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Abstract: The use of aerobic granular sludge (AGS) for wastewater treatment has emerged as a
promising biotechnology. A sodium alginate nucleus (SAN) incorporated into the AGS system can
enhance aerobic granulation. Two important parameters influencing AGS formation and stability
are the organic loading rate (OLR) and C/N ratio. In this study, AGS containing the SAN was
cultivated under different OLR and C/N ratios. Through morphological analysis, physicochemical
properties, and water quality analysis, the effects of the OLR and C/N ratio on the rapid formation
and performance of AGS containing the SAN were investigated. The results showed that the most
suitable OLR and C/N ratio in the SAN system were 1.4–2.4 kg/(m3·d) and 10–15, respectively. A
recovery experiment of sodium alginate (SA) showed that the group that formed AGS generally had
a higher recovery efficiency compared with the group that did not form granular sludge. This work
explored the suitable granulation conditions of AGS containing the SAN, and the results provide a
theoretical basis for future practical applications. The recycling of SA as presented in this study may
broaden the application prospects of SA.

Keywords: sodium alginate nucleus; aerobic granular sludge; organic loading rate; C/N ratio;
formation; performance

1. Introduction

As one of the most promising biological wastewater treatment technologies, aerobic
granular sludge (AGS) has received considerable attention [1–3]. Studies have confirmed
that AGS technology exhibits many advantages compared with the conventional activated
sludge process, including high settling velocity, high biomass retention, strong microbial
structure, simultaneous removal of nitrogen and phosphorus, high tolerance to toxicity,
and good ability to handle high organic loading rates (OLRs) [1,2,4]. Consequently, in
addition to treating municipal wastewater, AGS has been successful in treating a wide
variety of industrial wastewater as well [1,4,5]. However, its widespread application is
hampered by several technical bottlenecks, such as a long granulation cycle, complex
granulation conditions, and the uncertainty in stable operation and good treatment effects
after granulation [1,6]. In addition, the OLR and carbon to nitrogen (C/N) ratio play
important roles in the formation and stability of aerobic granules during the granulation
process [6,7]. Therefore, it is imperative to explore a cultivation method that can quickly
form AGS and maintain its stable structure and performance, with the overarching goal of
broadening the application of AGS.
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Sodium alginate (SA), a naturally occurring polyanionic polysaccharide derived from
marine brown algae, is composed of a sequence of 1–4 glycosidic linkages connecting
blocks of α-L-guluronic acid (G) and β-D-mannuronic acid (M) monomers [8]. Because
of its biocompatibility, SA promotes biological adhesion and can be converted into a
stable gel state with strong adhesive properties towards microbes [9–11]. This suggests
its potential use as a nucleation site for sludge formation and microbial attachment to
facilitate the development of granular sludge structures [12]. In our previous study [13],
the rapid formation of AGS was realized through the preparation of a sodium alginate
nucleus (SAN), which resulted in the formed AGS having good sedimentation performance
and pollutant removal ability. However, that study mainly focused on the feasibility and
mechanism of a SAN to cultivate AGS, ignoring the influence of operational parameters
on the formation and performance of AGS, which is the focus of this study. It should be
noted that AGS formation, characteristics, and stability are affected by the OLR. Moy et al.
suggested that AGS was irregularly shaped and had folds, depressions, and crevices at a
high OLR of 9 kg COD/(m3·d) [14]. Similarly, Corsino et al. found that at a high OLR of
7–15 kg COD/(m3·d), the formed AGS was characterized by filamentous structures and a
black-colored core [15]. However, low or fluctuating OLRs can cause filamentous bacteria to
proliferate within granules, leading to loose and porous granular structures [6]. It has been
reported that filamentous bacteria proliferate when the OLR is too low, resulting in loose,
porous structures and ultimately deteriorating the stability of the AGS structure [14,16].
Meanwhile, given the lack of nutrients, the biological activity in the reactor is low, and thus,
sewage treatment efficiency cannot be guaranteed. However, although AGS is formed at a
high OLR, it easily loses its stability under high OLRs [3,6,17,18]. This may be attributed to
the fact that a high OLR accelerates the metabolism and excessive secretion of extracellular
polymers (EPS), which changes the ratio of protein (PN) to polysaccharides (PSs) in the
extracellular polymers [1,17]. Overall, the above studies have demonstrated that the OLR
is one of the most important parameters affecting AGS.

One of the main challenges for AGS application is that its long-term stability is affected
by several factors, such as C/N. Zhang et al. found that large granules, with a size of
650 µm and compact structure (integrity coefficient < 0.1), had a lower C/N influent
compared with disintegrated granules with a high influent C/N [19]. Studies have also
suggested that by reducing C/N, it would be possible to enrich nitrifying bacteria and
increase their tolerance to high ammonia levels [20,21]. However, when operating for a
long period of time, extremely low C/N wastewater would cause the granular structure to
collapse [6,22]. Despite the fact that a high or low C/N is unfavorable for AGS formation,
low-C/N wastewater (less than 1) with high ammonia nitrogen levels can still be treated
with matured AGS that maintains good structural stability and denitrification ability despite
high concentrations of ammonia nitrogen [23]. Because of its unique layering structure, AGS
can easily undergo simultaneous nitrification and denitrification inside granular sludge
under high levels of dissolved oxygen (DO), thereby effectively reducing the demand for
carbon sources [6]. Notably, this feature of AGS gives it broad application prospects in
the treatment of sewage with a low C/N ratio [24–26]. Therefore, we hypothesize that
two operational parameters (the OLR and C/N) can further affect the rapid formation and
performance of AGS driven by the SAN.

In the present study, different OLRs and C/N ratios were designed, and then their
effect on the rapid formation of AGS in a SAN system was explored. Based on the previous
study [13], the optimal dosage of the SAN was put in a sequencing batch reactor (SBR),
followed by monitoring the properties and performance of AGS, including the granular
morphological structure, EPS content, and water quality. To better realize practical applica-
tions, the recovery efficiency of sodium alginate (SA) was also analyzed. It is expected that
our findings will provide a theoretical basis for future practical applications of the SAN.
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2. Materials and Methods
2.1. Preparation of the Sodium Alginate Nucleus (SAN)

The SAN was prepared by cross-linking a CaCl2 solution (20 g/L) and SA (20 g/L,
chemically pure, Xilong Scientific, Shantou, China). A magnetic agitator (78-1, Dingxinyi
Instrument, Shenzhen, China) was used to complete the cross-linking reaction (see the
previous study [13] for details). A SAN with a certain mechanical strength and a spherical
shape was prepared through the hydraulic shear force generated by the liquid-swirling
flow. The prepared SAN was soaked in pure water for 12 h, dried at 40 ◦C for 18 h, and
then weighed.

2.2. Batch Experiment

This study used nine groups of identical SBRs (5 × 75 cm) with a 1 L working volume
(Figure 1). The reactors were operated with a cycle of 24 h, including a feeding phase
(5 min), aeration phase (23 h), settling phase (5 min), discharge phase (5 min), and an
idle phase (45 min). The temperature of the reactors was controlled at around 25 ◦C,
and peristaltic pumps (DIPump 550, Kamoer Fluid Tech, Shanghai, China) were used to
discharge effluent from the 500 mL scale line of the reactor with a volumetric exchange ratio
of 50%. During the aeration phase, an airflow rate of 1.5 cm/s was set to provide the DO
and hydraulic shear force through the aeration device located at the bottom of the reactor.
Flocculent sludge with poor settling performance was removed during the setting phase.
In addition, the dosage of the SAN was controlled at 0.06 g/L, as reported previously [13].
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Figure 1. Schematic diagram and operation cycle of the SBR.

A two-phase experiment was conducted in this study. In phase 1 (P1), synthetic piggery
flushing wastewater with different OLR values (0.8–1.0 kg/(m3·d), 1.4–1.6 kg/(m3·d),
2.2–2.4 kg/(m3·d), 2.8–3.0 kg/(m3·d), and 5.5–6.0 kg/(m3·d)) was added into the five
groups of reactors (labeled P1-R1, P1-R2, P1-R3, P1-R4, and P1-R5). In phase 2 (P2),
four groups of reactors (P2-R1, P2-R2, P2-R3, and P2-R4) with different C/N ratios were
designed. The C/N ratios were 10 ± 1, 15 ± 2, 25 ± 2, and 30 ± 3, respectively. The P1
experiment and the P2 experiment were performed in triplicates for replication purposes.

2.3. Seed Sludge and Wastewater Characteristics

Inoculated sludge was sourced from the Wanzhou Wastewater Treatment Plant in
Chongqing, China. Dark brown in color, the seed sludge was loose and flocculent. The sludge
volume index (SVI30), the concentration of mixed liquor suspended solids (MLSSs), and the
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specific oxygen uptake rate (SOUR) were 160 mL/g, 1 g/L, and 13.61 mg O2/(g MLVSS·h),
respectively. The PN and PS content were 8.064 mg/g MLSS and 4.410 mg/g MLSS, respectively.

The synthetic piggery flushing wastewater was prepared before each experiment. The
detailed composition is shown in Table 1 according to some typical flushing wastewater
collected from breading pig farms [27–29]. Anhydrous sodium bicarbonate was also used
as a buffer, adjusted to a pH of 7–7.5. The buffer was used to ensure higher biological
activity and increase the operational stability of the AGS [15]. Ammonium chloride was
used as the main nitrogen source, whereas monopotassium phosphate was applied as
the only phosphorus source. It was previously reported that calcium chloride (Ca2+)
and magnesium sulfate (Mg2+) can promote AGS formation and structural stability by
bridging and neutralizing negative charges to reduce electrostatic repulsion [30]. Therefore,
111 mg/L CaCl2 and 260 mg/L MgSO4 were added to the synthetic wastewater. The
concentration of chemical oxygen demand (COD) with glucose, yeast, and anhydrous
sodium bicarbonate as the carbon source in P1 and P2 was 900–6000 and 1250 mg/L,
respectively. In addition, the concentration of NH4

+-N was 70 and 44–110 mg/L and
total nitrogen (TN) was 80 and 50–130 mg/L in P1 and P2, respectively. However, total
phosphorus (TP) was 11 mg/L in P1 and P2.

Table 1. The synthetic piggery flushing wastewater.

Ingredients
Concentration (mg/L)

P1 P2

C6H12O6 600–4800 1000
NH4Cl 250 154–385

KH2PO4 50 50
NaHCO3 750 450–1150

CaCl2 111 111
MgSO4 260 260
EDTA 21 21
Yeast 100 100

ZnSO4·7H2O 0.12 0.12
H3BO3 0.11 0.11

CuSO4·5H2O 0.05 0.05
MnCl2·4H2O 0.12 0.12

CoCl2 0.17 0.17
H8MoN2O4 0.1 0.1
FeSO4·7H2O 0.16 0.16

2.4. Analysis Methods

COD, NH4
+-N, TN, TP, SVI30, MLSSs, and mixed liquid volatile suspended solids

(MLVSSs) were measured according to standard methods [31]. The settling velocity of AGS
was measured according to the static sedimentation method. Briefly, the selected sludge
was allowed to settle in a measuring cylinder labeled as the distance marker. The settling
distance of the AGS interface after t min was monitored. Sludge particles were randomly
collected and washed three times, and the particle size distribution (PSD) of AGS was
determined using ImageJ (Version 1.50b) software. A mature AGS was randomly selected
from each reactor for pretreatment and then placed under a scanning electron microscope
(SEM, Zeiss Sigma 300, Carl Zeiss AG, Oberkochen, Germany) for microscopic examination.

The DO concentration was measured using a DO meter (HACH HQ30d, Hach Com-
pany, Loveland, CO, USA). Next, the DO time was plotted to obtain the OUR (mg O2/h)
based on the slope. SOUR (mg O2/(g MLSS·h) or mg O2/(g MLVSS·h) was calculated as in
Equation (1).

SOUR =
OUR
MLSS

or SOUR =
OUR

MLVSS
(1)

where SOUR represents the specific oxygen uptake rate, mg O2/(g MLSS·h) or mg O2/(g
MLVSS·h); OUR represents the oxygen uptake rate, mg O2/(L·h); MLSS represents the
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concentration of the mixed liquor suspended solids, g/L; and MLVSS represents the
concentration of the mixed liquid volatile suspended solids, g/L.

The EPS was extracted using the modified centrifugation method for subsequent
characterization. The PN content in the extracted EPS was determined using the Coomassie
brilliant blue staining method, and PS was measured using the anthrone–sulfuric acid
method. The PN and PS contents were then measured using a UV spectrophotometer
(HACH DR6000, Hach Company, Loveland, CO, USA) at 595 nm and 575 nm, respectively.
The details of EPS extraction and analysis were presented in a previous study [13].

3. Results and Discussion
3.1. The Effect of Different OLRs on AGS
3.1.1. Morphological Changes in AGS under Different OLRs

On the seventh day of granulation, AGS was observed in some groups but exhibited
different morphologies in the different OLR systems. In the P1-R1 group, AGS dominated
in the reactor without flocculent sludge, and the sludge particles had clear edges, uniform
particle size, and dense surfaces. The granulation was the best among the five groups. In
the P1-R2 group, most were granular sludge, with a small amount of flocculent sludge.
The group had a good granulation effect. The results indicated that activated sludge
can be granulated rapidly in a short time (7 days) with a lower OLR (<1.6 kg/(m3·d)).
The proportions of granular sludge and flocculent sludge in the P1-R3 group were about
half each, and the granulation decreased with an increase in the OLR. Granular sludge
accounted for a relatively small amount (lower than 20%) in the P1-R4 and P1-R5 groups.
However, there was granular sludge with clear edges and large particle size in the P1-R5
group, which could have resulted from the sludge that had accumulated on the inner wall
of the reactor, and not the AGS with SA as the nucleus. In addition, the effluent of the
reactor was turbid. The results indicated that a high OLR was not suitable for the rapid
formation of granular sludge, which may be attributed to the fact that microorganisms
produced a large number of organic acids under high organic loading, thereby promoting
the reproduction of filamentous bacteria [32]. Consequently, excessive filamentous bacteria
had difficulty adhering to the surface of the SAN [13]. Moreover, some filamentous bacteria
grew from the inside of AGS, thereby destroying the sphere structure and stability of the
AGS, and ultimately causing the disintegration of the AGS [6,33]. Notably, our results were
consistent with previous studies. For example, one study found that once AGS grew larger,
it became unstable because of filamentous microbial growth [18]. In addition, Chen et al.
revealed that when filamentous bacteria predominated in granules, excessive filaments
disrupted the structural integrity [34], leading to granule fragmentation.

Because of the low granulation of sludge (granulation rate < 20%) in the P1-R4 and
P1-R5 groups, the micromorphology of the AGS focused on the other three groups. Figure 2
shows the SEM results of the AGS in the P1-R1, P1-R2, and P1-R3 groups. The results
showed that the inside of the granules had rich biological species with different morpholog-
ical features, including rod-shaped, spherical, and filamentous morphologies. The P1-R1
group, with the lowest OLR, was dominated by rod-shaped and spherical bacteria, without
free filamentous bacteria (Figure 2a), and the surface of the AGS was dense and full. This
may be attributed to the presence of cocci and bacilli cells, which compacted the granular
surface [13,33]. Free filamentous cells occurred on the surface and inside of the AGS in
P1-R2 (Figure 2b), with the proportion of bacilli and filamentous cells each accounting for
about 50%. The density of the AGS cultured in this group was lower than that in the P1-R1
group, the cell structure was relatively loose, and part of the structure was connected by
the bridging and netting of filamentous bacteria. This result was consistent with previous
studies, which indicated that bacteria with filamentous structures can serve as skeletons for
free cells by bridging and trapping them [13,35]. In addition, bivalent metal ions (Ca2+ and
Mg2+) can be combined with EPS secreted by microbes to form EPS–Ca2+(Mg2+)–EPS bridge
structures, allowing for the interconnection of microbial cells with inorganic substances [13].
There were a lot of cavities in the AGS in P1-R3 (Figure 2c). Both the looseness degree
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of particles and the proportion of filamentous bacteria further increased, and this might
be an advantage to mass-transfer metabolites, nutrients, and oxygen within large-sized
granules [36]. With an increase in the OLR, the proportion of filamentous bacteria in AGS
increased, whereas the sludge particles tended to loosen. Based on the analysis of the SEM
results, a low OLR was more conducive to the rapid formation of AGS with a compact
structure. In contrast, the excessive growth of filamentous cells resulted in the continuous
breakage of granules, finally causing the failure of granulation under a high OLR (above
2.8 kg/(m3·d)).
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3.1.2. Physicochemical Properties of AGS under Different OLRs

Based on Figure 3a, it was evident that the MLSS concentration in the P1 system
showed an overall upward trend with the increase in the OLR, which may be ascribed
to the sufficient carbon source. It is well known that biological activity and reproductive
rate are positively correlated with nutrients. Figure 3b shows that the settling velocity of
sludge particles in each system gradually decreased with the increase in the OLR, which
was opposite to the MLSS concentration. This may be attributed to the intensified friction
between the particles with the increased MLSS concentration [37]. Although the settling
velocity was obviously negatively correlated with the OLR and the sludge concentration,
especially in the P1-R1, P1-R2, and P1-R3 groups, they still maintained excellent sedi-
mentation performance. Notably, the settling velocity could reach 45 m/h, 35 m/h, and
30 m/h, respectively. In addition, the fast-settling bacteria stayed in the reactor, whereas the
poorly settling flocs were washed out, thereby enhancing granulation [6,38]. Therefore, the
granulation effect in the P1-R1, P1-R2, and P1-R3 groups was better. In summary, it was ev-
ident that mature AGS could be quickly cultivated under a lower OLR (0.8–2.4 (kg/m3·d))
with the addition of a SAN, and the AGS had better sedimentation performance and com-
plete structure. On the other hand, an excessively high OLR (≥5.5 kg/(m3·d)) would cause



Water 2024, 16, 1336 7 of 17

excessive growth of microorganisms, especially filamentous bacteria that are not conducive
to sludge aggregation and AGS cultivation.
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When the OLR increased from 0.8 to 2.4 kg/(m3·d), there was an increase in the
proportion of large granules and their average particle size (Figure 4). The results showed
that the average particle size of the P1-R1 group was about 1.2 mm, the particle size
of the P1-R2 group was concentrated around 1.6 mm, and the average particle size in
the P1-R3 group rose to about 2.3 mm. Combining the AGS formation results, it was
found that the higher the OLR, the larger the granules formed, and thus, it was not
beneficial to granulation. This may be due to the growth of the anaerobic core inside
the granules. Previous studies have demonstrated that there was a maximum depth of
500 µm to which DO could penetrate [39,40]. Moreover, the granular strength and cohesion
between cells decreased with the appearance of anaerobic cores [18], which could result
in the disintegration of granules. This study found that granule particle sizes gradually
increased with an increasing OLR, resulting in large granules becoming unstable, and AGS
stability was adversely affected, which was consistent with previous studies [13,32,41].

The EPS of the sludge was measured in the P1-R1, P1-R2, and P1-R3 groups on the
fifth day (granulation period), tenth day (mature period), and fifteenth day (aging period),
and the obtained results are shown in Figure 5. The EPS content of each group showed
a rising trend between the 5th day and the 10th day, and then it exhibited a decreasing
trend in the following period. As a result of the microorganisms secreting EPS during the
granulation process, AGS formation was promoted [42–44]. However, after the mature
period, AGS secreted less EPS. This may be due to the limitation of sludge discharge and
the proliferation of microorganisms, which caused the DO concentration to decrease and
resulted in an insufficient carbon source. The former led to a reduction in microbial activity
and EPS secretion, whereas the latter led to the consumption of EPS as energy supply by
microorganisms, which also caused a decrease in the EPS content.

During each period, the EPS content showed an upward trend with the increase in
the OLR. In addition, it was found that the effect of the OLR on the PS content was more
significant than that on the PN content. With an increase in the OLR, the PS content, which
has a large number of hydrophilic groups [43,45], increased significantly, whereas the PN
content, which is mainly hydrophobic amino acids [43,45], was less affected. Therefore,
PN/PS showed a downward trend as the OLR increased and the hydrophilicity of the
sludge increased. This result was consistent with the shape characteristics of granular
sludge with a larger particle size and a looser surface. Collectively, the results demonstrated
that a high OLR promoted the secretion of PS and the PN/PS in AGS showed a downward
trend and destroyed the hydrophobicity and surface electronegativity, which was consistent
with the findings of a previous study [17]. Therefore, it was more difficult to gather and
adsorb on the SAN, which caused the bacterial micelles to disintegrate and degenerate
into loose sludge. In summary, in the granulation range, a lower OLR (0.8–2.4 kg/(m3·d))
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was more conducive to the rapid formation of stable AGS with uniform particle size and
compact structure.
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varying OLRs.

3.1.3. Overall Performances during the Granulation Period under Different OLRs

Figure 6a shows the COD removal efficiency of different OLRs. The COD removal
efficiency in the P1-R5 group was the worst, at only about 60%. When the OLR was below
3.0 kg/(m3·d), the COD removal efficiency improved significantly, where the average
removal efficiency rose by 30%. However, when the OLR was as low as 0.8 kg/(m3·d)
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(P1-R1), the COD removal efficiency decreased. These results suggested that a too low
or a too high OLR would have an adverse effect on COD removal efficiency. Iorhemen
and Liu reported that high organic carbon sources inhibited the substrate utilization of
microorganisms, and too low OLRs also inhibited the activity of microorganisms [3]. In
addition, results showed that the COD removal efficiency was relatively stable and reached
its best when the OLR was in the range of 1.4–2.4 kg/(m3·d).
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Figure 6b shows the NH4
+-N removal efficiency of different OLRs. The OLR had

an impact on the NH4
+-N removal efficiency during the adaptation period. The results

revealed that the overall NH4
+-N removal efficiencies in the P1-R3 and P1-R4 groups were

stable at 85–95%, whereas the NH4
+-N removal efficiencies in the P1-R1, P1-R2, and P1-R5

groups were low (50–70%), which may be because the OLR was too low. Although AGS
was formed, the nutrient substrate was insufficient, which lowered the microbial activ-
ity. Moreover, considering that nitrifying bacteria are chemoautotrophic microorganisms,
excessively high OLR conditions enhance the growth and reproduction of heterotrophic
bacteria in large numbers because they are able to compete with nitrifying bacteria for
nutrients [46]. Consequently, nitrifying bacteria cannot become the dominant species, and
thus, the nitrification is limited, thereby resulting in a poor NH4

+-N removal efficiency. In
addition, given that the OLR had almost no effect on the NH4

+-N removal efficiency during
the mature period, the five groups could reach about 90% efficiency. The reason may be
that the nitrifying bacteria accumulated sufficiently, and the substrate was no longer the
main factor limiting the nitrification.

Figure 6c shows the TN removal efficiency of different OLRs. During the adaptation
period, the TN removal efficiencies in the P1-R2 and P1-R3 groups were stable and great.
This may be ascribed to the anoxic/anaerobic zones inside the AGS [47,48], which resulted
in excellent denitrification performance [49]. It is worth noting that the TN removal
efficiency in P1-R5 was the best, which may be due to the fact that a high OLR was
beneficial to the denitrifying bacteria [50]. In the high OLR system, the sludge particles
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shed from the inner wall of the reactor, thereby resulting in a micro-local DO gradient,
which improved the efficiency of the denitrification process. In addition, during the mature
period, the TN removal efficiency in the P1-R5 group decreased, whereas the other groups
exhibited an upward trend. This may be attributed to the slower but more stable AGS
granulation and maturation. Simultaneously, the aging and disintegration were slower,
which was conducive to longer-term and stable water treatment. Overall, these results
suggest that the OLR in the range of 2.2–2.4 kg/(m3·d) was more conducive to sludge
granulation and denitrification performance.

Figure 6d shows the TP removal efficiency of different OLRs. TP removal efficiency
was significantly affected by the OLR, showing a rising trend with an increase in the OLR.
In the P1-R1 group, the TP removal efficiency was only 25%, whereas in the P1-R5 group,
the TP removal efficiency rose to 80%. This may be attributed to the high biological activity
provided by sufficient carbon sources; thus, the full reaction took place and achieved high-
efficiency TP removal. It is worth mentioning that the TP removal efficiency decreased in
the later stage. The reasons were as follows: (1) during the experiment, there was almost no
sludge discharge from the reactors; therefore, TP adsorbed on the sludge was not removed
in time, thereby resulting in poor TP removal efficiency; (2) in the later stage, the DO was
insufficient, part of the sludge was disintegrated, and phosphorus was released; thus, the
TP removal efficiency was reduced. Although phosphorus can be removed via precipitation
with Ca2+ and Mg2+, the pH values of all reactors were controlled at 7.0–7.5, resulting in
the ignorance of chemical phosphorus removal.

3.2. The Effect of Different C/N Ratios on AGS
3.2.1. Morphological Changes in AGS under Different C/N Ratios

Figure 7 shows the AGS formation in the four groups of different C/N systems by the
seventh day. In the P2-R1 and P2-R2 groups, almost all were yellow AGS, with no flocculent
sludge, and the sludge particles had clear edges, uniform particle size, and dense surfaces.
In addition, the effluent was clear. In the P2-R3 group, the proportions of light yellow AGS
and flocculent sludge were about half each, and the sludge particle size was uneven. In the
P2-R4 group, the system was dominated by flocculent sludge, and the effluent was turbid.
These results indicated that a high C/N ratio was not suitable for the formation of granular
sludge. Notably, the reason is the same as that described in the previous section, where
high C/N promoted the reproduction of filamentous bacteria [32], which destroyed the
sphere structure and stability of the AGS and caused the disintegration of the AGS [33].
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varying C/N ratios.

According to the granular rate of each group, the micromorphology of AGS was only
studied in the two groups with C/N ratios of 10 ± 1 and 15 ± 2. Figure 8 shows the
SEM results of the AGS in the P2-R1 and P2-R2 groups. The granules also had various
microbes inside, including rod-shaped, spherical, and filamentous morphologies. The
difference in the sludge extracted in the two systems was small. The content and distri-
bution of filamentous cells were less affected by C/N: when C/N was controlled by the
NH4

+-N concentration, and the organic matter content remained unchanged. Based on the
results, it was evident that the suitable C/N ratio for rapid granulation was within the range
of 10–15.
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3.2.2. Physicochemical Properties of AGS under Different C/N Ratios

Figure 9 shows that the MLSS concentration and settling velocity in the P2-R2 group
were the highest in each group, indicating that the microbial activity and the ability to form
AGS in P2-R2 were better than in the other groups. When C/N decreased, excessively
high free ammonia concentration would inhibit microbial activity [51], thereby causing
a drop in the MLSS concentration. Using a higher C/N, the activity and reproduction of
microorganisms were significantly reduced because of the insufficient nitrogen source for
the synthesis of cell proteins, thereby resulting in the obstruction of sludge accumulation.
Figure 9b shows that the settling velocity of sludge particles in the P2-R1 group was about
35 m/h compared with 40 m/h in the P2-R2 group. Although there was a certain drop, it was
still far better than traditional flocculent-activated sludge, which indicated the superiority of
granular sludge in terms of sedimentation performance. Altogether, these results suggested that
mature AGS could be quickly cultivated under lower C/N (C/N = 10–15) with the addition
of the SAN, and the AGS had better sedimentation performance and complete structure.

Figure 10 shows the particle size of AGS with a high granular rate and the initial SAN
size. The average particle size of the P2-R1 group was about 1.9 mm, whereas the particle
size of the P2-R2 group was concentrated around 1.3 mm. The results indicated that a C/N
in the range of granulation (10–15) had little effect on the granulation. Therefore, both
systems realized the efficient formation of AGS and maintained the stability of the AGS
structure during operation. According to Zhou et al., AGS stability was adversely affected
by the large size of granules [52], which explained the uniformity in the particle size and
the excellent sedimentation performance in the P1-R2 group.

The EPS of the sludge was measured in the P2-R1 and P2-R2 groups on the fifth day
(granulation period), tenth day (mature period), and fifteenth day (aging period), and the
obtained results are shown in Figure 11. The EPS content of each group showed a rising
trend between the 5th day and the 10th day, and then it exhibited a decreasing trend in the
following period, which was similar to the OLR result. In addition, during each period,
C/N in the range of granulation had no significant effect on the EPS content and PN/PS.
The EPS content and PN/PS in the P2-R2 group were slightly higher, which was consistent
with the granulation and particle size results. It is worth noting that as C/N increased, PN,
which is mainly hydrophobic amino acids, increased, whereas PS (with a large number of
hydrophilic groups) was almost unaffected. Notably, this result was opposite to that of
the OLR, which may be explained by the fact that C/N was only adjusted according to
the nitrogen source without changing the carbon source. It was found that excessive free
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ammonia limited the aggregation of functional microbes and could reduce the secretion of
PN, which was consistent with previous studies [53]. Taken together, these results suggest
that, in the granulation range (C/N = 10–15), a higher C/N was more conducive to the
formation of stable AGS.
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Figure 11. Variation in PN and PS contents in P2-R1 and P2-R2 groups during granulation with
varying C/N ratios.

3.2.3. Overall Performances during the Granulation Period under Different C/N Ratios

The COD removal efficiency of different C/N ratios is shown in Figure 12a. During
the granulation period, the COD removal efficiency in the P2-R1 and P2-R2 groups was
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about 60–65%, and the efficiency rose to about 80% during the mature period, which was
higher than the P2-R3 and P2-R4 groups. The results indicated that a too high C/N ratio
would have an adverse effect on COD removal efficiency. High organic carbon sources
hindered AGS granulation and inhibited substrate utilization by microorganisms [3]. Based
on the results, the COD removal efficiency was the best when C/N was in the range
of 10–15.
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efficiency, and (d) TP removal efficiency under varying C/N ratios.

Figure 12b shows the NH4
+-N removal efficiency of different C/N ratios. It was

evident that the removal efficiency of the lower C/N group (P2-R1 and P2-R2) was signifi-
cantly better than that of the higher C/N group (P2-R3 and P2-R4). Moreover, NH4

+-N
removal efficiency was best when C/N was about 15, which could reach more than 95%.
This may be attributed to the fact that excessively high free ammonia concentration in-
hibited the activity of nitrifying bacteria [54], thereby resulting in a decrease in NH4

+-N
removal efficiency, which was consistent with a previous study [55]. In addition, Liu et al.
revealed that nitrifying bacteria cannot become the dominant species under a too high
C/N ratio [46]. Therefore, nitrification was limited, ultimately resulting in poor NH4

+-N
removal efficiency.

The TN removal efficiency of different C/N ratios is shown in Figure 12c. Given the
insufficient nitrogen source during the adaptation period, the development of AGS was lag-
ging, and the TN removal efficiency was low in the P2-R1 and P2-R2 groups. However, as
the granulation and particle size increased during the mature period, the anoxic/anaerobic
zone inside the AGS increased [47,48], which enhanced the denitrification, and, eventu-
ally, the TN removal efficiency increased to 70–80%. In addition, the higher C/N group
(P2-R3 and P2-R4) provided a sufficient carbon source for denitrification [50], and thus, the
TN removal efficiency was better than in the lower C/N group (P2-R1 and P2-R2) in the
adaptation period. However, from the mature period, it remained stable, with a difference
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of less than 10%. In conclusion, these results indicated that C/N in the range of 10–15 was
more conducive to sludge granulation and denitrification performance.

Figure 12d shows the TP removal efficiency of different C/N ratios. The results
indicated that the overall TP removal efficiency was poor during the experiment, and the
TP removal efficiency was higher in the P2-R1 and P2-R2 groups compared with the P2-R3
and P2-R4 groups. The insufficiency of DO and the inability to discharge sludge were
the main reasons [56]. Furthermore, when C/N was in the range of 10–15, the biological
activity and the granulation were excellent; therefore, the adsorption performance and
the microbial assimilation ability were better than those of the P2-R3 and P2-R4 groups.
Collectively, these results suggest that the TP removal efficiency was better when C/N
was 10–15.

3.3. Recyclability Analysis

The high-temperature sodium carbonate method was used for the efficient recycling
of SA by recovering SA from the granules or nongranular sludge of each group. The
content of SA that could be extracted and recovered is shown in Figure 13. The results
showed that there was a significant difference in the content of recoverable SA among
groups, where the lowest was 27% and the highest was 85%. Combining the granulation
and EPS content of AGS in the P1 and P2 systems during the mature period, the AGS
group with a complete structure and excellent sedimentation performance generally had a
higher recovery efficiency of SA compared with the group that could not form granular
sludge. In addition, in the group that could form granular sludge, the recovery efficiency
of SA was positively correlated with PN/PS. The results suggested that the more PS in EPS,
the stronger the hydrophilicity of sludge, and the compatibility of sludge particles with
water increased, thereby resulting in a loose surface, decreased sedimentation performance,
and poor granulation effect. At the same time, this made it more difficult for the high-
temperature sodium carbonate method to destroy the sludge structure and extract SA, and,
consequently, the recovery efficiency of SA decreased.
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According to the findings of this study, maintaining an optimal OLR and C/N ratio
within suitable ranges can promote the rapid formation of stable AGS driven by a SAN.
Therefore, considering the crucial significance of shortening granulation time and enhanc-
ing granular stability, we recommend controlling the OLR and C/N ratio by blending
raw piggery flushing wastewater with pre-sedimentation tank effluent of piggery flushing
wastewater in varying proportions ranging from 1.4 to 2.4 kg/(m3·d) and 10 to 15, respec-
tively. However, it is important to acknowledge that long-term operation may disrupt
the dynamic equilibrium between disintegration and regranulation in AGS, leading to
alterations in removal performance and granular characteristics. Unfortunately, this study
solely focuses on investigating the impact of the OLR and C/N ratio on AGS formation
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and performance using a SAN as a carrier core for only a half-month experimental period.
Therefore, for successful implementation at large-scale engineering applications, further
research examining the long-term performance of AGS utilizing a SAN as a carrier core
is imperative.

4. Conclusions

In the present study, different OLR and C/N experiments were designed to explore
the granulation effect of AGS with a SAN, followed by an analysis of the structure and
performance of the formed AGS. The results showed that AGS with a stable structure and
excellent performance could be effectively formed when the OLR in the reactor with the
addition of a SAN was controlled within the range of 1.4–2.4 kg/(m3·d). The influence of
different OLRs on AGS granulation mainly depended on the types of AGS microorganisms.
Under lower OLR levels, the AGS was mainly rod-shaped and spherical bacteria. With
an increase in the OLR, the proportion of filamentous bacteria increased. Moreover, when
C/N was controlled in the range of 10–15, AGS with uniform particle size and excellent
performance could be formed. The influence of different C/N ratios on the granulation
and performance was mainly dependent on microbial activity. A too low C/N caused
insufficient nutrients and low microbial activity, whereas a high C/N made the nitrogen
source deficient, and autotrophic nitrifying bacteria could become the dominant species;
therefore, the granulation and performance were poor.
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