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ABSTRACT

Photosynthetic bacteria (PSB) wastewater treatment technology can simultaneously treat
wastewater and produce valuable materials. However, PSB are typically difficult to collect
from wastewater, which limits their utilization in wastewater treatment and resource recov-
ery. In this study, three different methods (e.g. immobilization, coagulation and membrane
separation) were investigated and compared for PSB collection to recover bioresources. A
strain of PSB, Z08 (Rhodobacter sphaeroides) was used. Results showed that PSB hardly
attached to the seven support materials tested during immobilization. Aluminium polychlo-
ride was shown to be effective at PSB separation via coagulation at a dosage of 5,000 mg/L;
however, coagulants might cause the second pollution. Also, the membrane was effective at
Z08 collection. Ninety-nine per cent of PSB was collected from water; this PSB liquid was
then concentrated by a factor of 12.4, and the water production ratio reached 93.0%. The
optimal Z08 dosage was 1,682.1 mg/L, which generated 165,396.0 mg/L of biomass within
a 50 h water cycle. Compared with activated sludge, the water cycle that combines the PSB
and the membrane can function up to 60 min with an initial PSB concentration of
10,000 mg/L, which will mitigate membrane fouling and achieve bioresource recovery.
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1. Introduction

Photosynthetic bacteria (PSB) have been applied in
wastewater treatment due to their many advantages,
which include purifying wastewater effectively and
recovering valuable bioresource [1]. In the 1960s,
Kobayashi found that during wastewater self-purifica-
tion processing [2], PSB were important component
and could degrade most organic matter in wastewater.
Therefore, using PSB for wastewater treatment has
since been developed significantly. Researchers have
used PSB to treat many types of wastewater, such as
aquarium water [3], sewage wastewater [4], olive mill
wastewater [5,6], shrimp farms wastewater [7], poultry
slaughterhouse wastewater [8], dairy wastewater [9],
palm oil mill effluent [10], soybean wastewater
[11–13], beer wastewater [14], latex rubber sheet
wastewater [15] and pharmaceutical wastewater [16].
Results showed that PSB can effectively decrease
50–90% of COD, 60–80% of TP and 40–80% of TN
[11–14]; using PSB to treat wastewater can thus dimin-
ish secondary pollution and achieve resource recovery.
Compared with traditional wastewater treatment pro-
cesses, the biomass generated using PSB is only PSB,
which contain lots of single-cell proteins, biopolymers
and carotene. These valuable extractions can be
recovered as resources and used in fertilizers or fish-
ery industries [17,18]; this can help mitigate sludge
disposal costs and secondary pollution.

However, PSB are typically difficult to collect from
wastewater due to their small size (e.g. 0.5–3.0 μm)
and resistance to forming flocs [19], which limit their
utilization in wastewater treatment and resource
recovery. To solve these problems, immobilization has
been used in PSB wastewater treatment and hydrogen
production to avoid PSB lose [20,21]. There are two
types of this method: embedding and biofilm. The
embedding materials used are usually polyvinyl alco-
hol beads and PVA–boric acid gel granules [3,22],
sodium alginate or agar [23] and porous ceramic [4].
The materials used in the biofilm method are packed
glass beads [20] and other materials that have porous

structures [21]. Some fixation and separation methods
used in water supply and wastewater treatment for
water purification and solid–liquid separation can also
be used for PSB collection. Except for water and
wastewater treatment, coagulation is also usually used
for microalgae collection [24–26]. During flocculation,
single cells tend to form larger aggregates that can be
separated from the medium by simple gravity
sedimentation [26]. Different coagulants, dosages and
dosing methods are usually investigated to obtain the
optimal coagulation effect [24–26]. PSB are also
microbes and have some common characteristics with
microalgae; thus, coagulation might be used for PSB
collection. Ultrafiltration membrane separation is well
known for its excellent retention of microsize particles
[27]; therefore, ultrafiltration membranes also can be
used in a PSB wastewater treatment system to sepa-
rate PSB and to further purify the effluent. Although
there are many types of methods for immobilizing
PSB, most of these methods attempt to mitigate PSB
loss, promoting wastewater treatment efficiency and
hydrogen production efficiency. The recover or collec-
tion of PSB has not been studied systematically.

In this study, three typical methods for PSB
bioresources recovery (e.g. immobilization, which uses
materials with porous structure; coagulation; and
membrane separation) were investigated and
compared; the optimal separation conditions for PSB
condensation were also studied.

2. Materials and methods

2.1. PSB and the culturing method

A strain of PSB (Rhodobacter sphaeroides) called Z08
that was isolated from local soil was used in this
study. This strain is a Gram-negative bacterium that is
spherical with a diameter of 0.3–1.0 μm. Z08 can
survive under light-anaerobic, natural light-micro
aerobic and dark-aerobic conditions [12]. Z08 was cul-
tured via the shaking culture method using an HCH
medium (Table 1).

Table 1
Composition of HCH medium

Components Concentration (g/L) Components Concentration

DL-malic acid 4.0 Yeast extract 100 mg/L
MgSO4 0.12 Fe3+ 0.0025 mol/L
(NH4)2SO2 1.0 Mn2+ 0.0090 mol/L
CaCl2 0.075 Zn2+ 0.0033 mol/L
KH2PO3 0.5 Co2+ 0.0024 mol/L
K2HPO3 0.3 Cu2+ 0.0024 mol/L
Na2EDTA 0.020 pH 6.8
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HCH medium measuring 50 mL was placed in a
250 mL flask. The flask mouth was sealed by an
oxygen-enrichment membrane to keep out dust and
infectious microbes. The medium was sterilized in an
autoclave at 120˚C for 20 min. Z08 with a volume of
15 mL was inoculated into the flask; the biomass
concentration was approximately 840.0 mg/L dry
weight after the medium had cooled. Then, Z08 was
cultured in a thermostat shaker at 140 rpm and 28˚C
with a light intensity of 3,000 lux. The Z08 used in the
following experiments were growing during the
logarithmic growth phase.

The Z08 biomass dry weight was plotted vs. OD660

in Fig. 1 and can be described by the following fitted
equation:

Biomass (dry weight) = 6.0046 + 835.0469 × OD660,
R2 = 0.9904

2.2. Ultrafiltration membrane and the membrane filtration
set-up

A hollow fibre crossflow ultrafiltration membrane
module was used (LU8–4A, Litree Company, China).

The membrane was made of hydrophilized polyvinyl
chloride and had an effective membrane surface area
of 0.16 m2. The internal and external diameters of the
hollow filament fibre were 1.00 and 1.66 mm, respec-
tively. The nominal pore size was 0.01 μm and the
molecular weight cut-off was 100,000 Daltons. The
manufacturer’s specified operating pressure range was
0.1–0.2 MPa, the maximum flow rate was 200 L/h and
the minimum flux was 10 L/(m2 h).

2.3. PSB immobilization

For immobilization, seven support materials
including quartz sand (QS), cobblestone (CS), active
carbon (AC), volcanic rock (VR), polyvinyl chloride
(PVC), polypropylene (PP) and loofah sponge (LS)
were used. All support materials were pretreated in
an ultrasonic cleaner (KQ2200DV, 100 W, Kunshan
Ultrasonic Cleaner Co. Ltd) three times to remove
impurities; the support materials were then weighed
after drying in an oven for 48 h at 70˚C. The weights
of the seven support materials were recorded in
Table 2.

The support materials and the 150 mL of HCH
medium were first placed in 250 mL flasks. The flask
mouth was sealed by an oxygen-enrichment membrane
to keep out dust and infectious microbes. The medium
was sterilized in an autoclave at 120˚C for 20 min.
After the medium and support materials were cooled,
Z08 was inoculated into the 250 mL flasks. The initial
inoculation dosage was 12.8 mg dry cell weight.

After inoculation, the flasks were placed in a ther-
mostat shaker set to 140 rpm and 30˚C for 10 h. After
10 h, Z08 was cultured statically and lit by a 60 W
incandescent lamp to maintain a temperate near 30˚C;
the light intensity was also controlled to be near 2000
lux. The total culturing time was 30 d. During this
period, the medium was renewed with 50 mL of new
medium every three days. For the medium replace-
ment, a 50 mL mixture of Z08 cells and medium in the
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Fig. 1. Biomass dry weight vs. OD660.

Table 2
Components and weights of the support materials used

Supporting materials Components Weight (g) Source

QS SiO2 10 Tianjin Biboquan Water Filtration Materials
Science and Technology Ltd.CS SiO2 10

AC Active carbon 10
VR SiO2 10
PVC Polyvinyl chloride 1.5
PP Polypropylene 4.0
LS Plant fibre 3.0
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experimental group was first measured and centrifuged
at 12,000 rpm for 10 min to collect the Z08 cells. Then,
the collected Z08 cells were added back into the sample
with 50 ml of new sterile medium. Replacement of the
medium was performed in a sterile bench with sterile
tubes and flasks. The support materials were flushed on
the 30th day to remove the biomass that was not
attached stably and were then dried in an oven to
constant weight before being weighted.

2.4. Coagulation of PSB

The three coagulants of aluminium sulphate, ferric
sulphate and aluminium polychloride (Tianjin
Biboquan Water Filtration Materials Science and
Technology Ltd) were used in this study. These coagu-
lants were first dried to constant weights at 120˚C and
were then used to prepare 10% liquid reserves. In the
experiments, Z08 was placed in 100 mL flasks with a
concentration of approximately 420.0 mg/L dry
weight. Coagulant concentrations were controlled by
grades to be 100, 500, 1,000, 5,000, 10,000 and
20,000 mg/L. The flasks were then placed in a shaker
at a mixing speed of 200 rpm for 1 min and then at
100 rpm for 15 min. After the Z08 cells were allowed
to settle for another 30 min, OD660 and pH in the
supernatant were tested.

In this experiment, the PSB separation ratio was
calculated by subtracting the PSB concentration in
liquid after coagulation from the initial PSB concentra-
tion and then dividing this result by the initial PSB
concentration; water production was also calculated
by considering the volume ratio of the clean water
produced via membrane filtration vs. the total influ-
ent. The clean water was collected in a barrel during
the membrane separation process and its volume was
measured. The volume of the total influent was also
measured during the membrane separation process.

2.5. Membrane collection of PSB

The membrane collection process of PSB can be
divided into two steps: filtration (also can be called as
separation), which separates PSB from wastewater via
membrane filtration; and collection (also can be called
as recovery), which collects or recycles PSB via
backwash from the membrane. In this experiment, Z08
was kept in a 4.0-L round bottom flask with an initial
biomass of approximately 841.1 mg/L dry weight. The
schematic diagram of the ultrafiltration and backwash
equipment is shown in Fig. 2.

During the ultrafiltration process (separation), the
inflow rate and pressure were controlled by valves 4

and 7. The bacterial liquid was stored in the PSB
storage tank (1). Valves 4 and 7 were then opened and
valves 10 and 12 were closed. Pump (2) was then acti-
vated, pumping the bacterial liquid into the system
via pipe (a). The bacterial liquid flowed through pipe
(b) and then entered the ultrafiltration membrane (6).
The clear water flowed out through pipe (c) to the
reclaimed water storage tank (9).

The operational pressure and inflow rate during
the membrane filtration process were 0.1 MPa and
15 L/h, respectively. When the PSB concentration in
the effluent was constant, the separation cycle was
complete. During one separation cycle, the biomass in
the inflow and effluent were tested, and the mem-
brane separation ratio was calculated. The COD of the
effluent was also tested. The membrane separation
ratio was calculated by subtracting the PSB concentra-
tion of the effluent after membrane filtration from the
PSB concentration of the influent and then dividing
the results by the PSB concentration of the influent.

During the backwash process (PSB collection), the
PSB storage tank (1) was filled with backwash water.
The pressure and flow rate were controlled by valves
10 and 12, which were opened; then, valves 4 and 7
were closed and pump (2) was activated. Backwash
water was transferred by pump (2) into pipe (a) and
then directed through pipes (b) and (d). Then, the
backwash water flowed through the ultrafiltration
membrane (6). The concentrated bacterial liquid was
then discharged through pipe (e) into the condensed
PSB storage tank (13).
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Fig. 2. Schematic diagram of the ultrafiltration and
backwash equipment.
Note: 1. PSB storage tank; 2. electric diaphragm pump; 3.
inflow meter; 4. inflow control valve; 5. inflow pressure
gauge; 6. ultrafiltration membrane; 7. drainage valve; 8.
drainage meter; 9. reclaimed water storage tank; 10. back-
wash valve; 11. backwash pressure gauge; 12. backwash
valve; 13. condensed PSB storage tank; (a) inlet pipe; (b)
shunt pipe; (c) filtrated water drainage pipe; (d) backwash
inlet pipe; (e) concentrated bacterial liquid drainage pipe.
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The operational pressure and inflow rate for the
backwash were 0.2 MPa and 20 L/h, respectively. The
biomass in the effluent was tested at 0, 10, 20, 30, 40,
50, 60, 120, 180, 240 and 300 s, and the biomass
collection ratio was calculated by subtracting the PSB
concentration in the effluent from the PSB concentra-
tion retained in the membrane and then dividing
the result by the PSB concentration retained in the
membrane.

2.6. Analysis methods

OD660 was tested using the spectrophotometric
method (APHA, 2005). The biomass and COD were
tested using the APHA standard methods [28]. The
pH and light intensity were monitored regularly using
a PSH-3 pH meter (Shanghai Precision and Scientific
Instrument Company, China) and a Li-250A light
meter (Li-COR Inc., Canada), respectively. The zeta
potential was tested using a Zeta sizer (Nano-z,
Engima Business Park, UK). The amount of extracellu-
lar polymeric substance (EPS) was tested using the
high-speed centrifugation method [29–31]. The amount
of carbohydrates present was measured using the
phenol–sulphuric acid method [30]. The amount of
proteins present was measured using the Lowry
method [32]. The amount of nucleic acids present was
measured using UV–visible spectrometry method [31].
Each experiment was repeated three times, and all of
the results shown are the averages of the results of the
three corresponding tests.

3. Results and discussion

3.1. PSB immobilization

The previous studies in the literature showed that
PSB could adhere to the surface of support materials
[33]. However, in this study, Fig. 3(a) showed that
PSB did not adhere well to the seven common support
materials tested during the 30 d cultivation period.
Except for AC and VR, no Z08 adhered to the other
supports. The final biomasses of Z08 on the QS, CS,
AC, VR, PVC, PP and LS were −15.4, −3.6, 171.6, 20.1,
0, 0 and 0 mg, respectively. These findings indicated
that immobilization could not concentrate Z08 effec-
tively. Fig. 3(a) showed that the PSB weight on QS
was −15.4 mg after 30 d of accumulation; this result
might be caused by a measurement error or by the
dissolution of QS into the water used in this experi-
ments. The biomass in the AC experimental group
was found to be the highest; however, the initial AC
weight was 10.0 g, and thus, the small change in
weight measured could be considered negligible.

The support materials were shown to only slightly
affect Z08 growth. After 30 d of accumulation, the final
biomasses in the liquid were 1,173.2, 1,205.6, 941.3,
1,183.5, 1,262.2, 1,159.4, 1,500.8 and 1,182.1 mg for the
QS, CS, AC, VR, PVC, PP, LS and the blank experimen-
tal groups, respectively, as shown in Fig. 3(b). The
biomass in the liquid of the LS experimental group was
26% higher than that of the blank experimental group,
which indicated that Z08 primarily grew in the liquid
phrase. The loofah sponge was composed by fibre and
contained some nutrients such as polysaccharides and
other nutrients. After a long soaking time, the nutrients
in the loofah sponge might have dissolved into the
water, which could have promoted the growth of Z08.
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Fig. 3. Biomass dry weight immobilized on supporting
materials and accumulated in liquid, 30 d of cultivation.
Notes: 1. Quartz Sand (QS); 2. Cobblestone (CS); 3. Active
Carbon (AC); 4. Volcanic Rock (VR); 5. Polyvinyl Chloride
(PVC); 6. Polypropylene (PP); 7. Loofah Sponge (LS); 8.
Blank.
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PSB did not form a biofilm easily and did not
adhere to the surface of the support materials well;
these findings might be caused by the following rea-
sons. Firstly, Z08 cell do not have a capsule [34], which
is sticky and typically allows cells to adhere to each
other or other materials. Because the surface of Z08
cells is smooth, the cells tended to suspend in the
water without adhering to each other or the surface of
the support materials. Secondly, the zeta potential of
the Z08 cells was low: −20 mV at pH 9.0 with an OD660

of 0.50. A low zeta potential typically generates a
significant repulsion effect to other Z08 cells dispersed
in water, which can prevent clustering of Z08 cells.
Thirdly, many studied have shown that low EPS
concentrations can cause poor PSB flocculation [35,36].
Watanabe et al. [35] and Sheng et al. [36] found that
the EPS concentration of PSB was 16–90 mg/L when
PSB grew under normal conditions, which was insuffi-
cient for flocculation. Conversely, EPS was much
higher when PSB was in the presence of a high concen-
tration of metal ions [35,36]; the flocculating ratio of
PSB was shown to be above 50%. In this study, Z08
grew in a normal environment, and the EPS of Z08
was much lower (9.0 mg/L) than that in the previous
studies [35,36] and of activated sludge, which cannot
absorb Ca2+ and binds the water and polysaccharide
effectively [37,38]; as a result, the Z08 cells in this
study did not form a biofilm easily. Finally, the biotic
community is unitary in this study, which prevents the
formation of a symbiotic ecosystem. Therefore, Z08
cannot rely on each other to form ecological communi-
ties, leading to poor accumulation and clustering [39].

3.2. Coagulation of PSB

The above results showed that the PSB immobiliza-
tion by the support materials tested was not effective;
thus, other methods might be used for PSB collection.
Coagulation is usually used in microalgae collection
[24–26]. Some characteristics of PSB are very similar to
those of microalgae, including a low zeta potential
and a small diameter; thus, coagulation might be used
for PSB collection. Three coagulants, aluminium
polychloride, aluminium sulphate and ferric sulphate
were investigated with regard to increasing the zeta
potential of Z08 and improving Z08 clustering.

Fig. 4(a) showed that all three of the coagulants
tested could effectively separate PSB from water. The
optimal coagulation dosage were determined to be
5,000, 5,000, 1,000 mg/L for aluminium polychloride,
aluminium sulphate and ferric sulphate, respectively.
Table 3 showed that the final Z08 separation ratios
were 92.2, 51.1 and 79.4% for aluminium polychloride,

aluminium sulphate and ferric sulphate, respectively.
These findings meant that to achieve ideal coagula-
tion, the dosage of the coagulant must be above
1,000 mg/L. For aluminium polychloride, the total cost
per kg will near 1.55 $/kg Z08, which is not economi-
cal. During coagulation, the pH dropped significantly
as the dosage increased, as shown in Fig. 4(b).

3.3. Membrane separation

Although coagulation showed a high efficiency
during PSB collection, it consumed significant
amounts of chemical reagents, and was thus not eco-
nomical. Also, the biomass collected via coagulation
cannot be used directly as a feed supplement because
it contains large amount of chemical coagulants.
Compared to immobilization and coagulation, the
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membrane separation method was more effective for
PSB collection, and the biomass could be directly used
after separation.

The membrane separation method could be used
to remove macromolecules, chemical compounds,
polymeric compounds, colloids and viruses. Then,
ultrafiltration membranes could be used to remove all
0.0012–0.05 μm solute molecules from a liquid mixture
because this technology is currently used to separate
bacteria and mycoproteins. The diameter of Z08 was
1 μm × 1.5 μm [16], and the aperture of the membrane
was 0.01 μm; thus, the ultrafiltration membrane could
separate the Z08 cells effectively.

3.3.1. Feasibility of the ultrafiltration method for PSB
filtration

Fig. 5 showed that the membrane separation
method is particularly effective. With an operational
pressure of 0.1 MPa and an initial inflow rate of
15 L/h, the Z08 dry cell weight decreased from 841.1
to 7.7 mg/L. The separation ratio of the membrane
separation method thus reached 99.1%.

During this period of the experiment, the flux,
which refers to the volume of water passing through
the membrane during a unit time across a unit mem-

brane area, was monitored and recorded in L/(m2 h).
In this study, the effective membrane surface area was
0.16 m2, and the maximum flow rate was 200 L/h;
thus, the minimum flux was 10 L/(m2 h). If the flux
decreased below 10 L/(m2 h), the membrane would be
considered to be blocked and is in need of cleaning.
Fig. 5 shows that the flux remained above 10 L/(h m2)
(i.e. the minimum design flux) for approximately 30 h.
After that time, the flux dropped below 10 L/(h m2).
Under this condition, the membrane must be cleaned
to recover the separation efficiency. The biomass was
retained in the membrane reactor; to clean the mem-
brane and recover biomass, the backwash method was
applied. The separation cycle was thus set to 30 h.

3.3.2. Clean water production and biomass recovery
efficiency

During the membrane separation process, signifi-
cant amounts of residual water were generated.
Although the water generated from the PSB mem-
brane separation process contained some metabolites,
the production was simple, and the ingredients did
not seriously block the membrane. Fig. 6(a) showed
that the COD of the effluent was 20.6 mg/L at 30 h,
which meets the national standards [40]. The water
production reached 93.0%; therefore, the residual
wastewater separated by the membrane can be col-
lected and used as reclaimed water in industries
(CODCr ≤ 60 mg/L), agriculture, forestry, animal hus-
bandry (CODCr ≤ 40 mg/L) and landscaping
(CODCr ≤ 30 mg/L) [40], producing significant water
resource.

PSB was collected by the backwash method
(i.e. condensing). The cleanliness of the membrane
was measured by testing the PSB concentration of the
effluent. Fig. 6(b) showed that the PSB concentration
was 55,890.5 mg/L at the beginning of the process
and quickly dropped to 1,639.7 mg/L after 10 s. After
240 s, the PSB concentration was 6.6 mg/L (i.e. 0.01%
of the initial PSB concentration). This showed that
99.0% of the Z08 cells were collected via the backwash
method; thus, the recommended backwash time was
determined to be 300 s. After backwashing, the

Table 3
Dosages, Z08 separation ratios and prices of the three chemical coagulants tested for Z08 separation

Aluminium sulphate Ferric sulphate Aluminium polychloride

Dosage (mg/L) 5,000 1,000 5,000
Z08 separation ratio (%) 51.1 79.4 92.2
Price ($/kg) 0.29 0.71 0.13
Price ($/kg Z08) 3.45 1.69 1.55
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collected Z08 concentration was 10,421.5 mg/L, which
meant that the PSB liquid has been concentrated 12.4
times compared to the initial PSB concentration.

3.3.3. PSB concentration optimization during the
membrane separation process

PSB separation using the membrane separation
process can collect biomass. However, PSB cells also
block the membrane pores, which generate membrane
fouling; a larger initial PSB concentration tends to pro-
duce more serious membrane blockages more quickly,
possibly shortening the separation cycle. Thus, the
effect of the initial PSB concentration was investigated.

Three PSB concentration experimental groups (e.g.
841.1, 1,682.1 and 2,523.2 mg/L) were investigated.

Fig. 7(a) showed that the separation ratio had no effect
among the different initial PSB concentration experi-
mental groups; the separation ratios of all three
experimental groups were above 96.0%. Although the
2,523.2 mg/L experimental group showed a higher
separation ratio than the 841.1 and 1,682.1 mg/L
experimental groups, the flux of the 2,523.2 mg/L
experimental group decreased more quickly than
those of the other experimental groups. Fig. 7(b) also
shows that the 841.1 mg/L experimental group main-
tained the flux above 10 L/(h m2) (i.e., the minimum
design flux) compared to the other experimental
groups; this could prolong the separation cycle time.
In the 841.1 mg/L experimental group, the flux was
kept above 10 L/(h m2) for more than 70 h; however,
in the 1,682.1 and 2,523.2 mg/L experimental groups,
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Fig. 6. COD changes during PSB filtration processing and
biomass concentration changes during the backwash process.
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the fluxes fell below 10 L/(h m2) after 50 and 24 h,
respectively. The final biomass production was
114,634.8, 165,396.0 and 127,260.0 mg/L for the 841.1,
1,682.1 and 2,523.2 experimental groups, respectively.
Comparing the results of the separation cycle times
and the biomass productions, the 1,682.1 mg/L group
was shown to be optimum.

3.4. PSB combined membrane system compared to a
traditional membrane bioreactor

A membrane bioreactor (MBR) is a wastewater
treatment technology that combines activated sludge
and a membrane. In an MBR, pollutant removal ratios
are typically high and the effluent can be directly used
as recycled water, which is superior to traditional
activated sludge technology. However, the sludge
produced by this process cannot mitigate the problems
generated by the traditional activated sludge (i.e.
secondary pollution), even though the activated
sludge production of this process was less than that of
traditional wastewater treatment processes. In this
study, PSB and membrane technologies were com-
bined to form a new system. In this system, PSB was
substituted for activated sludge; no activated sludge
was used, and PSB was the generated biomass from
this system. The PSB biomass can be used as raw
materials for livestock, aquaculture and medicine,
which avoids the problems caused by activated
sludge.

However, membrane fouling is a serious problem
in traditional MBR wastewater treatment technology.
In this study, membrane fouling was also present. To
evaluate the membrane fouling, the PSB combined
membrane system and the traditional MBR system
were compared. The initial concentrations of PSB and
activated sludge were 10,000 and 6,000 mg/L, respec-
tively. Fig. 8 shows that the flux of PSB combined
membrane system changed from 93.8 L/(m2 h) at
0 min to 13.8 L/(m2 h) at 15 min, and the flux
remained above 10 L/(m2 h) for 60 min. For the
activated sludge–MBR system, the flux reached
13.8 L/(m2 h) at 6 min and at 20 min, the flux finally
reached 9.4 L/(m2 h). The concentration of PSB was
higher than that of the activated sludge, but the flux
of the PSB combined membrane system performed for
longer than the traditional MBR system. Thus, the
operational period of the PSB combined membrane
system was longer compared to that of the system
using activated sludge.

Membrane fouling is primarily caused by the EPS
of the activated sludge [37]. In traditional wastewater
treatment processes, the EPS of the activated sludge
was approximately 100 mg/L. Watanabe et al. [35]

and Sheng et al. [36] found that the EPS of PSB was
16–90 mg/L when PSB grew normally. In this study,
under normal conditions, the EPS of Z08 was approxi-
mately 9.0 mg/L, which was much lower than the
activated sludge. Therefore, the membrane fouling in
this study might be lower than that in traditional
MBR wastewater treatment processing. Besides, PSB
had no capsule, had a low zeta potential, and could
not form clusters (Section 3.1). All of these characters
might also mitigate membrane fouling.

4. Conclusions

Three types of PSB separation methods (immobi-
lization, coagulation and membrane filtration) were
investigated and compared. The membrane system
used for PSB separation was shown to be more effec-
tive compared to the immobilization and coagulation
methods. The membrane system can treat wastewater,
recover bioresources and produce usable water
resources. The collection process was divided into two
steps: filtration and condensing. Throughout the pro-
cess, the PSB recovery ratio reached 99.0% with a
water production ratio of 93.0%; the biomass was also
condensed 12.4 times, and the optimal initial PSB con-
centration was found to be 1,682.1 mg/L. With an
operational pressure of 0.1 MPa and an initial inflow
rate of 20 L/h, the water cycle duration and biomass
concentration reached 50 h and 165,396.0 mg/L,
respectively. Besides, compared to the traditional MBR
wastewater treatment processing, the PSB combined
membrane system also showed a longer operational
duration and could manage higher initial biomass
concentrations, indicating its significant potential and
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efficiency in wastewater treatment, water resource
reclamation, membrane fouling mitigation and
bioresource recovery.
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