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ABSTRACT

Quorum quenching (QQ) is a strategy to alleviate membrane biofouling in membrane bioreactors (MBRs). As a
stable inorganic material with a large specific surface area, silica is often used to prepare of microbial immo-
bilization composites. This study selected two different sizes of silica materials (silica beads and Nano-silica) to
make the core encapsulate a QQ bacterial strain (Rhodococcus sp. BH4). The compressive strength and stability
under extreme environments were characterized, and the positive effect of silica on QQ beads was verified. The
results showed that both QQ beads could resist the impact of high pressure, acid, alkali, salt and EDTA buffer. It
was proved that they have the potential to quench effectively continuously. Both beads were still more than 70 %
QQ activity after five months of use. In the lab-scale continuous MBR experiment, the time of transmembrane
pressure (TMP) reaching 50 kPa in both experimental groups was more than 3 times that in the blank group. The
TMP contamination time was extended from 5 to 6 days in the blank group to 18-19 days. Among them, silica

beads greatly improve the compressive strength of the beads, and also have a better performance in QQ.

1. Introduction

Membrane bioreactor (MBR) is a kind of wastewater treatment sys-
tem that combines biological wastewater treatment because it has the
advantages of good effluent quality, small occupation area and less
surplus sludge [1-3]. At present, membrane pollution is an important
factor affecting the working efficiency of MBR [4,5]. As the main cause
of membrane fouling, biofilm fouling is an urgent focus for researchers
to solve [6]. It has been proved that soluble microbial products (SMP)
and extracellular polymers (EPS) can play a certain role in biofilm
fouling [7,8]. In particular, it has been revealed that membrane
biofouling is produced by intercellular communication which called
quorum sensing (QS) [9,10], using N- Acyl-.--Homoserine Lactones
(AHLs) and others as signaling molecules [11,12]. QS refers to the
physiological and biochemical characteristics of bacteria that will
change with population density, showing virulence factor secretion,
symbiosis, bioluminescence, biofilm formation and other characteristics
and community behaviors that were not possessed by a few bacteria or
single bacteria [13,14]. Recently, quorum quenching (QQ) has been

widely explored in MBR as a novel biological fouling inhibition
approach [15,16]. QQ successfully controlled biofouling by blocking
signal molecules for cell-to-cell communication using QQ bacteria
[17,1], or QQ fungi [6]. It provides effective mechanisms for blocking
signal synthesis, signal inactivation, and interference with signal re-
ceptors such as AHL [18,19]. Some studies have demonstrated the ex-
istence of several AHLs and identified C8-HSL as one of the main AHLs in
the biocake formed on the membrane surface [12,18].

In order to ensure that QQ bacteria can continuously and stably
interfere with QS system, it is necessary to immobilize QQ bacteria
[14,20]. QQ immobilization can prevent the loss of QQ bacterial cells
due to MBR sludge removal, and protect these cells from attack and
competition from the MBR microbial community. In recent years, the
immobilization of QQ bacteria and its application in mitigating mem-
brane biofouling of MBR has become increasingly abundant, and various
types of immobilized media have emerged, such as (i) microbial vessels
[1,18], (ii) rotating microbial carrier frames [19], and (iii) hydrophilic
polymer media such as beads and sheets [21-23]. Various types of
immobilized media, QQ beads can freely disperse with other flocculants
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in the sludge mixture and physically scour the membrane components.
Min et al [24] prepared beads made of sodium alginate (SA) and poly-
vinyl alcohol (PVA) to ensure that QQ bacteria could function at low
temperatures. To better protect QQ bacteria from external influence, the
core-shell structure of the QQ beads was produced [15,22,25]. In
addition, some research has modified QQ beads by adding inorganic
materials [26]. Xiao et al. [27] used microcapsules made of powdered
activated carbon (PAC) and SA to wrap QQ bacteria, which alleviated
the MBR membrane’s biofouling effectively and improved the removal
efficiency of organic matter. However, the existing media is difficult to
guarantee the long-term protection of QQ bacteria and improve their
utilization efficiency.

SA is a kind of biopolymer with low cost, easy to be obtained in
batches and good biocompatibility [28,29]; it is often used in the
preparation of microbial immobilized media. Therefore, SA was used as
one of the materials to make the core and shell of the beads in this study.
PVA is a crystalline polymer with a linear molecular structure, non-
toxic, biodegradable and good biocompatibility [30]. It is widely used
in the food and biomedical industry [31-33]. The combination of SA and
PVA can improve the mechanical properties and stability of the material,
while ensuring the friendliness of bacteria. It is often used to prepare the
QQ immobilized medias [34]. Inorganic Nanomaterials are ideal for
constructing construct composite and organic-inorganic hybrid struc-
tures [35,36]. Nano-silica (NS) has a three-dimensional flocculent mesh
quasi-particle structure, which can improve other materials’ ageing
resistance, strength and chemical resistance [37-39]. Nano-silica has
good biocompatibility, it is often used in the modification of biological
carriers [40]. Therefore, in this study, NS was added to SA to prepare
one kind of core. In addition, silica beads have excellent mechanical
strength, so it was selected as another core in this experiment.

In this study, two types of silica materials were selected as the core of
the beads, and their shells were made of PVA/SA. The core materials of
the two beads are NS and SA (NS/SA), while the other uses silica beads.
The addition of NS can enhance the mechanical strength and stability of
SA, while silica beads can prevent the core from dissolving. Firstly, we
carried out a series of characterizations on the beads with two different
cores, and their surface morphology and properties (physical, chemical,
physical washing, QQ activity) were tested. Then, in practical applica-
tion, the effects of two kinds of beads on membrane biofouling were
observed by adding them to MBR at a laboratory scale. It is expected to
provide a new research idea for subsequent scholars engaged in QQ
strategy.

2. Materials and methods
2.1. Preparation of two kinds of core-shell beads

After high-temperature steam sterilization of Luria Bertani (LB)
medium, Rhodococcus sp. BH4 was inoculated when cooled to 30 °C.
After 24 h cultured, the LB broth was centrifuged at 8000 rpm for 10
min, washed with deionized (DI) water, and centrifuged again to obtain
bacteria. The wet weight of the bacteria was recorded, and the bacteria
were resuspended in 5 mL DI water. For the core made by NS and SA
(NS/SA), the BH4 suspension was mixed with 3 % (w/v) SA solution and
1 % (w/v) NS, the mixed solution was dripped into 5 % CaCl; solution
through a sterile injection syringe and crosslinked for 3 h. Then the NS/
SA cores were washed with DI water three times. The silica beads were
placed in the BH4 suspension and shaken for 24 h to make the bacteria
attached to the surface of the beads. Two cores were rolled in a mixture
of 10 % PVA and 2 % SA. The cores coated with the hydrogel layer were
immersed in a crosslinking solution, with the saturated boric acid so-
lution with 1 % calcium chloride for 3 h to form the shell layer. The
core-shell structured bead was then immersed in 0.25 M NasSO4 solu-
tion for further stabilization for 8 h. The bacteria-carrying capacity of
both beads was 12.93 mg.
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2.2. Physical stability test of prepared beads

2.2.1. Mass transfer experiment of methylene blue adsorption

Mass transfer permeability experiments [41] were carried out on two
kinds of beads. The methylene blue solution was prepared with 5 mL of
0.01 % methylene blue stock solution and 200 mL of DI water. Twenty
beads were put into each group of methylene blue solution. Experi-
mental samples are extracted at regular intervals. The absorbance of the
residual methylene blue solution at ODgg5 was measured by a UV-visible
spectrophotometer. Mass transfer permeability is defined by Eq. (1).

A
Masstransfer permeability = (1 — A—[> x 100% (€D)]
0
Where A represents the absorbance at the initial time; A; represents
the absorbance at time t.

2.2.2. Swelling experiment

The swelling test evaluated the swelling performance, which is re-
flected by the change in volume and weight. Twenty beads of each type
were soaked in DI water for 20 days. The diameter of the bead is
measured at the set time by an electronic digital indicator. The volume is
defined by Eq. (2).

V = (4/3)n(d/2)° (2)

Where V represents the volume of the bead, cm3; D is bead diameter,
cm.
The expansion rate is calculated by Eq. (3).

V,
Swelling ratio = 7’ — 1 x 100% 3

0

Where Vj represents the volume of beads at the initial time, cm3; Viis

the volume of beads at time t, cm®>.

2.3. Chemical stability test of prepared beads

To evaluate the stability of two kinds of beads in the presence of
acids, bases, and salts. Two different concentrations of HCl, NaOH and
KH3POy4 solutions were prepared, each 100 mL. Ten blank beads of two
kinds were added and shaken at 150 rpm for 4 h. The beads were
removed at the set time interval, and their mass, size and appearance
were measured and observed.

Alginate is usually cross-linked with calcium ions and is used in the
preparation of both beads. Therefore, calcium chelating-EDTA buffer
solution (30 mM EDTA, 55 mM sodium citrate, and 0.15 M NaCl) was
used to evaluate the chemical impact resistance of the two QQ-beads by
capturing and disrupting the alginate three-dimensional network.
Soaking 20 QQ beads per 100 mL EDTA buffer for 60 min, and 4 mL
liquid samples were taken at 10-min intervals. The absorption value was
measured by a UV-visible spectrophotometer at ODgqg to evaluate the
leakage of BH4.

2.4. Quorum quenching activity test of prepared beads

To evaluate and compare the quorum quenching activity of two
kinds of QQ beads, C8-HSL degradation activity was tested [15]. The
prepared QQ-beads were cultured in LB broth for 12 h. After washing
with DI water, 80 beads were placed in 50 mL of Tris-buffer solution
with 200 ng/mL C8-HSL. At the set time interval, 1 mL samples were
collected for QQ activity detection. The concentration of C8-HSL in the
samples was determined by A.tumefaciens A136 bioluminescence assay
[1]. Typically, every 10 mL of A136 broth was mixed with every 90 mL
LB agar contained spectinomycin, tetracycline and 5-bromo-4-chloro-3-
indolyl p-d- galactopyranoside (X-GAL) and placed on an ultra-clean
workbench until coagulated. After coagulating LB agar, 6 pL samples
were carefully selected and incubated in a biochemical incubator for 12
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h for color reaction. Finally, we calculated the residual concentration of
C8-HSL according to the color region diameter. In addition, the QQ
activity of vacant beads was also used as a negative control. QQ activity
is defined by the following Eq. (4).

00 activity = (1 — ny/ny) x 100% (@)

Where ng is the concentration of C8-HSL at time 0, mg/L; n. is the
residual concentration of C8-HSL at time t, mg/L.

Based on this method, two kinds of beads were placed into a simple
MBR which under the similar conditions to the sludge concentration and
operating environment. 20 beads were taken out in the middle of each
month for QQ activity determination. A total of five months were
monitored to see the beads’ long-term using potential.

2.5. Membrane fouling resistance distribution and biofilm formation
assay

In order to investigate the specific effect of beads addition on
membrane fouling, an in vitro experiment of membrane fouling resis-
tance distribution was designed [42]. We measured the membrane flux
of the new membrane assembly at a determinate pressure in ultrapure
water. Then it was put into the reactor with vacant S-PVA/SA and NS/
SA-PVA/SA for one week to measure the membrane flux of the mem-
brane components in the sludge. Then the membrane assembly was
removed, washed with water, and its flux was measured at a determinate
pressure. The membrane flux can be expressed by Darcy’s law as follows,
Eq. (5).

APy APy

J= - 5)
URr  pA(Ry + Rp + Rp)

Where J is the membrane flux, L/(m?es); APy is the transmembrane
pressure on both sides of the membrane, Pa; p is the viscosity through
the solution, Paes; Ry is the inherent resistance of the membrane
component itself, m~%; Rp is the resistance of the concentration polari-
zation boundary layer, m’l; R is the resistance caused by membrane
contamination, m L

Considering that QQ beads alleviate membrane contamination
mainly through QQ activity and physical washing [21], a small batch
simulation experiment was conducted on the physical washing ability
and QQ ability of the two kinds of beads prepared in the process of
biofilm formation. 10 beads of each type were placed in six batch re-
actors. In each batch of the reactor, three PVDF sheets were added to the
container. The speed, working volume (100 mL) and sludge concentra-
tion of all reactors were the same. After stirring for 24 h, the PVDF sheets
were removed and the biofilm formed on them was measured. PVDF
sheets were first stained with 10 mL 0.1 % (w/v) crystal violet (CV) for
30 min, and then the floating color on the sheets was carefully washed
with DI water. Next, PVDF sheets were soaked in 10 mL ethanol solution
for 30 min and removed. Finally, the concentration of CV in ethanol was
determined at ODsgg with a UV-visible spectrophotometer. The mass of
biofilm formed is defined as the absorption value.

2.6. Membrane bioreactors operation

Three lab-scale MBRs with a working volume of 4.5 L were con-
structed. The MLSS of the sludge used in this experiment was 5000 +
500 mg/L; the flux and HRT of MBR were 12 L/m?/h and 18 h,
respectively. There was no activated sludge discharged during the

Table 1
Experiment period setting.
Phase 1 Phase 2 Phase 3
MBR1 Control Control Control
MBR2 Control S-PVA/SA QQ-S-PVA/SA
MBR3 Control NS/SA-PVA/SA QQ-NS/SA-PVA/SA
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experiment. The test cycle arrangement of the three MBRs is shown in
Table 1. And three MBRs were feed with synthetic wastewater which
composed as follows (all in mg/L): glucose, 400; yeast extract, 14.0;
peptone, 115; (NH4)2SO4, 105; KHyPO4, 21.8; MgS04-7H0, 32.0;
FeCls-6H,0, 0.13; CaCly-2H,0, 3.25; MnSO4-5H,0, 2.88; NaHCO3, 256.
We monitored the transmembrane pressure (TMP) in each MBR to es-
timate and compare the extent of biofouling in the MBRs.

When the TMP of the control MBR reached 50 kPa, SMP and EPS in
the mixture were extracted. The mixed solution of 30 mL MBR was
centrifuged at 8000 rpm for 15 min. The supernatant was filtered
through a 0.45 pm Millipore filter, and the filtrate was directly used for
SMP determination. Then, the thermal extraction method was modified
[43,44] to extract EPS from the residual sludge. The bound EPS in the
mixture can be divided into loosely bound EPS (LB-EPS) and tightly
bound EPS (TB-EPS). The concentration of polysaccharide and protein in
EPS was determined by anthrone-sulfuric acid and the modified Lowry
method [45].

2.7. Analysis method

Cut the two kinds of core-shell beads in half to observe the micro-
structure of two kinds of core-shell beads. After lyophilisation, the
surface of the beads was coated with gold layer, and the surface and
cross-section structures were characterized by scanning electron mi-
croscopy (SEM).

To determine the mechanical strength of the beads, the compression
strength of the two beads and the inner core were tested using an
electronic universal testing machine (CMT6103).

3. Results and discussion
3.1. Characterization of immobilization beads

The appearance of the two cores was different. The silica cores were
transparent, while the NS/SA cores were slightly yellow. After wrapping
the PVA/SA, the appearance of the two beads was white and smooth.
The diameter of these beads were: silica cores for 2 mm (40.5 mm), S-
PVA/SA for 5 mm (+1 mm), NS/SA cores for 3 mm (+0.2 mm), NS/SA-
PVA/SA for 6.25 mm (+1 mm) which could be proved that PVA/SA an
effective shell (PVA/SA) has been outside the core. The picture of the
two kinds of beads was shown in Fig.S1. After vacuum freeze-drying, the
microstructures of two kinds of beads were observed. The microscopic
structure observation results using SEM were shown in Fig. 1. The outer
surface of the silica core in Fig. 1(a) was relatively smooth. It can be seen
in Fig. S2 that there were holes on the surface of the silica bead which
can increase the amount of attached bacteria. In Fig. 1(b) ~ (c), there
was a compact structure with some impurities inside the silica core.
Because of the tightness structure, some bacteria spread on the outside
surface. Fig. 1(d) was the cross section of the NS/SA-PVA/SA. SA
interacted with calcium ions, which induced to combine to form a
junction region called the egg-box to improve the bead’s mechanical
properties and water resistance[46]. Due to the large specific surface
and high surface energy of NS, which can easily agglomerate together to
form spherical protrusions. There were many multiple aggregate parti-
cles in Fig. 1(e) which indicated that the addition of SA promoted the
agglomeration of NS [47]. Fig. 1(f) was the shell with a reticular porous
structure used for both beads, which was convenient for mass transfer.
The core-shell structure also protected the BH4 inside [25,48].

In order to make the service life of QQ core-shell beads more ideal,
mechanical performance is also a critical property that cannot be
ignored. The compressive strength of the two cores and beads was tested
by an electronic universal testing machine at room temperature. The
results were presented in Fig. 2, which showed that the compressive
strength of silica cores can be as high as 612.31 N with 0.28 mm strain
changed. After coating the PVA/SA shell, the compressive strength
decreased to 64.78 N. Its elastic deformation was very slow in the early
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Fig. 1. SEM of S-PVA/SA and NA/SA-PVA/SA core-shell structure beads: (a)~(b) external surface of silica beads and S-PVA/SA profile with 30x/40 x of
magnification; (c) silica bead surface of QQ-S-PVA/SA with 5000 x of magnification; (d) core-shell profile of QQ-NS/SA-PVA/SA with 30 x of magnification; (e) core
profiles of NS/SA-PVA/SA with 5000 x of magnification; (f) structure of the shell of PVA/SA with 500 x of magnification.
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Fig. 2. Compressive strength of S-PVA/SA and NS/SA-PVA/SA and their cores.

stage, and increased to 2.89 mm compared with the core. It was shown
that PVA/SA was an elastic composite material which acted as a buffer
in the performing compressive tests [49]. In Fig. 2(b), the compressive
strength of NS/SA was 2.34 N, which increased to 7.93 N after wrapping
the shell. Covering the shell could improve the compressive strength of
NS/SA and made up for its deficiency in strength. Similarly, after
wrapping PVA/SA, its elastic deformation was changed from 2.11 mm to
5.59 mm which demonstrated the cushioning effect of the shell. Initially,
linear growth occurred for all stress—strain lines except the silica cores.
According to Hooke’s law of stress-strain relationship, it could be
concluded that this situation was due to plastic deformation of the
composite material. In the second stage, plastic deformation of the
composite material occurred due to the generation of dislocation, and
the deformation speed of all lines except silica beads increased slowly
until the maximum stress point was reached [50]. The PVA/SA shell not
only protected BH4 but also dispersed the pressure when it is impacted

by external forces. So the PVA/SA shell was indispensable and effective.
While for hydrogel cores like SA, the outer shell was needed to improve
its mechanical strength.

3.2. Physical stability test of prepared beads

3.2.1 Mass transfer performance of immobilized beads

The immobilized beads should have an unblocked mass transfer
pathway to ensure the normal passage of nutrients and metabolites
required by microorganisms. Methylene blue mass transfer method was
used for the experiment. The mass transfer properties of the two cores
and beads were characterized by measuring the absorbance of the re-
sidual methylene blue solution. The mass transfer efficiency of the silica
cores was 4.40 %, and the NS/SA core was 15.50 %, in Fig. 3. This was
because the internal structure of silica beads was dense as SEM images
shown with a certain adsorption. Meanwhile, the addition of Nano-silica
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Fig. 3. Mass transfer efficiency of S-PVA/SA and NS/SA-PVA/SA and
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to sodium alginate resulted in the improvement of adsorption perfor-
mance. After wrapping the shell, the mass transfer efficiency of the S-
PVA/SA and the NS/SA-PVA/SA were improved to 27.05 % and 36.02
%, respectively, which indicated that the PVA/SA shell was fluffy and
porous. Since BH4 was loaded on the surface of silica beads, the mass
transfer of PVA/SA shells was a key property to ensure the continuous
growth of bacteria and the performance of the beads. The overall
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structure of the NS/SA-PVA/SA has good permeability, too. From the
data above, it is obvious that both core-shell beads can meet their
respective mass transfer requirements.

3.2.2. Swelling test of immobilized beads

Calcium alginate and PVA are characterized by water absorption and
easy expansion. So the swelling test was carried out to compare the
swelling properties of two kinds of immobilized beads. The immobilized
beads were immersed in DI water, and then the swelling degree of the
immobilized beads was analyzed by comparing the mass and volume
changes. From the Fig. S3, we could see that the greatest increase for the
NS/SA-PVA/SA occurred during the first day of soaking, reaching 137
%. In the initial stage of soaking, the external liquid quickly diffused
through the microporous to form hydrophilic bond, leading to a rapid
increase in swelling ratio. Then the pores were fulfilled and the hydrogel
gradually became saturated. Over the next few days, the NS/SA-PVA/SA
swelling rate gradually decreased and reached equilibrium. However,
the swelling ratio of S-PVA/SA increased to 66 % on the 10th day and
then declined gradually, which attribute to the gradual saturation of
water absorption. Both core-shell beads absorbed water quickly, and the
absorption capacity of NS/SA-PVA/SA was stronger since the number of
hydrophilic bonds increase with more sodium alginate in its composi-
tion [51].

3.3. Chemical stability test of prepared beads

According to the properties of the materials used to prepare the
beads, three kinds of solutions that may affect their chemical stability
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Fig. 4. Changes of two beads in HCl, NaOH and KH,PO4 solutions: (a)~(b) diameter and weight. variation of S-PVA/SA under different concentrations of acids, bases
and salts; (c)~(d) diameter and weight variation of NS/SA-PVA/SA under different concentrations of acids, bases and salts.
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were selected for the chemical stability experiment. During the whole
experiment, the morphology, mass, volume, and stability of bead were
recorded in Fig. 4. Under the condition of acid, base and salt, each bead
could maintain a relatively stable volume and mass. The increase in
mass and volume was due to swelling. The specific appearance changes
were manifested in Table S1. that no serious fragmentation or core
disappearance were happened at the end of the experiments. The results
showed that the two beads had superior chemical stability and remained
stable under harsh environmental conditions.

In addition, the chemical stability of the beads can be characterized
by measuring the amount of cell leakage after chemical shock, expressed
as the absorbance at ODggg. The results are shown in Fig. 5. After soaking
in EDTA buffer solution for one hour, the ODgqg of both beads did not
exceed 0.010. At 30 min, the ODgq of the two core—shell beads reached
0.007 (NS/SA-PVA/SA) and 0.009 (S-PVA/SA), respectively. It was
demonstrated that the two beads have favorable resistance to chemical
impact and prevent the bacteria from escaping.

3.4. Quorum quenching activity test of prepared beads

The removal rate of AHL was used to characterize the QQ activity of
immobilized beads. For QQ beads, the quorum quenching activity
mainly manifested as the adsorption and degradation effect of AHL. As
in Fig. 6., the overall of S-PVA/SA (78.25 %) was similar to that of NS/
SA-PVA/SA (79.85 %). The adsorption capacity of the two beads
increased and remained stable at 60 min, with 18.19 % (S-PVA/SA) and
22.66 % (NS/SA-PVA/SA), respectively. The adsorption performance of
NS/SA-PVA/SA was always better than that of S-PVA/SA due to the
different structure. In quenching of AHL, S-PVA/SA performed better.
The quorum quenching activity increased from 61.32 % to 63.96 %
during the 6 h. Then the quenching activity of the NS/SA-PVA/SA
increased from 56.72 % to 59.46 % at the same time. It was specu-
lated that BH4 was mainly concentrated on the outside of silica beads,
which was closer to the external environment and exchanged with the
external substances more efficient. In conclusion, two QQ beads had
their own advantages in quorum quenching and adsorption activity and
the proportion of quorum quenching was much greater than that of
adsorption.

In order to test the long-term service life and stability of the beads,
we monitored the beads for five months. The long-term effects of the two
QQ-beads were measured in Fig. S4. The QQ activity of S-PVA/SA
reached the optimum (87.59 %) at the second months, and then
decreased. The same trend was observed for NS/SA-PVA/SA and the
highest QQ activity was 82.12 %. These data indicated that two kinds of
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Fig. 5. Cell leakage of QQ-S-PVA/SA and QQ-NS/SA-PVA/SA.
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beads were equipped with superior long-term quorum quenching ac-
tivity for long-time use. For further comparison, the QQ activity of the
beads after using five months was compared with that of the newly made
beads. It was shown in Fig. 7. that both beads were still quenched after
used and the QQ activities reached 59.64 % (S-PVA/SA) and 58.62 %
(NS/SA-PVA/SA), respectively. The QQ activity of the new beads
reached 78.25 % (S-PVA/SA) and 79.85 % (NS/SA-PVA/SA) at 6 h. The
quenching activity of the used beads decreased but it still had good
performance. Statistically, the experimental core-shell beads had the
potential to be used for a long time.

In an aerobic membrane bioreactor (AeMBR), the beads would scour
the biocake on the membrane surface. Therefore, a simulated biofilm
experiment was established to observe the role of the beads in the pro-
cess of biofilm formation. The results were shown in Fig. 8. In this
experiment, a blank group was set up (i.e., no beads). The ODsg of S-
PVA/SA was 0.87 and that of NS/SA-PVA/SA was 0.83. It was 0.34 (S-
PVA/SA) and 0.39 (NS/SA-PVA/SA) less than the bacterial-free beads,
respectively. ODsgq of the blank group was the highest (1.32). The QQ
beads used five months were also used as a control group, and the results
were similar to the blank beads (without bacteria). This indicated that
the two beads after used mainly played the role of scour and a small
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Fig. 7. QQ activity of used and new beads.
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Fig. 8. Biofilm generation experiment in simulated MBR environment.

amount of adsorption in the 24-hour simulation membrane biofouling
experiment. It was proved that the two QQ-beads had scouring effect
and the ability to alleviate the formation of membrane biofouling.

3.5. Membrane bioreactors operation.

To verify the possibility of two beads in practical application, three
MBR experimental devices with the same conditions were set up. MBR 1
was a control reactor, without beads. In the second phase, S-PVA/SA and
NS/SA-PVA/SA were added to MBR 2 and MBR 3, respectively. In the
third stage, QQ-S-PVA/SA and QQ-NS/SA-PVA/SA were added into
MBR 2 and MBR 3, respectively, to verify the ability of the two beads in
alleviating membrane biofouling. From the first stage, the pollution
trend of the three reactors was at the same level, which indicated that
the conditions and states of the three devices were basically parallel. In
the second stage, the physical scouring of the two beads played an
important role. With the addition of both beads, their TMP reached 50
kPa in 11.25 (S-PVA/SA) and 9.75 (NS/SA-PVA/SA) days, respectively.
Membrane biofouling was alleviated in both reactors and S-PVA/SA
performed better. This was because the light weight of NS/SA-PVA/SA,
most of which floated on the surface of the mud-water mixture under the
action of aeration. There was no effective physical scouring of the
membrane assembly located in the lower part of the reactor. However,
the weight of the S-PVA/SA was heavier and moved closer to the
membrane components which located in the lower part of the reactor, so
the scouring effect was more obvious. In the third stage, the membrane
biofouling in the reactor with QQ-beads was significantly alleviated
compared with the control group. The TMP took 19 (QQ-S-PVA/SA) and
18 (QQ-NS/SA-PVA/SA) days to reach 50 kPa, compared with the
control group, the time was prolonged by 264.9 % and 249.1 %,
respectively. Both kinds of QQ beads had excellent ability of alleviating
membrane biofouling. And the QQ-S-PVA/SA played better in this
experiment. This might be BH4 in the S-PVA/SA was closer to the
external environment and could carry out efficient material transfer.
Thus, the efficiency of alleviating membrane fouling was greatly
improved. And the addition of two kinds of beads did not affect the
treatment effect of MBR and sludge condition. During the experimental
period, COD, SVI and other indicators (Fig. S6) to characterize the
wastewater treatment effect and sludge performance were in a favorable
range of parameters.

EPS is an indispensable index for evaluating biofilm contamination
in MBR. The variation of EPS and SMP during the experiment was shown
in Fig. 9(b) ~ (c). In the second and third stages, the EPS (including LB-
EPS and TB-EPS) of the experimental reactors were located decreased to
different degrees. In the second stage, the addition of core—shell beads
could reduce the concentration of AHL in the mixture by adsorption,
thus inhibiting the quorum-sensing between cells and reducing the
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production of microbial EPS [19]. The protein decreased evidently with
43.56 % (S-PVA/SA) and 45.35 % (NS/SA-PVA/SA) separately. A
similar trend could be observed in SMP. Among them, the data of S-
PVA/SA decreased significantly. In the third stage, it can be seen that in
addition to the adsorption of the beads, the QQ also contributed to the
decrease of EPS. EPS of the two QQ-beads also declined in the third
phase. This result was consistent the trend in TMP. By observing the data
of the two beads alone, S-PVA/SA was superior to NS/SA-PVA/SA in
reducing EPS. Combined with TMP, the decrease of EPS content of S-
PVA/SA was mainly due to the adsorption.

In the third stage of the experiment, the quenching efficiency of two
beads was measured. As seen from Fig. S5, the QQ efficiency of the two
beads was in a similar rising trend from O to 20 days. The NS/SA-PVA/
SA reached a peak (97.12 %) at 20th day and the S-PVA/SA was 91.57
%. After 20 days, the quenching activity of both QQ-beads decreased
which fell to 83.32 % (S-PVA/SA) and 88.04 % (NS/SA-PVA/SA). In
MBR, the overall quenching effect of NS/SA-PVA/SA was better, which
was related to its excellent adsorption capacity. The BH4 of S-PVA/SA
was concentrated in the contact with the shell, and the microbial leakage
and loss were relatively fast in the later stage of the experiment.

4. Conclusion

In this study, two kinds of silica reinforced core-shell beads were
prepared and the membrane fouling period was effectively delayed in
MBR applications. The addition of inorganic material improved the two
beads physical and chemical stability and compressive strength. The
design of core—shell structure provided a friendly living environment for
BH4 and a necessary guarantee for the long-term application of the QQ-
beads in MBR. The two kinds of beads still have good quenching effect
during a five-month aeration experiment. The time of TMP reaching 50
kPa was prolonged by 264.9 % (S-PVA/SA) and 249.1 % (NS/SA-PVA/
SA) in MBRs, respectively. Moreover, the properties of activated sludge
in MBRs were not affected by the addition of beads. The results showed
that the two kinds of silica core-shell QQ-beads prepared in this study
had the advantages of biocompatibility, high mechanical strength,
resistance to chemical impact and stable QQ effect, and have been
successfully applied to MBR’s biofilm contamination control.
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