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� A membrane bioreactor with complex
internal hydrodynamic circulation
was used.

� Diverse sludge granules were
cultivated directly in a single
membrane bioreactor.

� The cultivated sludge granules
showed different colors in their
appearance.

� The sludge granules were verified to
have a quite different microbial
composition.
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This preliminary investigation demonstrated that diverse sludge granules could be cultivated directly in a
single continuous-flow membrane bioreactor (MBR) with the same carbon source and nutrients in influ-
ent. Results indicated the obtained sludge granules not only had obviously different colors in their
appearance, but also exhibited quite diversified microbial compositions. This interesting phenomenon
revealed richer microbial diversity occurring in the MBR, which was very beneficial to the stability of
the microbial ecosystem within the MBR, and the efficacy of removing organic pollutants and converting
nutrients. It was speculated that the main reason leading to the formation of diverse sludge granules was
the micro multi-habitat produced by the complex internal circulation within the MBR. Future’s work
should be focused on the mechanism, stability and kinetic of forming the diverse sludge granules in
MBRs, and further verify the prospective of this novel finding in practical application fields.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, membrane technology developed very
rapidly, which covered almost all the engineering approaches for
the transport of substances between two fractions with the help
of permeable membranes, and especially exhibited promising
applications in these fields, such as the dye-sensitized solar cells
[1–3], polymer electrolyte membrane fuel cells [4], Li-ion batteries
[5], air treatment [6] and water purification [7]. In the field of envi-
ronmental engineering, including both industrial and domestic
wastewater treatment, more effective technologies are urgently
required due to the increasingly severe aqueous environment pol-
lution. Such a realistic demand greatly promoted the development
of membrane technology in wastewater treatment. Recent years,
two newly emerging techniques, namely, a membrane bioreactor
(MBR) [8] and granular sludge (GS) have attracted lots of interests
in both the fields of academic research and practical application.
However, both techniques were also revealed to have some still
unsolved problems, including the membrane fouling in an MBR,
slow cultivation and unstable structure of GS, which greatly
limited their full-scale applications. The combination of an MBR
with GS would compose a granular sludge - MBR (GS-MBR), which
might be an effective approach to overcome their respective
shortcomings [9,10].
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Li et al. [11] once successfully realized the above configuration
by combining an MBR with GS to form a GS-MBR for the purpose of
controlling membrane fouling, whose results demonstrated that
the introduction of GS into an MBR system was very beneficial to
control membrane fouling. However, the used GS in their experi-
ments was not formed directly in the MBR system, but cultivated
from anaerobic granular sludge. So far, the most successful
approach to cultivate GS directly is sequencing batch reactors
(SBR) [12], whose formation mechanism has been determined,
and even the kinetics and mass transfer of organic matter by GS
in an SBR have been well studied [13]. But in SBR, GS can only be
obtained in a batch mode, and generally it needs a long time (about
40–80 days or longer time) to cultivate mature GS [14,15]. Cultiva-
tion of GS in a continuous mode, though quite needed, is still very
difficult, especially in an MBR. In the reported cases about GS-MBR,
GS was almost inoculated from a stably-operated SBR, but the for-
mation of GS and their maintenance in an operating MBR was still
undeniably difficult [16].

In our previous work [17], a continuous-flow MBR with internal
circulation was successfully built, in which, after operating for
37 days, GS was found to form directly, and 110 days later, the
formed GS still kept a stable structure with no negative impacts
on the removal of pollutants. On the basis of this phenomenon,
the forming mechanism of GS in this MBR was further investigated,
and found that the total retention of sludge particles by membrane
modules, the entanglement of filamentous bacteria and the inter-
nal circulation might be the most essential factors in forming GS.
The original purpose of the present work was to expedite the pro-
cess to cultivate GS in a continuous-flow MBR, and further verified
the mechanism of forming GS, thus, some operational parameters
were changed based on our previously reported experiment, and
the conditions of internal circulation were improved to form more
complex internal hydrodynamic circulations within the reactor.
However, after the reactor having reached a stably-operated status,
it was surprisingly found the formed GS exhibited quite various
colors. To the best of our knowledge, previously published papers
have reported that GS with different characteristics can be culti-
vated on the base of different substrates in different apparatuses
[18,19], but almost never involved the diversity of GS in a single
MBR. Therefore, we convince our finding is a novel phenomenon,
and the present paper is a preliminary investigation, which aims
to reveal the most prominent difference of the formed GS to
demonstrate they are different GS, and accordingly, the relevant
works in the future are further emphasized.
2. Materials and methods

2.1. Description of the used experimental procedure

An internal-circulation MBR (IC-MBR) was used in the present
work, whose size, configuration and controlling devices were all
the same with our previous report [17]. For the aim of improving
the internal hydrodynamic circulations, three aerators were
mounted in the aeration zone to provide fine air bubbles (the aer-
ation rate was 1.67–13.33 L/min) and push water flowing upward,
above which, a hydrophilic PVDF hollow membrane module (effec-
tive area: 0.5 m2, pore dimension: 0.2 lm; MOF-1d, Tianjin
Motianmo Membrane Technology Co., LTD, Tianjin, China) was
installed. In the mixing zone, a screw propeller mounted in the
middle was used to provide a mixing condition and push water
flowing downward. With the simultaneous upflow in the aeration
zone and downflow in the mixing zone, an integrated internal cir-
culation was formed within the reactor. Additionally, when the
mixed liquor suspended solids (MLSS) were pushed up to collide
with the membrane module, small swirls also formed around it.
While in the mixing zone, the screw propeller also produced a
clockwise circulation in a small scope of this zone. With such a
configuration, a complex internal hydrodynamic circulation was
formed within the reactor.

The inoculated sludge was collected from the secondary sedi-
mentation tank of a local wastewater treatment plant (WWTP) at
Haizhu district (Lijiao municipal wastewater treatment plant,
Guangzhou, China), whose initial concentration was set at
2000 mg/L MLSS, and it was fed with glucose-based synthetic
wastewater, which had a COD:N:P ratio to be 100:5:1, and con-
tained chemically pure glucose (206.42–516.05 mg/L), NH4Cl
(38.22–95.53 mg/L), KH2PO4 (8.78–21.95 mg/L), NaHCO3 (160 mg/
L), MgSO4 (40 mg/L), MnSO4 (12 mg/L), CaCl2 (8 mg/L), FeSO4

(0.6 mg/L). The whole experimental period was divided into three
phases by changing the influent concentration (Phase I: day 1–15
with a COD concentration of 200 mg/L; Phase II: day 16–89 with
a COD concentration of 360 mg/L; Phase III: day 90–113 with a
COD concentration of 500 mg/L, other nutrients were changed
accordingly, and the concentration of trace metals was the same
all the time). During the whole experimental period, the hydraulic
retention time (HRT) and the rotation speed were kept stably at 5 h
and 50 rpm, respectively.
2.2. Morphological observation of sludge

For better understanding the sludge granulation process in the
IC-MBR, after the reactor was started, the sludge samples were
taken every day from both the mixing zone and the aeration zone
to observe their morphology by using an optical microscope with a
digital camera (CX31, Olympus Corporation, Japan).
2.3. Recognition of the diversity of GS

After the GS in the reactor showed diversified colors in their
appearance, then they were separated by the difference of their
colors, and their microbial composition was analyzed separately.
For the convenience of comparison, GS samples were all collected
on the same day, and high-throughput sequencing (HTS) was used
to analyze the structure and abundance of the microbial commu-
nity of the formed GS. For making a comparison, floc sludge (FS,
pre-sieved with a 0.2 mm-sieve) was collected at the same time
and analyzed with the same procedure. The collected samples
stored in drikold were subjected to DNA extraction, PCR amplifica-
tion and sequencing analysis by the Illumina HiSeq sequencing
platform of the V3–V4 region of 16S rDNA gene (Novogene Corpo-
ration, Beijing, China). After that, the results of high throughput
sequencing (HTS) were classified into operational taxonomic units
(OTUs), and then the OTUs were input in an R-project to get the
data of weighted UniFrac for plotting.
3. Results and discussion

3.1. Formation of GS

According to the experimental procedure described in Sec-
tion 2.1, the reactor was started up with the inoculated sludge
(Fig. 1(a)), and only after operating for 36 days, GS could be clearly
observed with naked eyes (Fig. 1(b)), and as the extension of exper-
imental time, more GS with clear edge were observed in the sludge
samples (Fig. 1(c)).

Continuously operating the reactor for a longer time, the
removal of organic pollutants and nutrients was found to maintain
at a very stable level, which showed that the average removal of
COD and TN was more than 85% and 60%, respectively. During



Fig. 1. Formation of GS: (a) inoculated sludge; (b) sludge granules on day 36; (c) sludge granules on day 42.
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the same period, GS was found to grow larger and still keep a
stable structure (Fig. 2).

Fig. 2 shows the process of forming and growing of GS within
the reactor. Along with the operational time, the amount and size
of GS all increased gradually. Interestingly, during the observation
period, lots of filamentous bacteria always accompanied with the
growth of GS, which further demonstrated the entanglement of fil-
amentous bacteria was a very important factor in the process of
forming and growing of GS.

More than 3 months later, the GS in the reactor grew larger,
which was surprisingly found that they were exhibiting quite
diversified colors in their appearance (Fig. 3).

It has been reported that different substrates could produce
diverse GS with different characteristics. Pronk et al. [18] investi-
gated the impact of acetate, methanol, butanol, propanol, propi-
onaldehyde and valeraldehyde on granular sludge formation at
35 �C, and found that easily biodegradable substrates could have
different behaviors during the anaerobic period of the GS process
and thus led to producing GS with different appearances. But the
diversity of GS in a single MBR has not been reported before as far
as we know. Thus, these GSwere separated by their color for further
study, and the images were put together for comparison. Fig. 3(a)
shows a very obvious difference of the separated GS in their appear-
ance, which indicates there are at least four different GS co-existing
simultaneously within the reactor. All the GS shown in Fig. 3 are
named after their color, namely, in Fig. 3(b), GS showing a black
color, is called black granular sludge (BGS); in Fig. 3(c)–(e), three
kinds of GS, showing the colors of black-margin and yellow-
middle, yellow, white-margin and black-middle, are named BYGS,
YGS, and WBGS, respectively.

All the GS samples have similar sizes (�2 mm) and morphology,
but with quite different colors, thus, we think they may be different
GS and have different compositions, especially in their microbial
community.
Fig. 2. Formation and growth of GS at different time: (a) day 5
3.2. Predominant difference of the cultivated GS

The difference of the cultivated diverse GS in their color implies
that they may be different kinds of GS, thus, an HTS method was
used to reveal their predominant difference. Amplicon sequencing
of 16S rDNA is an essential approach to investigate the composi-
tion of microbial community and the discrepancy among samples
with the advantages of low cost, short time and low sample quan-
tity requirement. With this method, OTUs numbers were obtained,
and then they were input in an R-project to get the data of
weighted UniFrac. After plotting them in a diagram of Principal
Co-ordinates Analysis (PCoA), the difference among the selected
GS samples could be intuitively shown by the distance between
them. The final results are shown in Fig. 4.

Fig. 4 indicates the distance between YGS and BYGS is the
shortest, which demonstrates that these two kinds of GS have a
very close composition in their microbial composition. However,
BGS and WBGS, distributing on both sides of YGS and BYGS, have
similar distance between them, which indicates that they have a
quite different microbial composition. Both weighted (quantita-
tive) and unweighted (qualitative) variants of UniFrac are widely
used in microbial ecology, where the former mainly accounts for
the abundance of observed organisms, while the latter only con-
siders their presence or absence [20]. Nevertheless, all the selected
GS samples have an obvious longer distance with FS, which
demonstrates that GS with different colors are indeed different
kinds of GS, and a diverse microbial composition occurs in the
IC-MBR.

Previously reported publications have verified that the carbon
source and nutrients in the feed solution determined the microbial
composition of a bioreactor [21] and the granulation of GS [18,19].
However, the presented results demonstrated diverse microbial
communities could form with the same carbon source and nutri-
ents in a single MBR.
; (b) day 17; (c) day 28; (d) day 36; (e) day 42; (f) day 90.



Fig. 3. Image of diverse GS: (a) collection the separated GS; (b) BGS; (c) BYGS; (d) YGS; (e) WBGS.
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Fig. 4. PCoA diagram based on the data of weighted UniFrac.
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4. Conclusions

At least four GS with different colors in their appearance were
found to co-exist simultaneously within a single MBR. The results
of PCoA in HTS analysis of different colored GS showed quite a dif-
ference in the microbial composition of the cultivated GS, which
verified they were indeed different kinds of GS. Therefore, this pre-
liminary experiment demonstrated that diverse GS could be
formed in a single MBR, and that diversified microbial communi-
ties could be formed even with the same carbon source and nutri-
ents in the influent within a single bioreactor. We speculate that
the formation of diverse GS might be caused by the micro multi-
habitat produced by the complex internal circulation within the
MBR, thus, the next investigation should be paid more attention
on the mechanism, stability and kinetic of forming the diverse GS
in MBRs, and further verifies the prospective of this novel finding
in practical application fields.
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