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ARTICLE INFO ABSTRACT

Biofilm membrane bioreactor (BF-MBR) is considered as an important wastewater treatment technology that
incorporates advantages of both biofilm and MBR process, as well as can alleviate membrane fouling, with
respect to the conventional activated sludge MBR. But, to be efficient, it necessitates the establishment of proper
methods for the assessment of membrane fouling. Four Hermia membrane blocking models were adopted to
quantify and evaluate the membrane fouling of BF-MBR. The experiments were conducted with various op-
erational conditions, including membrane types, agitation speeds and transmembrane pressure (TMP). Good
agreement between cake formation model and experimental data was found, confirming the validity of the
Hermia models for assessing the membrane fouling of BF-MBR and that cake layer deposits on membrane.
Moreover, the influences of membrane types, agitation speeds and transmembrane pressure on the Hermia pore
blocking coefficient of cake layer were investigated. In addition, the permeability recovery after membrane
cleaning at various operational conditions was studied. This work confirms that, unlike conventional activated
sludge MBR, BF-MBR possesses a low degree of membrane fouling and a higher membrane permeability recovery
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1. Introduction

A membrane bioreactor (MBR), combining membrane module and
bioreactor, has been widely used for municipal and industrial waste-
water treatment on account of high pollutant removal efficiency, better
effluent quality, low sludge production rate and small footprint (Fenu
et al.,, 2010; Ng and Kim, 2007). However, the serious membrane
fouling, inefficient denitrification effect, and high operational cost limit
its further application (Huang and Lee, 2015; Wang et al., 2014).
Moving bed biofilm bioreactors (MBBR), as a kind of biofilm waste-
water treatment technology, has been developed based on a combina-
tion of biological contact oxidation and biological fluidized bed and has
been proved to be reliable for organic matter and nutrients degradation
(Bassin et al., 2012; Luostarinen et al., 2006). Owing to high biomass
and diversity in bacterial population, MBBR has some advantages, in-
cluding stable and reliable operation, strong resistance to shock loading
and adaptability, low residual sludge production and high nitrification
rate (Bing et al., 2016; Leyva-Diaz et al., 2014). Biofilm membrane
bioreactor (BF-MBR), as an alternative way, aimed at alleviating the
fouling concerns in relation to MBR and the settle ability issues
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regarding MBBR, and was proposed by Leiknes and @degaard (Ivanovic
and Leiknes, 2012; Leiknes and @degaard, 2007).

In BF-MBR, membrane module and carriers are installed with a
fixed or fluidized state. Membrane can trap macromolecular substances
and solid particles, thus sustain high biomass concentration and bring
about good pollutant degradation. At the same time, carriers have a
large surface space, which is beneficial for microbial growth and pol-
lutant degradation. Compared with the conventional activated sludge
MBR, most of biomass in BF-MBR adhere to the surface of carriers and
gradually form a dense layer of biofilm, reducing suspended particles
and migrating membrane fouling (Bing et al., 2016). Moreover, BE-MBR
can combine the advantages of both, controlling suspended particle
concentration, reducing the energy cost and promoting the process ef-
ficiency (Duan et al., 2015a,b; Duan et al., 2015a,b).

Currently, most relevant research for BF-MBR (Duan et al., 2015a,b;
Ivanovic and Leiknes, 2012) concentrate on pollutants removal and
microbial community. In addition to pollutant degradation, membrane
fouling is another significant factor affecting operational efficiency. In
conventional activated sludge MBR, membrane fouling has been sys-
tematically studied (Lin et al., 2014; Wang et al., 2014). The membrane
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foulants, such as soluble microbial products (SMP), polysaccharides,
extracellular polymeric substances (EPS), humic acids and metal ions,
were recognized (Lin et al., 2014; Meng et al., 2017). Some filtration
and fouling theories, including critical flux (Pollice et al., 2005), porous
media models (Yazdanshenas et al., 2010), mechanism of flow in ca-
pillary (Howell et al., 1993), resistance in series model (Naessens et al.,
2012), polarization model (film theory (Yazdanshenas et al., 2005)), or
classical fouling models (filtration laws and pore blocking model (Xiao
et al., 2013), were adopted to describe the membrane fouling me-
chanism of MBR. In theory, BF-MBR possesses a lower membrane
fouling, thanks to lower suspended particle concentration. But, to our
knowledge, to date, a comprehensive investigation about membrane
fouling mechanism of BF-MBR has not been performed.

This paper encompasses a detailed investigation into fouling me-
chanism of BF-MBR. The effects of operational conditions including
membrane types, agitation speed and TMP on flux behavior were stu-
died. Then, pore blocking model were employed to explain membrane
fouling process. Furthermore, the permeability recovery after mem-
brane cleaning was utilized to investigate the irreversible fouling re-
sistance and membrane cleaning efficiency. Besides operational testing,
SEM was applied to observe and verify the microscopic morphology of
cake layer on fouled membrane. In addition, an in-depth discussion for
fouling mechanism was analyzed. The focus of this study is to under-
stand on the fouling mechanism and to evaluate the membrane cleaning
of BF-MBR, as well to facilitate its potential application to continuous
filtration tests in the future.

2. Materials and methods
2.1. Materials

A moving bed bioreactor (MBBR) packed with bio-carrier (volu-
metric ratio of 32% (Vbio-carrier/Vreactor)) was used to carry out all
the experiments. The used bioreactor was a cylindrical shape with a
working volume of 27.7L (50 x 30 cm). A circinate aeration trachea
was evenly fixed under the frame to blow air bubbles for providing DO
with a 23h operational cycle and 1.5L/min. During the whole ex-
perimental period, the hydraulic retention time (HRT) and the sludge
retention time (SRT) were kept stably at 20 h and 30 d, respectively.

As show in Fig. 1, the effluent of MBBR flowed into membrane
module. The test fluid for membrane experiment was the effluent of
MBBR and its main characteristic was expressed in Table 1. Five fleet
UF membranes fabricated by MICRODYN-NADIR GmbH were utilized
for test in the present study. According to the manufacturer’s in-
formation, their properties were listed in Table 2.

The dead-end filtration Amicon 8050 cell (Millipore, Billaica, USA)
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Table 1
Main characteristics of test fluid.

COD TP NH4-N NO»-N NO3-N TSS VSS

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

66.50 1.30 0.73 0.46 4.38 4121 3612
Table 2

Properties of MICRODYN-NADIR membranes tested.

Membrane  Surface Molecular weight Water permeability
material cut-off (MWCO, kDa) (Lm~2h~!bar})?*

UP005 PES 5 10

UP010 PES 10 50

UP020 PES 20 65

UP030 PES 30 75

UP100 PES 100 100

PES, Polyethersulphone.
2 Own measurement at 20 °C.

was utilized in this investigation. As shown in Fig. 1, the internal dia-
meter of the filtration cell is 6.35cm and the maximum volume is
50 ml. The membrane was located at the bottom of the cell. The ef-
fective membrane area is 0.00317 m?. A constant pressure was provided
by filling the cell with nitrogen gas of nitrogen cylinder and the max-
imal pressure could reach 0.6 MPa, while permeate was collected in a
tube placed on an electronic scale in order to calculate the permeate
flux.

2.2. Experimental procedure

All experiments were conducted at a controlled room temperature
of 20 °C. A new membrane was adopted for each test unless the per-
meability of the used membrane could be fully recovered to ensure the
same initial membrane conditions for the entire study. The membranes
were soaked in deionized water for at least 24 h before use, and pre-
pressured with deionized water for 0.5 h under a pressure of 0.2 MPa.
After stabilization, the pure water flux of membranes was measured at
0.2 MPa for UF to calculate water permeability (Lp). Before these ex-
periments started, the feed was heated to 35 °C, and was fully recycled
in the system at zero TMP, and this process lasted about 10 min for each
test.

In the test, 50 mL of test fluid was concentrated at a constant
pressure and the permeate flux was recorded with time, while permeate
was not recycled. The first 20 mL of permeate was discarded. When
another 30 mL permeate was obtained, the filtration was stopped and
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Fig. 1. Schematic diagram of the experimental configuration.
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Table 3
Four models of membrane fouling proposed by Hermia.
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Pore blocking models Hermia’s model

Physical concept Schematic diagram

Complete pore blocking (model 1)

Internal pore blocking (model 2)

Intermediate pore blocking (model 3)

Cake formation (model 4)

J=Joxexp (—Kxt); K(s™1)

J=(0o % +Kx 0 %K m/sH

J=Uo T+Kxt) L Km™ )

J=(o 2 +Kx 7% K (s/m?)

Formation of a surface deposit

Pore blocking + surface deposit

Pila

9 o
EBSB

e

Pore constriction

Pore blocking

permeate were collected for the subsequent analysis.

After each series of tests, the filtration system was cleaned by
deionized water for 10 min at 300 rpm. Then, alkaline cleaning was
carried out by using a P3-ultrasil 10 (Ecolab, USA) detergent to remove
foulants, at 0.25% concentration and 300 rpm, and Lp was measured to
determine the permeability recovery.

2.3. Pore blocking model

In this study, the fouling type of BF-MBR process was identified by
Hermia blocking model (Cancinomadariaga et al., 2012; Zhang et al.,
2015a,b) (Table 3). The estimation of pore blocking coefficient (K-
value) associated with each of the models could be calculated by non-
linear regression of the experimental data.

Pore blocking model includes complete pore blocking, internal pore
blocking, intermediate pore blocking and cake formation (Zhang and
Ding, 2015). In complete pore blocking, all particles depositing on
membrane surface only involve in “sealing” of membrane pores. It is an
idealized condition assumes that no particles situated on top of other
particles or on membrane surface. Internal pore blocking is due to
constriction of membrane pores caused by small particles attached into
pore walls. For intermediate pore blocking, each particle depositing on
membrane not only cause pore blocking, but also attach on other par-
ticles on membrane surface. In the case of cake formation, particles do
not participate in any changes of membrane pores. A cake layer forms
outside the external membrane and increases hydraulic resistance.

2.4. Analytical items

General evaluation of the pollutant removal of BF-MBR was carried
out by comparing the difference of the water quality indexes between
the feed and the permeate. Regular parameters, including COD, NH;-N,
NO,-N, NOs-N, and TP were chosen as the reference parameters. All the
above parameters were measured according to the standard methods
(N°, 2006).

2.5. Membrane characterization

For the membranes before and after experiment, their morphologies
were examined via scanning electron microscopy (SEM; SN-3400,
Hitachi Ltd., Japan). The membrane weight was measured by means of
an Electronic Scales (FA2004, China).

2.6. Calculated parameters

The rejection (R, %) was calculated according to the following
equation:

400

Cp
R=|1-—| X 100%
Ct

(€8]

where C, and C¢ represented the water quality indexes in permeate and
feed (average value during filtration process), respectively.
Water permeability (L) was calculated from:

]
Ly=—
TMP

(2)

where J,, is water permeate flux.
Permeability recovery was defined by a comparison of the average
water permeability for cleaned and new membranes:

L
Permeability recovery = L—pc X 100%
pi

3

where L,. and L, are water permeability (Lbar™' h™'m~?) of the
cleaned/fouled and new membranes, respectively.
Flux decline (FD) was calculated from:

I 1009

i 4
where J; and J; are permeate flux at initial and finish time during the
experiment, respectively.

Fluxdecline (FD) =

2.7. Data analysis

All full recycling tests were repeated at least three times, and con-
centration tests were repeated at least two times. The errors were
controlled below 5%. Mean values were calculated and presented on
the Figures and Tables. Flux-time profile data were fitted to pore
blocking model. The data were analyzed by nonlinear regression using
Origin 8. Statistical analyses were undertaken through one-way ANOVA
and significant differences for comparisons of treatment occurs if with
p < .05.

3. Results and discussion

3.1. Effect of operating parameters on filtration behavior variation with
time

The operating parameters, such as membrane type, shear rate and
speed, impose a significant effect upon the flux behavior. In this section,
the permeate flux and flux decline with time were studied.

3.1.1. Effect of membrane type on filtration behavior

Membrane module is the core of MBR (Zhang et al., 2015a,b). The
selection of membrane type is very crucial for enhancing pollutant re-
jection and flux behavior, while alleviating membrane fouling (Fan
et al., 2017a,b). Fig. 2 expresses the flux behavior variation with time
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Fig. 2. Flux behaviors with time for different membranes (Agitation speed = 500 rpm
and TMP = 0.25 MPa).

for five types of membranes. With the augment of membrane pore size
and porosity, under the same agitation speed and TMP, the flux im-
proved in the following order: UP005 < UP010 < UP020 <
UP030 < UP100, in that larger pore size and greater porosity lead to
lower inherent filtration resistance (Fan et al., 2017a,b). Due to larger
pore size and greater porosity, the membrane with higher MWCO re-
veals lower inherent filtration resistance and higher flux. Moreover,
more solutes and particles permeate through membrane pores at larger
pore size, thus alleviating concentration polarization and foulants on
membrane surface.

For all five membranes, they have similar changing tendencies and
can be divided into three stages. At the first 250s, flux reduced mark-
edly. Between 250 s and 600 s, the flux decreased slowly. After 600s,
flux trended to be stable. At the first stage (t < 250s), the foulants
deposited and were adsorbed on membrane surface rapidly, so mem-
brane fouling formed apparently and the flux reduced evidently. For the
second stage (250s < t < 600s), the fouling layer came into being
and filtration resistance trended to be stable, thus the flux curtailed
slightly. During the third stage (t > 600 s), the relationship between
shear rate created by agitation speed and membrane fouling achieved
the equilibrium, thus the flux reached a stable value. The fluxes in the
first and the second stages are mainly determined by foulant-clean-
membrane interaction, which depends on membrane properties (pore
size, materials, etc.). With filtration continuation, the membrane
fouling type changed from foulant-clean-membrane interaction to fou-
lant-deposited interaction (Luo et al., 2011; Luo et al., 2012a,b,c). For
the third stage, the main the interaction effect between membrane and
foulants trended to be foulant-deposited foulant interaction, so, their
fluxes were close to each other and independent of membrane prop-
erties (foulant-deposited foulant interaction).

In Fig. 2, for all five UF membranes, their ending fluxes exceed
50Lm~2?h~!, which is much higher than the operational flux
(10-30Lm~2h™1") of the conventional activated sludge MBR. This in-
dicates that BF-MBR has a superior filtration efficiency and anti-fouling
capacity to the conventional activated sludge MBR, although applying
lab-scale results to full-scale plant operation may be limited due to
certain differences in fouling rates and hydrodynamics. The design flux
of BF-MBR can be much higher than that of the conventional activated
sludge MBR, at the same time its fouling rate keeps at a low value. In
addition, flux decline can also be observed in Fig. 2, according to Eq.
(4), generally, higher initial flux has a higher flux decline. For UP005,
its flux almost keeps stable for the whole test, thus its flux decline is
only 38.33%. With respect to UP100, UP030, UP020 and UP010, their
flux declines exceed 65%, due to their high initial flux and great flux
reduction.
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Table 4

Pollutant removal for different membranes (Agitation speed = 500rpm and

TMP = 0.25 MPa).
Pollutant rejection (%) COD TP NH;-N NO,-N NO;3-N
UP100 93.01 99.40 97.92 97.50 99.78
UP030 93.61 99.40 97.50 97.50 99.71
UP020 93.50 99.55 97.75 97.66 99.73
UP010 93.65 99.36 97.58 97.66 99.74
UP005 93.71 99.32 94.08 98.28 99.84

Table 4 shows the pollutants rejection for COD, TP, NH3-N, NO,-N
and NOs3-N. All five UF membranes have similar removal efficiency.
COD removal rates vary from 92% to 94%. The removal rates of NH3-N,
NO,-N, NO3-N and TP exceed 96%. Overall, BF-MRB owns high pol-
lutant removal efficiency. In theory, the membrane with larger pore
size has a lower pollutant rejection, but the opposite occurs in this
study, in that most pollutants in BF-MBR belong to large particles,
which could be rejected by UF membranes. In addition, on the surfaces
of all five membranes, foulants formed cake layers, which had a sec-
ondary rejection capacity, improving the rejection of pollutant parti-
cles. Compared with other membranes, the flux decline of UP030 is
slightly lower, due to its excellent anti-fouling capacity produced by
surface modification, and stable pollutant removal, therefore, it was
selected for the following fouling mechanism study.

3.1.2. Effect of agitation speed and TMP on filtration behavior

Fig. 3 presents the effect of agitation speed on the filtration per-
formance of BF-MBR effluent with the UP030 (0.25 mPa TMP). It is
generally known that shear rate on membrane surface intensifies with
higher agitation or rotating speed (Luo et al., 2010). As illustrated by
Fig. 3, as expected, high shear rate could enhance turbulence near to
membrane, decreasing solutes accumulation near membrane surface,
thus alleviating concentration polarization and improving flux mark-
edly, especially at high TMP. Besides, the shear-induced back diffusion
enhanced at high shear rate, in particular of the large pollutant particles
(size > 100 nm) (Luo et al., 2012a,b,c). Moreover, high shear rate also
facilitated the recombination of some macro-pollutant particles (Luo
et al., 2012a,b,c), which was conducive to shear-enhanced back trans-
port. With decrease of agitation speed, at low shear rate, more foulants
deposited on membrane and fouling resistance enhanced. Table 5 dis-
played the pollutants rejection for COD, TP, NH3-N, NO,-N and NO3-N
for different agitation speeds. As for the pollutant removal, the Table 5
shows that COD, NH3-N, NO»o-N, NO3-N and TP have highly similar
rejection. All COD rejections are higher than 93%, and NH3-N, NO,-N,

300
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o 500 rpm 66.79
—~200 o 300 rpm 66.19
=
€
4 150
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Fig. 3.Flux behaviors of UP030 with time for different agitation speeds
(TMP = 0.25 MPa).
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Table 5
Pollutant removal of UP030 with time for different agitation speeds (TMP = 0.25 MPa).

Pollutant rejection (%) COD TP NH3-N NO,-N NO3-N
700 rpm 95.28 99.47 97.33 97.19 99.76
500 rpm 95.40 98.80 97.75 97.34 99.93
300 rpm 95.46 99.51 97.08 97.81 99.82
400
350 % TMP (MPa) FD (%)
2 o 0.40 84.82
_ 300§ o 025 66.79
= o 2 010 65.32
o 250 oo
£ ad
-
=
X
3
'8
f e
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Table 7
Pore blocking coefficients (K-value) and statistics analysis of fouling mechanism model
for various membrane types.

Membrane Model R-squared K-value K-units
100K 1 0.4388 4.98E - 06 st
2 0.7909 3.88E+00 m/s?
3 0.9582 6.61E—03 m~!
4 0.9944 7.47E—04 s/m>
30k 1 0.3318 2.22E-06 st
2 0.5833 1.79E+00 m/s*
3 0.7949 5.58E—03 m~!
4 0.8838 1.36E—03 s/m?
20k 1 0.9628 6.20E— 07 st
2 0.8816 2.43E+00 m/s?
3 0.8981 7.15E—-03 m~!
4 0.9735 1.57E—03 s/m>
10k 1 0.9721 5.89E—07 st
2 0.8959 1.87E+00 m/s>
3 0.9259 1.05E — 02 m~!
4 0.9624 5.47E-03 s/m>
5k 1 0.9399 3.83E—-07 st
2 0.8417 6.61E—01 m/s”
3 0.8550 1.77E—02 m~!
4 0.8789 6.10E—02 s/m?

0 1000 2000 3000 4000 5000 600
Time (s)

Fig. 4.Flux behaviors of UP030 with time for different TMPs (Agitation
speed = 500 rpm).

NO3-N and TP exceed 97%. Thus, the agitation speed imposes a minor
effect upon pollutant separation. Therefore, it is concluded that a high
shear rate on the membrane enables a reduction in fouling and pro-
duces a higher permeate flux.

Fig. 4 shows the effect of TMP on pollutant removal and perme-
ability recovery after membrane cleaning with the UP030 (500 rpm
agitation speed). In Section 3.1 and Fig. 4, as expected, TMP increases
the driving force and improves flux. For the whole filtration test, high
flux could shorten operational time, thus the operational time de-
creased with the following sequence: 0.40 MPa > 0.25MPa >
0.10 MPa. Besides, higher TMP and high flux also promotes fouling
resistances. At higher flux, more foulants were pushed onto membrane,
leading to more serious foulants deposition and adsorption. In Table 6,
the rejections of COD, NH3-N, NO,-N, NO3-N and TP slightly decrease
with TMP, implying that high TMP weakens the membrane rejection
capacity. In membrane process, the flux could exert influence upon
separation efficiency. In this case, flux increased with TMP, enhancing
concentration gradient and diffusive effect transfer through the mem-
brane, thus the transmission of pollutant particles enhanced.

3.2. Pore blocking coefficients and permeability recovery variations with
changing operating parameters

In order to study the fouling mechanism of BF-MBR, four linear
models of blocking model (complete pore blocking, internal pore
blocking, intermediate pore blocking and cake layer) were utilized to
analyze fouling process. For all the cases, the linear models were

Table 6
Pollutant removal of UP030 with time for different TMPs (Agitation speed = 500 rpm).

Pollutant rejection (%) COD TP NH;-N NO,-N NOs-N
0.10 MPa 95.40 98.80 97.75 97.34 99.93
0.25 MPa 95.46 99.51 97.08 97.81 99.82
0.40 MPa 95.10 99.17 98.17 97.03 99.89

calculated by the experimental data from Figs. 2-4 and the number of
data points utilized in this work was sufficient for model fitting. The R-
squares (Table 7) were used to evaluate the fitting degree of model and
identify the type of pore blocking (Zhang and Ding, 2015). Highest R*
value implies this model is most suitable to describe the fouling me-
chanism (Cancinomadariaga et al., 2012). As shown in Tables 7-9, the
best fitting model for BF-MBR was cake formation model
(0.9944 > R? > 0.8447). Thus, the primary fouling mechanism is
cake formation pore blocking and the next one is intermediate pore
blocking (0.9923 > R? > 0.7259). In some cases, the R-squares of
models 1 and 2 exceed 96%, since complete pore blocking and internal
pore blocking occur in these experiments. Therefore, cake formation
pore blocking is the main fouling mechanism for this study, followed by
intermediate pore blocking. This implies that most of fouled membrane
areas were covered by cake layer, while for some parts of fouled
membrane area, particles entered membrane pores and caused pore
constriction. For the following investigations, a cake pore blocking
coefficient k;, was applied to indicate the decrease of the membrane
surface open to flow and membrane fouling degree. The pore blocking
coefficients with various operating parameters are expressed in Table 7.

Table 8
Pore blocking coefficients (K-value) and statistics analysis of fouling mechanism model
for various agitation speeds.

Agitation speed Model R-squared K-value K-units
300 rpm 1 0.9445 6.02E—07 st
2 0.9686 2.41E+00 m/s*
3 0.9836 7.44E - 03 m~!
4 0.9839 1.26E—03 s/m>
500 rpm 1 0.3318 2.22E-06 st
2 0.5833 1.79E+00 m/s?
3 0.7949 5.58E—03 m~!
4 0.8838 1.36E—03 s/m?
700 rpm 1 0.9688 6.53E—07 st
2 0.7053 1.52E+00 m/s?
3 0.7582 1.65E — 02 m~!
4 0.8447 2.28E-02 s/m?
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Table 9
Pore blocking coefficients (K-value) and statistics analysis of fouling mechanism model
for various TMPs.

TMP Model R-squared K-value K-units
0.40 MPa 1 0.9445 4.53E—07 st
2 0.6824 3.28E—-01 m/s?
3 0.7258 1.93E-03 m~!
4 0.8021 2.04E-03 s/m>
0.25 MPa 1 0.3318 2.22E-06 st
2 0.5833 1.79E + 00 m/s
3 0.7949 5.58E—03 m~!
4 0.8838 1.36E—03 s/m?
0.10 MPa 1 0.8928 1.16E—06 st
2 0.9853 1.58E+00 m/s?
3 0.9923 6.32E—02 m~!
4 0.9355 6.25E—01 s/m>

3.2.1. Effect of membrane type on pore blocking coefficient and
permeability recovery

In BF-MBR, the main foulants creating cake layer are large pollutant
particles (size > 100 nm), including dissolved organic matters (DOMs),
EPS and SMP. These foulants have a larger size than membrane pores,
thus most foulants deposited on membrane surface, fouling layer
formed, as well. With filtration continuation, with foulants accumula-
tion, the thickness of fouling layer enhanced. For various membranes,
as shown in Fig. 5, the cake pore blocking coefficient reduces with the
membrane MWCO. Higher MWCO with higher membrane pore size and
porosity has higher pollutants penetration rate, which could reduce
foulants on membrane and alleviate concentration polarization, finally
decrease foulants deposition and cake layer fouling. Besides, for the
membrane of small pore size, its suspended particles on membrane
surface had a complete particle diameter distribution, and its solute-
membrane interaction included large particle-membrane and small
particle-membrane. Therefore, the membrane with small pore size has a
more compact and comprehensive solute-membrane interactions, as
well as more serious cake layer.

Membrane cleaning efficiency is expressed by permeability recovery
after physical cleaning, as displayed in Fig. 5. With the decrease of
membrane pore size, the permeability of fouled membrane reduces,
resulting from the high concentration polarization and fouling re-
sistance, which is consistent with the above analysis. The whole
membrane cleaning process includes physical cleaning and chemical
cleaning. In physical cleaning, some “loose foulants” could be removed
by water rinsing, thus their permeabilities were strengthened to varying
degrees. Then, chemical cleaning (alkaline cleaning) were conducted
adopting P3-ultrasil 10 (Ecolab, USA) detergent, which is a multi-
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Fig. 5. Effect of membrane type on the cake pore blocking coefficient and permeability
recovery (Agitation speed = 500 rpm and TMP = 0.25 MPa).
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component detergent including EDTA, gluconate, phosphate, sulfate,
NaOH and surfactant (Luo et al., 2012a,b,c). After chemical cleaning,
some organic foulants, such as proteins and enzymes, and microbial
foulants were removed, so permeability recovery promoted. Chemical
cleaning could reinforce permeability recovery markedly. The ex-
planation may be that: firstly, alkaline solution enlarged membrane
swelling, penetrated the deep fouling position and took away the
stubborn foulants; secondly, the organic foulants containing excess
carboxyl reacted with alkaline solution and became negatively charged
state, at the same time weakening the binding force between organic
foulants and membrane materials, thus their solubility and molecular
repulsion promoted; thirdly, the surfactants in ultrasil cleaning agents,
which changed the interfacial tensions, could improve the solubilizing
ability of cleaning agent, boost cleaning effect and enhance the hy-
drophilicity of membrane. Nevertheless, for all membranes, perme-
ability could not be completely recovered, as some “stubborn foulants”,
especially for the adsorption foulants into membrane pore wall, could
not be effectively cleaned by P3-ultrasil 10. As for UP005, UP010 and
UPO020, their permeability recoveries of fouled membranes are lower
than 85%, indicating that numerous foulants deposited on/into mem-
brane, and serious cake layer occurred. Regarding UP030 and UP100,
their permeability recovery are up to 93.5% and 97.2%, respectively,
since they have low fouled degree and most of its foulants can be easily
cleaned.

Besides, as shown in Fig. 5, there are two clear functional re-
lationships ~ (ky, = 14.7MWCO"(—3.4) and permeability re-
covery = 97.07 — 24.15/(1 + " ((MWCO — 23.23)/3.746)) for cake
pore blocking coefficient-MWCO and permeability recovery-MWCO.
Cake pore blocking coefficient has a power function with MWCO and
permeability recovery after membrane cleaning has a positive correla-
tion relationship with MWCO. Their R? values reach 0.9252 and
0.9985, respectively, thus exhibiting very high goodness of fit.

3.2.2. Effect of shear rate on pore blocking coefficient and permeability
recovery

Fig. 6 and Table 8 plot ky, versus the agitation speed. k;, decreases
with agitation speed. This result is in agreement with the fact that the
high shear rate could curtail membrane fouling. This effect has two
steps: firstly, high shear rate (Zhu et al., 2017) created by agitation
speed produced a shear-induced diffusion for the larger foulant parti-
cles, therefore, it was difficult for foulants to deposit and agglomerate
on membrane surface; secondly, high shear rate prevented the increase
of the thickness of cake layer, implying that the enhancement of shear
rate could clearly decrease the blocking membrane pores covered by
cake layer which are not open to flow; thirdly, the higher shear rate
improved the flux (Zhang et al., 2015a,b), reducing the contact time of
membrane surface and foulants and their adsorption effect. Also, high
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Fig. 6. Influence of agitation speed on the cake pore blocking coefficient and perme-
ability recovery (TMP = 0.25 MPa and UP030).
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Fig. 7. Influence of TMP on the cake pore blocking coefficient and permeability recovery
(Agitation speed = 500 rpm and UP030).

shear rate also facilitated the recombination of some macro-foulant
particles (Luo et al., 2012a,b,c), which was conducive to shear-en-
hanced back transport. On the other hand, the permeability recovery
improves with agitation speed, in that the raising shear rate helps re-
ducing membrane fouling, specifically irreversible fouling, and pro-
motes the cleaning efficiency.

3.2.3. Effect of TMP on pore blocking coefficient and permeability recovery

Fig. 7 and Table 9 show the influence of TMP on the cake pore
blocking coefficient and permeability recovery. The cake pore blocking
coefficient reduces with TMP, as higher flux at higher TMP exhibited
shorter filtration process and decreased the contact time of foulants and
membrane, thus alleviating pore blocking caused by cake layer. How-
ever, high TMP enhances irreversible fouling and reduces membrane
cleaning efficiency. High TMP increased the driving force and
strengthened concentration polarization, as well as compressed the
foulants onto membrane surface, promoting the adsorption effect be-
tween foulants and membrane pores. In this case, the relationship be-
tween cake pore blocking and permeability recovery is not negatively
correlated, implying that high cake layer does not necessarily enhance
irreversible fouling.

It is obviously from the appearances of membrane surface, the new
membrane surface is full of crackles and its membrane pores are clearly
visible. Whereas other membranes appear white spots, which are
membrane foulants, and their membrane pores narrow and are blurred.
After filtration experiment at 0.25 MPa and 500 rpm, there was a white
fouling layer formation on membrane surface, indicating the cake layer
formation occurred on membrane surface. The thickness of membrane
can be observed from the cross-section images. It includes the mem-
brane surface layer and fouling layer. Compared with new membrane,
as expected, the thickness enhanced significantly. Therefore, cake layer
formation is the main fouling mechanism of BF-MBR.

3.3. Mini discussion

In this study, BF-MBR has a highly excellent flux behavior. In Fig. 2,
all ending fluxes exceed 50 Lm~2h™?, which is much higher than the
operational flux (15-20Lm~2h~Y) of the conventional sludge MBR,
thus, if BF-MBR is applied to engineering, its membrane fouling rate can
always keep at a low level. Besides, as mentioned in Section 3.2, the
thickness of cake layer and pore blocking coefficient are quite low. With
suitable membrane cleaning, the permeability can be recovered up to
95%. Therefore, the membrane module of BF-MBR has excellent flux
behavior.

From the mechanism, it can be explained as follows: in BF-MBR, the
implementation of attached biofilm curtails the main foulants, in-
cluding MLSS, SMP and EPS (Ivanovic and Leiknes, 2012). At the same
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time, the carriers can flocculate suspended biomass and promote for-
mation of larger flocs (Duan et al., 2015a,b), thus improving the phy-
sical properties (i.e., particle size and viscosity) and reducing fouling
rates.

In this investigation, Hermia pore blocking models were adopted to
assess the membrane fouling in BF-MBR. Compared with other four
membranes, UP030 with high permeate flux, low flux decline and
stable pollutant removal was selected for the following fouling me-
chanism study. Increasing agitation speed and TMP, and selecting sui-
table membrane type enhanced flux behavior, but had limiting effect on
pollutant removal. The experimental data was in agreement with the
cake formation model, implying that the primary fouling mechanism of
BF-MBR was cake layer occurring during BF-MBR filtration process.
Intermediate pore blocking was the second fouling mechanism. This
implies that most of fouled membrane areas were covered by cake
layer, while for some parts of fouled membrane area, particles entered
membrane pores and caused pore constriction. The cake pore blocking
coefficients of Hermia were utilized to evaluate the degree of mem-
brane fouling. High agitation speed and TMP, and selecting the mem-
brane with large MWCO could curtail cake blocking fouling. Then,
water rinse and chemical cleaning were employed to clean fouled
membrane. The permeability recoveries improved with the increment
of agitation speed and the decrement of TMP. In addition, here is an
interesting fitting phenomenon: both cake pore blocking coefficient and
permeability recovery had a highly fitting relationship with membrane
MWCO. These findings not only clarify the fouling mechanism of BF-
MBR, but also provide valuable advice for membrane cleaning in MBR
operations.

4. Conclusion

In this investigation, Hermia pore blocking models were adopted to
assess the membrane fouling in BF-MBR. The primary fouling me-
chanism of BF-MBR was cake layer occurring during BF-MBR filtration
process. Compared with other four membranes, UP030 with high
permeate flux, low flux decline and stable pollutant removal was se-
lected for the following fouling mechanism study. Increasing agitation
speed and TMP, and selecting suitable membrane type enhanced flux
behavior, but had limiting effect on pollutant removal. These findings
not only clarify the fouling mechanism of BF-MBR, but also provide
valuable advice for membrane cleaning in MBR operations.
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