (Ambherst, r = —0.58; Hadley, r = —0.85). Afterwards, bEPS-PS
declined and appeared to reach steady levels for the remainder of the
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Table 1

Pearson correlation analysis of bulk-liquid Fe fractions with produced photo-pigments and extracellular polymeric substances (EPS).

Dissolved Fe (Fe < 30 kDa) Collodial Fe (30 kDa < Fe < 0.45 um)
Ambherst Total Fe Fe (1) Fe (III) Total Fe (I) Fe (III)
Protein (PN) -0.25 0.32 -0.42 0.45
Soluble EPS Polysaccharide (PS) -0.22 -0.27
PS/PN -0.12 -0.13 0.44
Phycobilin
Chlorophyll a
i Chlorophyll b
Pigments Chlorophyll ¢
Chlorophyll a/b -0.50
Chlorophyll a/c -0.34 4
Hadley Total Fe Fe (II) Fe (IIT) Total Fe (I) Fe (II)
Protein (PN) 027 021 0.32
Soluble EPS Polysaccharide (PS) -0.02 041 015
PS/PN 0.34 -0.04 0.32
Phycobilin
Chlorophyll a
. Chlorophyll b
Pigments Chlorophyll ¢
Chlorophyll a/b

Chlorophyll a/c

-1

cultivation period. These changes resulted in a moderate to strong
positive correlation with bEPS-Fe (Ambherst, r = 0.37; Hadley, r = 0.92).
The bEPS-PS results contradict the earlier hydrostatic observations
where bEPS-PS and bEPS-Fe exhibited moderate to strong negative
correlations during the progression of photogranulation [9]. Fe can bind
to EPS PS in the presence of a carboxylic group, especially uronic acids
and is known to accumulate over the outer polysaccharide sheath of
cyanobacteria [39,40]. It can be speculated that bEPS-PS might be
another source of Fe in hydrodynamic batches, though not as major as
bEPS-PN.

To understand the extent of the phototrophic dependence on the
bEPS-Fe pool during the photogranulation process, a further correlation
analysis was conducted between bEPS-Fe and various photosynthetic
pigments (Table 2). Phycobilin showed moderately stronger correlations

with bEPS-Fe (Amherst, r = —0.68; Hadley, r = —0.66) as compared to
chlorophyll a (Amherst, r = —0.56; Hadley, r = —0.55) and chlorophyll
b (Ambherst, r = —0.60; Hadley, r = —0.55). Likewise, chlorophyll a/b
and a/c were found to exhibit stronger correlations with bEPS-Fe than
chlorophyll a and b in Hadley. These results suggest that cyanobacteria
are more dependent on the bEPS-Fe pool than microalgae. Besides
cyanobacteria, a moderate correlation between chlorophyll ¢ and bEPS-
Fe also implied the reliance of diatoms on bEPS-Fe. These results are
quite similar to those for bulk-liquid Fe in this study, which suggests that
cyanobacteria and diatoms both thrive on bEPS-Fe and dissolved Fe(II)
pool under hydrodynamic operation. Previously, we conveyed cyano-
bacteria depended mostly on bEPS-Fe for growth under hydrostatic
cultivation [9].
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Heatmap representing the Pearson correlation coefficients of bEPS-Fe with produced pigments and different fractions of bEPS during the hydrodynamic batch

Table 2
cultivation.
Ambherst Hadle
Protein (PN)
Bound EPS Poly§acclla1‘1de (PS)
Humics
PS/PN -0.56 -0.61
Phycobilin -0.68 -0.66
Chlorophyll a -0.56 -0.55
Pigments Chlorophyll b -0.60 -0.55
Chlorophyll ¢ -0.52 -0.67
Chlorophyll a/b -0.72 -0.71
Chlorophyll a/c -0.59 -0.60

-1 0

—

3.4. Distribution of Fe in the photogranular system

The average whole biomass Fe of 9.4 +£0.5mg/L and 10.3
+1.3mg/L was found in Ambherst and Hadley activated sludges,
respectively. At the time of incubation, Fe content was highest in the
pellet fraction (Amherst, 86 %; Hadley, 88 %), followed by the bEPS

extract (Amherst, 11 %; Hadley, 9 %) and bulk liquid (Amherst, 3 %;
Hadley, 3 %) (Fig. 7). The pellet Fe content continued to increase over
the course of cultivation, reaching up to 89 % in Amherst and 90 % in
Hadley by Day 19. Contrarily, bEPS-Fe decreased by 3 % in Amherst and
2 % in Hadley. The bulk-liquid Fe decreased by only 0.3 % in both
cultivation sets during the entire cultivation period. Both the bulk liquid
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Fig. 7. Distribution of Fe ( %) in different fractions of photogranular biomass over the course of cultivation. Error bars represent the range of results in dupli-

cate samples.

and bEPS-Fe fractions seemed to reach steady levels during Days 11-19.
Overall, the Fe distribution was similar between the activated sludge
and photogranular biomass, i.e., pellet Fe > > bEPS-Fe > bulk-liquid Fe.
These Fe distribution trends were also found statistically similar across
the two sludges (p < 0.66).

The previous hydrostatic cultivation study revealed a similar Fe
distribution trend across the cultivation period [9]. However, the extent
of Fe reduction in the bEPS extract and the bulk liquid was much greater
under hydrostatic conditions compared to the current hydrodynamic

batches. Ansari et al. [9] reported the bEPS-Fe content decreased from
7.6 £1.5%to 1.3 £+ 0.2 %, while the bulk-liquid Fe decreased from 5.2

+ 1.9 % to 0.8 + 0.2 % during the photogranulation process under hy-
drostatic conditions. Oxic environments promote the formation of
insoluble Fe(Ill) precipitates, especially Fe(IlI) oxides in aquatic sys-
tems. The literature also shows that Fe in oxic aquatic environments
mostly exists in Fe (III)-organic complex and Fe(IIl) oxide form, with the
latter up to 60 %, in the supernatant of activated sludge membrane
bioreactor [41]. It is possible that due to the presence of shear, the rate
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Fig. 8. Impact on biomass settleability as measured by sludge volume index after 5 mins (SVIs) and 30 mins (SVI3p) (A-B). Impact on SVIs/SVI3, ratio during the
progression of photogranules is also depicted in figure C-D. Error bars represent the range of results from quadruple samples.
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of binding of newly formed Fe(IlI)-organic complexes or precipitates to
bEPS is greater than the rate of consumption of bEPS associated Fe(III)
pool, thereby impacting the accessibility of Fe. This might suggest why
utilization (decrease) of Fe in both the bulk liquid and bEPS fractions is
not as high as that seen in hydrostatic cultivation.

3.5. Biomass settleability and Fe

The sludge volume index (SVI, mL/g) was determined to understand
the impact on biomass settleability during the photogranulation process
(Fig. 8(A-B)). The mixed photogranular biomass in Amherst showed a
decreasing SVI over the course of cultivation. It decreased to 129 + 64
and 89 + 50 mL/g after 5 min and 30 min of settling time, respectively,
by the end of the cultivation period. No statistical difference was seen
between the SVI5 and SVI3g trends of the Amherst system (p < 0.18).
Decreasing SVIs and SVI3q trends also occurred in Hadley, and they were
statistically different from each other (p < 0.03). The undiluted acti-
vated sludge, which was collected from the WWTP for the batch oper-
ation, showed SVI3 in the range of 315-375 mL/g and 215-300 mL/g in
Ambherst and Hadley, respectively. This shows that produced photo-
granular biomass has much greater settleability compared to their
activated sludge inoculums.

The extent of OPG formation was also investigated by analyzing the
SVI5/SVIgg ratio (Fig. 8 (C-D)). According to the literature, granule-
based systems exhibit an SVI5/SVIgp ratio nearer to 1 since approxi-
mately all of the granular biomass settle by 5 min [42]. The SVI5/SVI3,
initially increased from 1.3 to 2.4 in Amherst during Days 0-4. In
contrast, Hadley showed an initial decrease from 3 to 2.1 and later an
increase up to 2.7 by Day 4. This increasing SVIs/SVIsg ratio is due to the
higher rate of activated sludge degradation than the photogranulation
during this time period. The SVI5/SVIg ratio started to decrease from
Day 4 onwards reaching ratios as low as 1.5 and 1.3 in Amherst and
Hadley, respectively. These results support the earlier microscopic ob-
servations that depict the increase in size and formation of OPGs after
Day 4 in both Amherst and Hadley batches.

The relationships between the Fe content and biomass settleability
were then examined (Table 3). The bEPS-Fe pool exhibited strong pos-
itive correlations with both SVI5 (Amherst, r = 0.74; Hadley, r = 0.89)
and SVI3p (Amherst, r = 0.76; Hadley, r = 0.86) during the course of
batch operation. During the same time period, the dissolved bulk-liquid
Fe showed moderate to strong positive correlations with SVI5 (Amherst,
r = 0.36; Hadley, r = 0.82) and SVI3y (Amherst, r = 0.55; Hadley,
r = 0.82). These findings reflect comparatively weaker correlation
strength between dissolved bulk-liquid Fe and SVI in contrast to bEPS-Fe
and SVI. The positive correlations between the bEPS-Fe pool and SVI
indicate a strong influence of phototrophic growth, especially cyano-
bacteria, on the promotion of granular settleability. The SVIs/SVI3, ratio

Table 3
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also showed a moderately positive correlation with different Fe fractions
in Hadley. The correlation between SVIs/SVI3y and bEPS-Fe and dis-
solved Fe became positive in Amherst from Day 8 onwards (bEPS-Fe,
r = 0.25; Dissolved Fe, r = 0.87).

Unlike bEPS-Fe and the dissolved bulk-liquid Fe, the colloidal bulk-
liquid Fe pool showed weak to moderate negative correlations with
both SVI5 (Amherst, r = —0.60; Hadley, r = —0.46) and SVI3o (Amherst,
r = —0.54; Hadley, r = —0.25). Besides the colloidal pool, pellet Fe
fraction also exhibited negative correlations with SVIs (Ambherst,
r = —0.38; Hadley, r = —0.78) and SVI3g (Amherst, r = —0.47; Hadley,
r = —0.77) during the course of photogranulation. According to Juang
et al. [43], the accumulation of Fe precipitates (in the form of Fe
phosphates and oxides) in the granule leads to enhanced structural
stability. Other studies have also reported that the presence of Fe pre-
cipitates increased the size, stability, and settling velocities of aerobic
and anaerobic granules [44,45]. It was observed that the presence of Fe
(II1) oxides/oxyhydroxides in hydrostatic cultivation mostly resided
within the photogranular biomass [9]. In this study, the oxic environ-
ment is also expected to encourage the formation of Fe(III) oxide, which
will continue to accumulate in photogranular biomass over time and
promote biomass settleability. The biomass-bound EPS PS/PN also
demonstrated a negative correlation with SVIs (Amherst, r = —0.61;
Hadley, r = —0.62) and SVI3y (Amherst, r = —0.59; Hadley, r = —0.42).
Overall, these results imply that the photogranular stability in hydro-
dynamic batches is dependent upon the growth of the cyanobacterial
community and the presence of potential Fe precipitates within the
formed OPGs.

4. Conclusions

From the initial incubation of activated sludge to the formation of
OPGs, this study presents how the fate and dynamics of Fe may influence
the progression of photogranulation under the hydrodynamic batch
conditions. A sharp Fe release in the bulk liquid was associated with the
earlier development of anaerobic conditions. This released Fe rapidly
decreased and reached steady levels of 0.261 + 0.006 and 0.265
+ 0.011 mg/L in Amherst and Hadley, respectively, during the last
stages of cultivation. The fate and dynamics of Fe oxidation states [Fe(II)
and Fe(II)] as well as the size fraction of bulk liquid Fe (dissolved and
colloidal) also seemed to impact the photogranulation with dissolved Fe
(II) being the limiting available Fe. Moreover, the Fe/DOC ratios
decreased in the bulk liquid fractions to the average of 0.042 + 0.001
(dissolved) and 0.0075 + 0.0025 (colloidal), which is known to impact
the availability of Fe. Besides bulk liquid Fe, the extracted bEPS-Fe pool
decreased by more than 70 % in both sludges, after which it reached a
plateau and OPGs started to appear. A strong negative correlation
existed between bEPS-Fe and phototrophic growth especially

Heatmap depicting the Pearson correlation analysis of sludge settling index (SVI) with different Fe fractions.
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cyanobacteria. Finally, the highest Fe content resided in the pellet
fraction ¢ 90 %), followed by the extracted bEPS (~ 8 %) and bulk liquid ¢
2 %) in the photogranular system. These findings exhibit similarities in
the photogranulation phenomenon between the batch hydrodynamic
and the previously reported hydrostatic cultivation. It can, therefore, be
concluded that the progression of photogranulation is accompanied with
the growing limitation of available Fe pool irrespective of static or hy-
drodynamic cultivation conditions.

It will be interesting to examine in future studies how pellet Fe
fraction changes with an increase in photogranular size. Future studies
can also focus on ecology, genomic and proteomics analysis to better
understand the distribution/abundance of microbial communities in
batch hydrodynamically-produced OPGs, the genes associated with Fe
storage and limitation, and whether these protein expressions are active
or not, respectively. The current study establishes Fe as a major player in
influencing cyanobacterial physiology and ultimately the formation of
photogranulation. Continued investigations on the role of Fe are ex-
pected to enhance our fundamental knowledge of the photogranulation
phenomenon. The acquired knowledge will make a significant contri-
bution in promoting the successful production of OPGs and the design of
an effective OPG-based wastewater treatment technology.
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