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a b s t r a c t
Although aerobic granular sludge (AGS) and pure-oxygen aeration techniques have significant 
merits for treating wastewater, the formation and relative properties of AGS with pure-oxygen aer-
ation treating high organic loading rates (HOLR) wastewater are still inconclusive. Therefore, the 
physiochemical and biochemical properties of pure-oxygen AGS (POAGS) treating HOLR wastewa-
ter compared with air AGS (AAGS) were explored. The results indicated that the average removal 
rate of COD and NH4

+–N in POAGS were 22% and 14% higher than those in AAGS, respectively, 
when mean influent loading of COD and NH4

+–N were at 2.9 and 0.18 kg m–3 d–1. The settling velocity 
of POAGS was three times faster than that of AAGS, implying POAGS with more excellent solid–
liquid separation. X-ray fluorescence result indicated formation of POAGS demands less Ca2+ addi-
tion and eliminates more P in wastewater. Optical microscope and scanning electron microscope 
analysis showed that POAGS has a denser and more compact structure compared with AAGS, which 
could aggregate multi-species communities secreting abundant viscous EPS to endure HOLR and 
maintain high removal efficiency and good settleability. It was further speculating that the combined 
action of adequate dissolved oxygen and rich nutrient was a prerequisite for the formation of excel-
lent biochemical properties in POAGS.

Keywords:  Pure-oxygen aerobic granular sludge; Compact structure; Influent loading shock; Excellent 
solid–liquid separation; High organic loading rates

1. Introduction

High organic loading wastewater treatment is still a 
challenging issue for researchers, due to its characteris-
tics of complex components, high concentration of COD, 
NH4

+–N and SS, and difficult for degradation [1,2]. Although 

physical–chemical and biological methods are capable of 
disposing high organic loading wastewater [1,3], an econom-
ical and effective method with no secondary pollution for 
the high organic loading wastewater treatment is urgent to 
be explored presently. 
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Aerobic granular sludge (AGS) is regarded to be prom-
ising in the field of wastewater treatment [4–6], due to its 
regular, dense and strong microbial structure, outstanding 
settling ability and stability at high organic loading rates 
(HOLR) [7–12]. Thanh et al. [13] have reported that AGS was 
capable of resisting high organic loading shock, maintaining 
good effluent performance and fast settling velocity. Caudan 
et al. [14] have demonstrated the roles of extracellular 
polymeric substances (EPS) for AGS formation and stability 
in wastewater treatment experiment. 

Dissolved oxygen (DO) played a critical role in treat-
ing high organic loading wastewater [15]. Low DO con-
centrations resulting in excessive filamentous bacterial 
growth, sludge exhibited poor settling properties and poor 
effluents with high turbidities, as using conventional air 
aeration [16–19]. Pure oxygen aeration is the capacity to offer 
adequate DO to improve biomass activity and sludge settle-
ability [20–23], and control volatile organic compounds and 
odors emission [24,25]. 

It is worth mentioning that pure oxygen aeration tech-
nology could save energy and cost [26–28]. The technology 
has become commercialized in the United Sates since 1970 
[15,29]. It was nearly 30% energy to be saved, as compared 
with traditional air aeration technology [29,30]. Relevant 
statistical data indicated that electrical power consumption 
of high-purity-oxygen activated sludge process roughly 
at 0.35 kW h m–3, but the energy depletion for air aeration 
process around at 1.70 kW h m–3 [31,32]. That is to say, a 
1.5 × 105 t d–1 wastewater treatment plant could save elec-
tric energy closely to 2.8 × 106 kW h and reduce the annual 
operation cost about at 2.5 × 105 dollar of operating cost 
yearly [31,32]. 

To date, most research works on AGS has generally 
focused on treating wastewater at conventional air aera-
tion. However, little studies have used AGS for treating 
HOLR wastewater at pure oxygen aeration. Therefore, the 
main object of this study was to cultivate POAGS at HOLR 
and to observe its resistance to influent shock loading and 
settleability through correlation analysis of influent concen-
tration with effluent concentration and settle curves tests, 

as well as its biochemical properties in terms of microstruc-
ture, mineral composition, functional groups using opti-
cal microscope, energy dispersive X-ray (EDX) technique 
coupled with scanning electron microscope (SEM), X-ray 
fluorescence (XRF) and FTIR. Further, the potential causes of 
biochemical properties of POAGS were revealed according 
to DO transfer and elastic swelling and shrinkage of viscous 
EPS. Air aerobic granular sludge (AAGS) was cultivated and 
designed as control experiment.

2. Methods and materials

2.1. Experimental set-up

The experimental setup consisted of two bench-scale 
sequencing batch reactor systems (Fig. 1). The reactors 
of R1 and R2, with an inner diameter of 110 mm and the 
working volume of 7.6 L, were used. In this experiment, R1 
was supplied with pure oxygen aeration and R2 was used 
with air aeration. Process batch cycles of 510 min length 
were established as follows: feed (10 min), aerobic reaction 
(480 min), settling (10 min), withdraw (10 min). Hydraulic 
retention time was fixed approximately at 7.9 h, with a volu-
metric exchange ratio of 70%. The sludge retention time was 
about 21 h in R1 and R2. The inlet was at the top the reactor 
and the outlet at one third location up to the bottom reac-
tor. The gas flow rate into R1 and R2 was about 0.5 L min–1, 
which allowed DO concentration to be maintained around 
6.5 mg L–1 in R1 and around 2 mg L–1 in R2. 

2.2. Cultivation

The seed sludge was taken from a local municipal waste-
water treatment plant in Ma’an Shan city, China. The sludge 
was mixed with sewage in accordance with volume ratio of 
1:2 into the reactors. The initial mixed liquid suspended solid 
(MLSS) and sludge volume index (SVI) was separately at 
about 3.3 g L–1 and 95 mL g–1 in R1 and R2.

A synthetic wastewater was made up of mixture of raw 
wastewater and extra substrates for sludge cultivation to 

Fig. 1. Schematic diagram of lab-scale SBR systems for cultivating POAGS and AAGS.
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form POAGS and AAGS. The raw wastewater was taken 
from a sewage tank in the campus (Anhui University of 
Technology). The extra substrates were added into the raw 
wastewater. The substrate composition and concentration 
are shown in Table 1. Additionally, influent concentration 
and influent loading in the two reactors are also exhibited 
in Table 1.

2.3. Conventional index analysis

The samples were collected from the two reactors at the 
end of each cycle. COD, NH4

+–N, MLSS and SVI were mea-
sured in each cycle according to Standard Methods [33]. 
Correlation between influent concentration and effluent con-
centration in terms of COD and NH4

+–N was further fitted 
and analyzed. The settling curves were determined using 
the method described by Zhang et al. [34] and Schuler and 
Jang [35]. The DO concentration was monitored at each 
reaction in the two reactors using portable DO meter (JPBJ-
608). The EPS of granules were determined 10 times during 
mature stage, according to polysaccharide and protein con-
tent of samples from each cycle. Each sample was dupli-
cated triplicate. The EPS was extracted with a heat extraction 
method [36]. The polysaccharide content in EPS was mea-
sured using the phenol-sulphuric acid method with glucose 
as the standard; the protein content in EPS was measured 
using the Lowry method with bovine serum albumin as the 
standard [12].

2.4. Micromorphology, functional group and elements analysis

The morphology of seed sludge flocs and granular sludge 
formed was observed daily in an optical microscope (Phenix 
ME200) equipped with an eyepiece micrometer for average 
floc size estimation. The images of mature granules were 
captured by a digital camera (SONY, DSC-W730, Japan). The 
microbial compositions of granules were observed qualita-
tively and the mineral elements from surface layer of granules 
were determined quantitatively using EDX technique cou-
pled with scanning electron microscope (SEM; JSW-6490LW). 
The mineral elements of granules and sludge were measured 
qualitatively and quantitatively using (XRF (ARLAdant’X 

IntellipowerTM 3600, Thermo Fisher, America). The functional 
groups of granules were measured using Fourier transform 
infrared spectroscopy (FTIR) (Nicolet 6700, America).

3. Results and discussion

3.1. Resistance of POAGS to influent shock loading

Table 2 shows that the effluent and removal efficiency 
of COD and NH4

+–N from POAGS in R1 system during the 
whole experimental process, compared with AAGS in R2 
system. The mean COD removal efficiency from POAGS 
in R1 system reached to 82% but only 60% that from 
AAGS in R2 system, when the average influent load was 
2.9 kgCOD m–3 d–1 (Tables 1 and 2). 83% of mean NH4

+–N 
removal from POAGS in R1 system took place, 14% higher 
than that from AAGS in R2 system, when the mean influent 
loading of NH4

+–N was 0.18 kg m–3 d–1 (Tables 1 and 2). 
The correlation between influent concentration and 

effluent concentration in R1 and R2 was shown in Fig. S1. 
The effluent concentration of COD and NH4

+–N from POAGS 
system was seldom affected by the fluctuated influent con-
centration due to the raw wastewater with the daily vari-
ation, compared with AAGS system at HOLR. That was 
attributed to the positive treatment ability of HOLR waste-
water from the pure-oxygen aeration system [19–21]. The 
sufficient DO in R1 promoted formation of the compact 
granules to increase amount of microorganism biomass in 
R1 system (4.9 g MLSS L–1). The biomass growth was condu-
cive to microbial aggregates into POAGS that possessed the 
extraordinary tolerance to decompose the HOLR waste water 
(Fig. S1). However, the fluffy AAGS was not beneficial to 
increase the microorganism biomass in R2 (3.4 g MLSS L–1). 
In addition, another important reason was probably owing 
to the improved biomass activity by the higher oxygen trans-
fer efficiency, for the greater saturation DO level of pure 
oxygen aeration than air aeration [19,22,23].

3.2. Settleability of POAGS

For clear expression of the distinct sludge settling per-
formance from the different aeration source, the sludge 

Table 1
Substrate composition, concentration and loading of synthetic wastewater for POAGS and AAGS cultivation

Substrate composition (mg L–1) Influent concentration (mg L–1) Influent loading (kg m–3 d–1)

Glucose NH4Cl KH2PO4 CaCl2 COD NH4
+–N COD NH4

+–N

2,000 200 100 20 960–2,640 (mean 1,845) 44–218 (mean 117) 1.5–4.1 (mean 2.9) 0.07–0.34 (mean 0.18)

Table 2
Effluent concentration and removal efficiencies in R1 and R2

Nutrients R1 (POAGS) during the whole experimental process R2 (AAGS) during the whole experimental process

Effluent concentration Removal efficiencies (%) Effluent concentration Removal efficiencies (%)

COD (mg L–1) 1,680–40 (mean 334) 19–98 (mean 82) 1,840–80 (mean 746) 12–95 (mean 60)

NH4
+–N (mg L–1) 115–3 (mean 17) 18–98 (mean 83) 78–2 (mean 31) 18–99 (mean 69)
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settling height change with the settling time is shown in 
Fig. 2. There were same trends of the change of sludge set-
tling height with time in the two bioreactors during the 
original stage of sludge cultivation (Fig. 2a). However, the 
apparent discrepancies were observed in the later sludge 
cultivation (Figs. 2b–d). There was a range of 18–48 cm of 
the altitude intercept (Δh) of sludge settling height between 
R1 and R2 based on the curves and fitting equations in Fig. 2. 
Besides, the sludge settling heights decreased exponentially 
with respect to settling time in the two bioreactors (R2 = 0.97–
0.99, p < 0.01). The results indicated that the excellent settling 
performance of POAGS in short time was more preferable to 
dispose the HOLR sewage. That was attributed to the ade-
quate DO that is beneficial to microorganisms growth and 
aggregation [3,15,18], which could form stable and compact 
AGS to improve the settleability of sludge and allow an 
effective solid–liquid separation [35,37,38]. Additionally, the 
sludge settling velocity was studied by curve equation der-
ivation (Fig. 2). The result appeared that the sludge settling 
velocity of R1 (6.8 m h–1) was about three times higher than 
that of R2 (2.8 m h–1). Thus, this indicated that the pure oxy-
gen provided a high DO concentration which could influ-
ence the biomass activity that was conducive to form the 
dense and compact structure, which improved the sludge 
settling performance [35,38].

3.3. Biological morphologies of POAGS

The micromorphology of POAGS in R1 and AAGS in R2 
was observed (Figs. 3a–h). The original sludge had a fluffy, 

irregular and loose-structure morphology with color of 
grayish and small size less than 0.2 mm [36]. The dense and 
large flocs with majority of bacteria aggregation appeared in 
R1 after 10 d (red circles in Figs. 3a–d), but the loose flocs 
were intertwined amounts of filamentous in R2 (red circles 
in Figs. 3e, f and g). This compact structure formation in R2 
was delayed, as shown in Fig. 3h. Obviously, there was more 
abundant biomass in per POAGS than that in AAGS (Figs. 
3a–h). Massive biomass growth in granules was beneficial to 
maintain high microorganism activities as well as EPS secre-
tion under HOLR condition [8,13].

After 30 d, POAGS appeared in R1 and AAGS was 
formed in R2 (Figs. 3i–j). The granular sludge from R1 and 
R2 was not significantly disintegrated during the whole 
experiment. Obviously, POAGS from the R1 have a dense 
and compact structure with dark brown color (Fig. 3i), while 
the loose AAGS with yellow color were found in R2 (Fig. 
3j). Actually, granular sludge is a heterogenous mixture of 
particles, microorganisms, colloids, EPS and cations [17]. 
The properties of individual granular sludge regulate the 
flocculation and dewatering characteristics of the biomass 
and the performance of solid–liquid separation in a biore-
actor [17]. It has been found that the granular sludge with 
dense and compact structure has a strong stability to resist 
HOLR wastewater and enhance effluent water quality as 
well as sludge settle ability. The dense and compact gran-
ules might be related with the high DO concentration which 
would influence the bioactivity that excreted the EPS to ben-
efit the bacteria aggregation and further form a stable sludge 
structure [39].

Fig. 2. Settling curves from initial cultivation (a), day 17 (b), day 24 (c) and day 48 (d) in R1 and R2.
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Detailed microstructures of the mature POAGS and 
mature AAGS were further monitored using SEM and are 
presented in Figs. 3k–r. Granular sludge with a clear round 
outer shape was formed in R1 and R2 (Figs. 3k and o). The 
granular surface was randomly selected to be further ampli-
fied (magnification ×3,000). It can be clearly seen that fila-
mentous were still predominant in both POAGS and AAGS 
surface (Figs. 3l and p). When glucose served as exclusive 

carbon source was added in bioreactors, filamentous was 
easy to grow and entwine in the granules [10,39]. However, 
there seems to be more porosities and more abundant micro-
organisms in POAGS surface compared with those in AAGS 
surface (Figs. 3k, l, o and p). 

Besides, the inner structure of POAGS and AAGS was 
presented in Figs. 3m, n, q and r. A very compact bacte-
rial structure of POAGS, in which cells were tightly linked 

 
Fig. 3. Micromorpology of flocs about POAGS and AAGS in different periods observed by optical microsocpe (10× magnification)
(a–h), image analysis of POAGS and AAGS (i,j) and scanning electron microgranph (SEM) of POAGS and AAGS taken from R1 and 
R2 in mature stage (k–r).
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together and a rod-like species was found to be predomi-
nant when the inner structure was further magnified ×2,000 
(Fig. 3n). Such a tight cellular structure was not found in the 
AAGS (Fig. 3r). That is due to higher porosity of POAGS 
surface that was beneficial to support DO transfer and nutri-
ent uptake resulting in microorganisms growth inside the 
granules [8,40].

3.4. Mineral elements and functional groups of POAGS

Fig. 4a shows that the percentage of mineral elements’ 
weight from POAGS, AAGS based on XRF measure. It was 
found that the mineral clusters of Ca, K, P and Cl occupied 
a large proportion in POAGS and AAGS, which might be 
related to substrate composition of the synthetic wastewater 
(Table 1). The presence of mineral clusters in the granules, 
concentrating all the calcium and kalium and considerable 
amounts of phosphorus, was consistent with the report by 
Angela et al. [4]. It was noticeable that the requirement of 
Ca from POAGS was less than that from AAGS, but more 
P can be assimilated by POAGS in Fig. 4a. That means the 
formation of POAGS demands less the addition of Ca2+ and 
eliminates more P in the wastewater. EDX coupled with 
SEM analyses was carried out on cut mature granules and 
typical images for central slices of POAGS and AAGS are 
shown in Figs. 4b and c. It was found that the elements of P, 
K and Ca occupied an important fraction of the total weight 
in POAGS, whereas the elements of C, Ca, O took up a main 
part of the total weight in AAGS. 

The result indicated that the calcium element seems to 
play a critical role in POAGS and AAGS. Ca2+ was conducive 
to enhance granulation since inorganic ions were believed 
to neutralize the negative charge on the surface of bacteria 
[41]. Sajjad and Kim [6] showed that the addition of Ca2+ 
extremely enhanced the band intensity of O–H, suggesting 
the higher concentration EPS of microorganisms secretion. 

In addition, high DO stimulated the enrichment of polyphos-
phate accumulating organisms (PAO) favoring P biosorption 
and bioaccumulation [3,4], that might be the reason why 
more abundant P was accumulated in POAGS than in AAGS. 
The P coexisted with Ca in POAGS, it was possible to form 
hydroxyapatite and calcium phosphate [4], which was favor-
able for P removal of the high organic loading wastewater.

Fig. 4d shows that the functional groups of mature gran-
ules in R1 and R2 based on FTIR spectrometry. The spectra 
of POAGS and AAGS were similar and new characteristic 
peak did not appear in granules, probably owing to the 
identical seed sludge. The peak at 3,400 cm–1 was associated 
with the –OH stretching vibration and the peak at 2,930 cm–1 
was related with –CONH2 functional groups [42]. The 
peak at 1,650 cm–1 was connected with the C=O stretching 
vibration of β-sheets in secondary protein structures which 
existed in EPS that favored bio-flocculation [39,43]. The 
band at 1,400 cm–1 (–COO) existed in granular sludge and 
was caused by the symmetric stretching vibration of depro-
tonated carboxylic acid groups, which indicated the acidic 
nature of EPS components [12,39]. The peak at 1,060 cm–1 
corresponding to carbohydrate between 1,200 and 1,000 cm–1 
was associated with the vibrational stretching of O–H and 
C–O [9]. Abundant functionalities of sludge from POAGS 
and AAGS played an important role in high organic mat-
ter degradation. The presence of –COOR, –COOH, –CONH2 
and C=O (β-sheets) functionalities probably containing 
proteins, carbohydrates and alcohols promoted microbial 
aggregation [39].

3.5. DO, EPS and nutrients for POAGS formation and properties

POAGS have a denser and more compact structure, 
preferable removal efficiency, resistance to influent load-
ing shock and excellent settleability compared with AAGS 
at HOLR, based on the experimental results. This might 

Fig. 4. Analysis of mineral elements and functional groups for POAGS and AAGS. (a) Percentage of mineral clusters’ weight from 
POAGS and AAGS using XRF. (b), (c) Mineral elements and their counts from central slices of POAGS and AAGS using SEM-EDS. (d) 
Functional groups from POAGS and AAGS using FTIR.



51F. Pan et al. / Desalination and Water Treatment 179 (2020) 45–53

be associated with higher DO in the pure aeration system 
compared with in the air aeration system (Fig. 5a), result-
ing in improvement of microorganism metabolic activity 
to promote the considerable amounts of EPS secretion for 
POAGS (Fig. 5b). The abundant EPS with strong viscosity 
in POAGS played role in adsorption, mass transfer, energy 
exchange, hydrophobicity and reducing granule surface 
charge to accelerate organic degradation [37,44,45].

The potential causes of high removal efficiency and 
excellent settleability for POAGS at HOLR can be further 
elucidated, as shown in Fig. 6. The dense and compact 
POAGS has a readily available in fast mass transfer in this 
work. The underlying reason was that the oxygen gas pres-
sure in the pure oxygen aeration is almost five times higher 
than that of in the air aeration (Fig. 6a). Too compact regu-
lar microstructure or too looser filamentous microstructure 
of AAGS was appeared to limit mass transfer of nutrients 
and delayed the onset of diffusion limitation at HOLR [39]. 
After all, gas holdup is an important factor influencing the 
mass transfer of oxygen after onset speed [12]. For one thing, 
the gas holdup in POAGS is extremely higher than that in 
AAGS, when the oxygen transferred from the peripheral 
surface to the central zone of granule (P1 > P2, P3 > P4) (Figs. 
5a and 6a). For another, the pressure differential of P1 and 
P3 for POAGS was higher than that of P5 of microorgan-
ism cell interior in pure oxygen aeration system (Fig. 6a). 
Therefore, those microorganisms were capable of obtaining 
adequate oxygen supply. However, the pressure differential 
of P4 for AAGS was lower than that of P5 of microorganism 
cell interior in air aeration (Fig. 6a). As a result, the internal 
microorganisms were difficult to obtain oxygen molecule 
for organics degradation of aerobic metabolism. 

Due to the high-pressure differential in POAGS, the 
oxygen together with nutrients (organic matter) was trans-
ported to microorganism interior, resulting in large amounts 
of EPS secretion (Fig. 6b). Thus, the event of elastic swelling 
and shrinkage could occur because of the strong viscosity 
of the large quantity of EPS secretion. Meanwhile, some 
metabolic products were discharged outside of granule 

(Fig. 6c). It is a reasonable interpretation that POAGS was 
capable of possessing excellent physiochemical and biolog-
ical properties, when AGS process treating HOLR waste-
water was combined with pure oxygen aeration technology 
[13,14,20].

 
Fig. 5. DO concentration with reaction time of each cycle (a), EPS content from POAGS and AAGS during cultivation (b).

Fig. 6. Oxygen pressure discrepancy between POAGS and AAGS 
in mass transfer process (P1, P3 are the oxygen pressure discrep-
ancies under 1 and 2 cm radius from POAGS, respectively; P2, P4 
are the oxygen pressure discrepancies under 1 and 2 cm radius 
from AAGS, respectively; P5 under 1 and 2 cm radius from 
microorganism of POAGS and AAGS, respectively) (a), internal 
transportation of oxygen and nutrients (b) and external transport 
of metabolic products (c) from POAGS.
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4. Conclusion

The physiochemical and biochemical properties of POAGS 
treating HOLR wastewater in contrast with AAGS were 
investigated in this study. The result indicated that removal 
rate of COD and NH4

+–N for POAGS was separately 22% and 
14% higher compared with that for AAGS at mean influent 
loading of 2.9 COD kg m–3 d–1 and 0.18 NH4

+–N kg m–3 d–1. 
Meanwhile, POAGS has a strong resistance under HOLR 
resulting in the effluent, which was less influenced by the 
high influent loading. The investigation of settling curves 
showed that sludge settling performance of POAGS was 
better than that of AAGS. And the sludge settling velocity 
of POAGS was three times as fast as that of AAGS, under 
HOLR. The compacted structure existed in POAGS could 
aggregate the multi-species community of microorganisms 
secreting abundant viscous EPS compared with the loose 
structure in AAGS. The formation of POAGS was capable of 
requiring less the addition of Ca2+ and absorbing more P from 
the wastewater than that of AAGS. Additionally, abundant 
functionalities of sludge from POAGS played an important 
role in high organic matter degradation. This came along 
with great benefits in terms of maintaining stable removal 
efficiency and prominent settling ability involved under 
HOLR. It was further speculating that the combined action 
of adequate DO and rich nutrient was a prerequisite for 
the formation of excellent physiochemical and biochemical 
properties in POAGS.
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