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Abstract

Hysteresis effect on backwashing in a submerged MBR was investigated with dead-end
hollow fiber membranes. The out-of-step changes in TMP and flux is the real hysteresis
effect which is common but easily overlooked. Methods of visualization and ultrasonic
spectrum analysis were implemented. The results showed that fouling layer is just the
culprit of hysteresis effect. Fouling level and fiber length were determined as two key
factors that affect hysteresis effect by data and model derivation. Moreover, a hysteresis
evaluation index “tow” is proposed to quantify the result of TMP vs time. The
relationship between influence factors and “tvy” is interactive. A linear relationship
between fouling level and “tw” was found as well as an extreme value between fiber
length and “mow”. A lower fouling level (lower backwashing flow) and optimal
backwashing duration will be helpful for an effective backwashing no matter for
membrane fouling control or energy cost reduce.

Keywords: Hysteresis effect; Backwashing; Submerged MBR; Hollow fiber

membrane; Hysteresis evaluation index



1. Introduction

A membrane bioreactor (MBR), combining membrane module and bioreactor, has been
widely used for municipal and industrial wastewater treatment (Lee et al., 2012) due to
its small footprint, better effluent quality, high fouling load capacity, and low sludge
production (Nawaz et al., 2019; Vergine et al., 2018; Zheng et al., 2018). However, the
serious membrane fouling limits its further application which can lead to: firstly, a
dramatic drop in the permeate flux (Cui et al., 2018a; Yang et al., 2019); and secondly,
a significant increase in the consumed operational energy (Gao et al., 2018; Lee et al.,
2012).

To mitigate membrane fouling, many strategies have been conducted such as membrane
cleaning (Hacifazlioglu et al., 2019; Jo et al., 2019), membrane surface modification
(Ahmad et al., 2018; Barclay et al., 2018), pretreatment (Wang et al., 2019)and reactor
optimization (Vergine et al., 2018; Zheng et al., 2018). Backwashing as an effective
method in MBR fouling control has been found to successfully remove fouling deposits
and is particularly convenient as a part of a dead-end hollow fiber filtration cycle (Cui
et al., 2018a; Jiang et al., 2019). Previous studies of MBR backwashing mainly focused
on the optimal backwash frequency, intensity and duration (Hwang et al., 2009; Yigit
et al., 2009), and in addition air sparging is used to improve backwash efficiency
(Remize et al., 2010). Research into backwashing of recent years has focused on how
to maximize the recovery of membrane flux using small amounts of power and short
duration conditions (Cogan et al., 2016; Shekhar et al., 2017). Apart from this, novel

experimental methods have been conducted with backwashing. Chang et al. (Chang et



al., 2016) compared various types of backwash water, including UF permeate, ultrapure
water, NaCl solution, CaCl, solution and sodium alginate solution. Results indicated
that UF permeate backwash or CaCly solution backwash significantly curtailed the
hydraulic cleaning efficiency (HCE). Backwashing with ultrapure water or organic
compounds proved to be efficient when both Na* and Ca** were present in feed water.
Vera (Vera et al., 2014) assayed an alternative backwashing strategy to enhance water
productivity in a tertiary submerged membrane module. After four months of
continuous operation, analysis of the membrane fouling showed that backwashing
efficiency (described in terms of residual fouling resistance) was significantly affected
by the selected TMPs, (transmembrane pressure set-point) value.

These strategies all contribute to helping us understand the effect of operating
parameters and backwashing agents in improving the membrane backwashing process.
But it still experiences some limitations to evaluate backwashing only through
backwashing effectiveness. For example, excessive concentration of backwashing
solution can affect the performance of the membrane materials (Fu & Zhang, 2019);
The introduction of chemicals and other auxiliary processes will greatly increase the
energy consumption of membrane cleaning. Thus, fluid behavioral optimization
without the addition of cleaning agents and other auxiliary processes will become the
mainstream of future component optimization. However, there are not many researches
on how to improve and optimize the cleaning effect through its fluid behavior. Cui et
al. (Cui et al., 2018b) investigated the backwashing effectiveness affected by selective

permeation of backwashing solution along the fiber length in dead-end hollow fiber



membrane system with laser bijection sensing (LBS) technology. This study provides
a phenomenon-to-mechanism research method from which our research direction
clicked into place and ultimately an explanation on the viability of backwashing
effectiveness using a dead-end hollow fiber membrane. In previous studies, a sudden
increase was observed in the backwashing flux and this was defined as the hysteresis
effect (Wang et al., 2014). The duration required to overcome the hysteresis effect will
directly affect the flux recovery of the whole membrane module and the equipment’s
consumption of energy. Therefore, overcoming the hysteresis effect does make sense in
short-term backwashing.

The aim of a series of tests in this study is to investigate the hysteresis effect on a
pressure driven hollow fiber membrane backwashing process. Methods of visualization
and ultrasonic spectrum analysis were implemented to establish an intuitive
understanding of the hysteresis effect. Both the membrane resistance and membrane
fouling were taken into account when investigating the hysteresis effect. Moreover, a
new parameter named hysteresis evaluation index “tpw” is proposed to quantify the
result of TMP vs time. Effects of fouling level and fiber length on hysteresis effect were
also investigated to make clear their contributions to hysteresis effect. This study is
expected to provide guidance for an efficient backwashing solution which could

contribute to fouling control and energy cost reduce.

2 Materials and methods

2.1 Materials

The pilot-scale MBR was completed in May 2017 at a wastewater treatment plant in



Beijing and was operated for over 365 days with a filtration flux of 35 LMH as well as
the capacity of 500 m*/d (Cui et al., 2018a). The MLSS of the sludge is 10000 mg/L.
Sludge is removed every day after the installation starts was well as the sludge kept at
35d. A system designed for the pilot-scale operations is used to control the operation of
the MBR system. Hollow fiber membranes used in this MBR were made of PVDF (pore
size of 0.2 pm) which was supported by membrane frames.

The material of hollow fiber micro-filtration (MF) membrane provided by Tianjin
Motimo Membrane Technology Co., Ltd was pristine polyvinylidene fluoride (PVDF).
The dimensions of a positive pressure type membranes used in this study were as
follows: the inner/outer diameter, 600/1100 um; and pore size, 0.22 pm. The peristaltic
pump (BT100-2 J, Langer, China) was purchased from Baoding Lange Constant Flow
Pump Co., Ltd. Pressure transducer was obtained from Shinaide Transducer Co., Ltd.
And the data acquisition card (NI USB-6009, CHENGTEC, USA) was offered by
National instruments NI Company.

2.2 Experimental apparatus and preparation

As shown in Fig. 1, all the tests were conducted with constant flow operation. Cleaning
agents (deionized water) in raw water tank were sucked through with a peristaltic pump
to rinse the membrane fiber from inside to outside. The fibers inserted into two needles
were installed by fiber fixing device above the organic glass containers. Three 10 MHz
ultrasonic transducers (Panametrics V111, Japan) were placed upon the membrane
fibers. The transducers were installed in three organic glass panels which were inlaid

on organic glass containers and transducers were driven by a pulser-receiver



(Panametrics 5077PR, Japan). The oscilloscope (Siglent SDS1102A, China) was
connected to the pulser-receiver, captured and displayed the amplitude changes in the
signal data on its front panel. Ultrasonic data were analyzed utilizing wavelet analysis
software.

2.3 Feed suspension characteristics

Due to the long-term operation of the MBR equipment, it is impossible to carry out
destructive experiments by cutting down membrane fiber from the module. Thus, the
severe fouling condition was created artificially. The fouling experiment was carried
out with 1 g/L yeast suspension at a temperature of 20.0 & 1.0 °C. This feed suspension
was selected in order to get various substances by cells break which can provide
different types of membrane fouling and severe fouling conditions during filtration
experiments (Wang et al., 2014). The particle size was tested (Mastersizer 2000,
Malvern, United Kingdom) with the mean diameter of 2.7um. The yeast suspension
was prepared by mixing the yeast particles with deionized water by a mechanical stirrer
and ultrasonic crushing under 20KHz for half an hour, so the solution was appropriate
for analyzing the performance of the membrane filtration.

2.4 Ultrasonic spectrum analysis

The principle of ultrasonic spectrum analysis is based on the propagation of mechanical
waves. The propagation velocity of a mechanical wave is determined by the property
of the medium which it passes through. Once the ultrasound passed through different
medias, the acoustic impedance will change, leading to a change in the magnitude of

the peak (Li et al., 2013). If the accuracy of the device is high enough, the thickness of



the medium can be estimated by the time difference it takes for the reflected wave to
arrive. In this study, owing to the stacking of the ultrasonic waveforms from the single
hollow fiber membrane and detachment of the fouling layer, waveforms obtained with
pure water, different concentrations of yeast solution, fouling layer and membrane were

considered as the references. (Cui et al., 2017).

3 Results and discussion

3.1 Mechanism of hysteresis effect

In the former study (Wang et al., 2014) , an abrupt change in backwashing TMP (flux)
was perceived in the continuous membrane backwashing procedure. It is evident that
the TMP (flux) increased sharply in the first minute of backwashing after which the
trend slowed down but then increased gradually. Thus, the TMP variation of the first
minute was accurately investigated. The phenomenon can be described as no water
production at first, but then later on as non-uniform water production in membrane
backwashing. This is what we call the hysteresis effect.

To better understand this scenario, a detailed study of hysteresis effect was conducted
with the improved setup (Wang et al., 2014) shown in Fig. 1. An intuitive explanation
was made that the hysteresis effect can be described as the out-of-step changes in TMP
and flux in backwashing process as shown in Fig.2(a). The backwashing process was
operated under the flow of 85L/h with 0.6 m membrane. As it can be seen, the TMP
increased sharply after which the trend slowed down to a bottom at the moment of 18
s, but then increased gradually. Then looking flux variation, there was no backwashing

flux measured in the first 13 s followed by a sharp increase to a peak at 18 s after which



the trend slowed and became stable. The lowest TMP inside the fiber lumen was
corresponding to the highest flux. The out-of-step changes in TMP and flux was just
the real hysteresis effect.

The mechanism of hysteresis effect was assumed to occur in four states as shown in
Fig. 2(b). In the first state, a tight cake formed and the cleaning agents did not permeate
into the fouling layer. In the second state, the permeation of cleaning agents caused cake
layer swelling and TMP increase in fiber lumen. The third state was a porous cake in
which the layer swelled to extreme state but do not detach as well as the TMP increased
to a maximum value. In the last state, the fouling layer’s water storage capacity became
saturated and then the layer broke off which resulted in a sharply decrease of TMP.

3.2 The factors that caused the hysteresis effect

3.2.1 Hysteresis effect caused by fouling layer

Since the influencing factors of hysteresis effect are complex, effect of the fouling layer
to the hysteresis effect is investigated in this section. State of hysteresis effect using a
0.6 m membrane was observed directly by an interchangeable lens digital microscope
(BO11, Supereyes, China) under the backwashing flow of 85 L/h with pure water. The
reason for choosing this scale it is because it can provide a sufficient amount of
backwashing effect and a clearly observed trend in TMP variation. The membrane
fibers here were all pre-pressured. Details will be shown in section 3.2.2.

Fig. 3 shows the TMP variation compared to the digital photos. It can be seen that the

TMP tended to first slowly increase and this was followed by a sharply increase to a



peak, after which the TMP slowed down and gradually became stable. The variation in
the fouling layer is illustrated in the digital photos. A thick yeast fouling layer could be
seen on the membrane surface at stage (a) when the pump was opened. The fouling
layer swelled by absorbing pure water after the backwashing agents permeate through
the membrane surface at stage (b). After that the fouling layer continued to absorb pure
water to the maximum volume at stage (c). Finally, the fouling layer ruptured and the
hysteresis effect ended at stage (d). The results indicated that the fouling layer functions
to retain water. The total resistance should contain the fouling layer’s resistance and the
surface tension of the liquid et al.

In order to improve the results’ credibility, a method of ultrasonic spectrum analysis
was implemented to monitor the hysteresis effect. The hysteresis effect of the fouling
layer with a 0.6 m fouled membrane was measured again with the ultrasonic spectrum
under the backwashing flow of 85 L/h with pure water. The data of monitoring point at
the end point of membrane (Fig. 1) was chosen to describe the hysteresis effect. The
reason for selecting this data was that the pressure of end membrane point was the
lowest that corresponded to the slowest hysteresis effect which was thought to be easy
to analyze. In Fig. 4, the ultrasonic amplitude variation and 2D contour diagram of the
hysteresis effect was depicted. This result indicated that the ultrasonic signal passed
through air, fouling layer, membrane top surface, respectively. 2D contour diagram of
Fig. 4 (a) made a more intuitive description of the fouled membrane as well as the
fouling layer thickness calculated as 85um. As for Fig. 4 (b), The fouling layer swelled

and filled the gap between the ultrasonic probe and the membrane of 153pum. That



swelling of fouling layer should attribute to hysteresis effect. Meanwhile, the dilution
of the fouling layer resulted in a weakening of the ultrasonic signal. This result indicated
that the fouling layer swelled by absorbing backwashing duration and the hysteresis

effect did exist in the backwashing process.

3.2.2 Hysteresis effect caused by the membrane

As the fouling layer confirmed to make contribution to hysteresis effect, the effect of
membrane was investigated in this section. A virgin membrane fiber was backwashed
directly using a 0.6 m membrane under the backwashing flow of 85 L/h with pure water.
The TMP variation was similar as that of Fig. 3 which showed a trend of first increase
to a peak then dropped off and remained stable. It can attribute to residual substances
inside the membrane pores which caused the hysteresis effect on the membrane itself.
Thus, the solution for removing residual substances were applied called pre-pressure
treatment.

Pre-pressure treatment refers to backwash of virgin membrane fibers which had no
fouling. In these tests, the hysteresis effect slowed down when the pre-pressure
treatment duration increased. When the pre-pressure duration increased to 15 minutes,
the hysteresis effect caused by the membrane disappeared. This phenomenon suggested
that the hysteresis effect caused by the membrane can be avoided if a pretreatment
strategy is implemented.

3.3 Determination of hysteresis evaluation factor

Transmembrane membrane pressure (TMP) changes vs time was often used in the



investigation of membrane process. It can not only test the sealing of device but can
evaluate the real-time changes of operation process. But when comparing the TMP
variation with others, the problems will appear. If the maximum values of the two
curves are different and will not overlap, then it is easy to distinguish the TMP. But if
the maximum values of the two curves are the same and the final curves overlap, it will
be difficult to give the comparison. Thus, a new index named hysteresis evaluation
index “tow” 1s proposed to quantify the result of TMP vs time. Here, “tvw” represents
the area enclosed by TMP curve and X axis. Here, the new hysteresis duration was
defined as from the pump open to the time that TMP get stable. The calculation method
is shown in Eq. (1):

Tpw = fOtP dt (1)
In order to verify the practical significance of “tpy”, the following verification has been
made. Energy consumption is an important indicator of actual engineering operation.
When mentioned the energy consumption, it is acting as shown in Eq. (2):

W =PV 2)

Where W is for power of backwashing (Pa-m?); P is for backwashing transmembrane
pressure inside fiber lumen (Pa); V is for the volume of liquid in the lumen (m?).
According to flow calculation formula, the Eq. (2) should be rearranged to Eq. (3):

W =PV = PQt 3)
Where Q is for backwashing flow (m?*/s); t is for backwashing duration (s).
By combining the Hagen—Poiseuille equation and the hydrostatic equation, pressure

drop of backwashing process in the lumen side can be described as Eq. (4) (Wang et



al., 2014),

PO _ j2p(x) = 0 @)

dx?

’128D k
1= Tg“ (5)

where u 1s the dynamic viscosity of the backwashing solution; D; and Dy are inner and
outer diameter of hollow fiber membrane (m); & is for a coefficient of backwashing;
One can then obtain Eq. (6):

P(x) = cie™ + cpe™ (6)
Where c; and c; are constant.
To further investigate the effect of on flux distribution, a module with fouling was
developed (Wang et al., 2014). It assumed a semi-aqueous operational length (Lsa)
under which the fiber cannot be cleaned. The Ls, starts at the dead end of the fiber.
The reason can be assessed as that the fouling layer preferentially dropped from the
upper part of hollow fiber membrane at the onset of backwashing operating due to a
high local flux in this area. TMP under the semi-aqueous operational length also
satisfy the differential Eq. (4). The other boundary condition changed to Eq. (7) owing
to the increase of the backwashing resistance in the semi-aqueous operational length
of the hollow fiber membrane:

[ (o + LL J,(c)dx = LJ, 7)

Then the constant c¢; and c; in Eq. (6) can be described as:

ﬂ'l Lsa 22’21‘ 2ﬂ'Zl’iﬁ'l Lsa 22’21‘72'2[‘.?(1 ZZL.m
e +e —e -1 e —e
¢ =LJ, /{k1 ) +k, 7} }

C, = cle%L )

where subscript 1 and 2 in parameters 4 and & are used for semi-aqueous cleaning and



normal cleaning regions, respectively.

Based on (6), (8) and (9), the flux distribution can also be described by Eq. (10):

k(ce™ +c,e™) if 0<x<L,

J
(xé{ 0 if L,<x<L

(10)

Where J(x) is local flux of backwashing (L/m?h). Once the unknown variables ¢ and
c2 are calculated by the aforementioned boundary conditions and assumed that the
region of length Lg, is blocking, the transmembrane pressure distribution along the

fiber can be expressed as Eq. (11):

{ LJ (™ + e ™) uR, if 0<x<lL
P(x)= AL _ L T y >N
0 , f L,<x<L

(11)

Where R; is the total membrane resistance. According to Eq. (3), the energy

consumption of backwashing can be calculated as Eq. (12):

P(x)-Qr, f 0<x<L,

W(x):{ c ,if L,<x<L (12)

Where Q is the backwashing flow (L/h). If the backwashing process is operated under
a constant flow condition, the P(x) will be always changing, thus the energy of

backwashing could be calculated as Eq. (13):

' if 0<x<L
W= { O P T 0=x<L, (13)
, if L, ,<x<L

By combining Eq. (1) and (13) the energy consumption of backwashing could be

shown as Eq. (14):

Qr,, , f 0<x<L,

W(x):{ c , if L,<x<L (1

Where C is the maximum value of Qr. Eq. (14) indicated that energy consumption is

proportional to fiber length within the effective backwash length. While, there is a



maximum valid value if the fiber length is overlength. Thus, the “tvw” here as an index
of energy equation did have a practical significance which could be used as a
quantitative standard in constant flow backwashing. The unit of “tvw” here is Pa-s;

3.4 Key factors that affect the hysteresis effect

It can be obtained from section 3.2.1 and 3.3 that fouling level and fiber length are two
key factors that affect the hysteresis effect. Thus, the effects of the two key factors
would be investigated in the following sections.

As the hysteresis effect of the membrane can be avoided by pretreatment, a further
investigation should be made on the effect of fouling layer. Thus, an influencing factor
of fouling level is imported to make a better understanding of hysteresis effect.

The fouling level is quantified by the transmembrane pressure (TMP). The filtration
process was operated under the permeate flux of 100 L/m*h for the single membrane
(Cui et al., 2018b). Furthermore, the reversible fouling layer and pore blocking
represent the main fouling types.

As the filtration TMP increased to 20 kPa, the filtration process was stopped. This
fouling level was defined as FL-20kPa. Similarly, other three fouling levels of FL-
30kPa, FL-40kPa and FL-50kPa were chosen to make a comparation. The 50 kPa here
was monitored as the critical TMP. After that backwashing process began with the
different fouling levels under the backwashing flow of 85 L/h which was measured as
the optimal backwashing flow of 0.6 m membrane (Cui et al., 2017; Wang et al., 2014).
And the TMP variation and the hysteresis condition were shown in Fig. 5. The

hysteresis effect could also be found in the TMP variation Fig. 5(a). As the backwashing



began, the TMP of FL-20kPa reached the peak at 7.5 s with the value of 57 kPa then
dropped down to a bottom at 12.5 s with the value of 23 kPa. After that the TMP
gradually got stable. The TMP difference of peak and bottom was 34 kPa. This result
indicated that the shedding of the cake layer at the end of the hysteresis effect resulted
in a TMP decrease inside the membrane lumen. Looking at the variation of FL-30kPa,
FL-40kPa and FL-50kPa, the trend of TMP variation were similar with each other while
the difference was also obvious. With the increase of fouling level, the backwashing
duration and “tpw” were also increased. It indicated that the more serious the fouling,
the longer time was required for overcoming the hysteresis effect. In other words, more
serious the fouling, the longer time and more energy were required for backwashing.
Looking at Fig. 5(b-d), the trend of TMP variations were similar as that of (a). It is
noteworthy that once the fouling degree was known, the maximum TMP inside fiber
lumen was also determined. With the increase of fiber length, the only difference was
that the hysteresis duration extended which resulted in an increase of “tow”.

As for the effect of fiber length, a series of tests are also conducted. The fouling levels
were also divided to FL-20, 30, 40, 50kPa as shown in Fig.5. The only difference was
the hysteresis duration. In other words, the value of “tuw” increased with the increase
of fiber length under the same fouling level. The TMP value of the peak and bottom
had no change when operated with the same fouling level no matter how long the
membrane fiber was. The reason was that the resistance of fouling layer was limited.
Thus, the TMP required to overcome the hysteresis effect has a maximum value when

the fouling level was determined. The only difference was that the hysteresis duration



was extended with the increase of fiber length. The reason was that backwashing
solution required more time to arrive at the most distant membrane which leaded to
extension of duration that TMP arrived the peak with a higher “tpy”. This result
indicated that longer fiber needs more duration to achieve an effective backwashing.
The contributions of fouling level and fiber length to hysteresis effect were not obvious.
Thus, more parallel tests were carried out. First, the fouling levels were added as FL-
60kPa and FL-70kPa as well as the fiber length were added as 1.8 and 2.1 m. After a
series of tests, a conclusion can be made that the hysteresis duration and the value of
“Tow” Were always increased with the increase of fouling level even if it was higher than
the critical fouling level. But there was an effective backwashing length when
backwashing flow was fixed no matter how long the actual fiber was.

A comprehensive evaluation for effect of fouling level and fiber length on hysteresis
effect was made by the hysteresis evaluation index as shown in Fig. 6. As the increase
of fouling level, the value of hysteresis evaluation index followed the same trend. There
is a linear relationship between fouling level and “tpw”. When looking at the effect of
fiber length, the “tow” increased gradually as the fiber length increased from 0.6 to 1.5
m. But the value can’t increase infinitely and there exists a maximum value. When the
fiber length increased to 1.8 and 2.1 m, the value of “t»w” almost stay the same. The
relationship between fiber length and “tvw” was not liner but extreme. Generally, the
maximum hysteresis evaluation index can be obtained when fouling level and
backwashing flow is fixed no matter how long the fiber is. The experimental results

here was just coincide with the theoretical predictions of section 3.3. The membranes



with low fouling level require shorter duration to overcome the hysteresis effect.
Moreover, longer membranes don’t have to deliberately delay the backwashing
duration but just need to overcome the resistance of fouling layer. The membranes with
low fouling level require shorter duration to overcome the hysteresis effect. Moreover,
longer membranes don’t have to deliberately delay the backwashing duration but just
need to overcome the resistance of fouling layer.

Finally, a conclusion can be obtained that fouling level and fiber length all make
contribution to hysteresis effect in the constant flow backwashing within the effective
length. Once the backwashing flow can’t provide an effective backwashing to the
longer fiber, the fouling level will be the decisive factor affecting the hysteresis effect.
If an effective backwashing is wanted in engineering applications under constant flow
operation, a lower fouling level (lower backwashing flow) and optimal backwashing

duration will be helpful.

4 Conclusion

The fouling layer was the main factor that caused the hysteresis effect while the
hysteresis effect caused by the membrane could be eliminated via pretreatment during
the MBR backwashing process. Hysteresis evaluation index “t»w” was proposed
quantify the result of TMP vs time. There is a linear relationship between fouling level
and “tvw”. The relationship between fiber length and “1,y”” was not liner but extreme. A
lower fouling level (lower backwashing flow) and optimal backwashing duration will
be helpful for an effective backwashing no matter for membrane fouling control or

energy cost reduce.



E-supplementary data for this work can be found in e-version of this paper online.

Nomenclature

Tow hysteresis evaluation index (Pa-s)

P backwashing transmembrane pressure (kPa)
W power of backwashing (Pa-m?)

F pressure inside fiber lumen (N)

Vv volume of liquid in the lumen (m?)

Q backwashing flow (m?/s)

L fiber length (m)

t backwashing duration (s)

u dynamic viscosity of the backwashing solution

Di, Do inner and outer diameter of hollow fiber membrane (m);

k a coefficient of backwashing
Lsa a semi-aqueous operational length (m)
R total membrane resistance(m™)

J(x)  local flux of backwashing (L/m?h).
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Fig. 1 Membrane filtration & backwashing system:

1, Pressure sensor; 2, Fiber fixing device; 3, Ultrasonic monitoring point 1; 4, Membrane fiber; 5,
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Fig. 2 Hysteresis phenomenon: the out-of-step changes in TMP and flux
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Fig. 3 Hysteresis phenomenon of fouled membrane backwashing with flow of 85L/h:
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Fig. 4 Ultrasonic signals and 2D contour diagram of the hysteresis phenomenon with
0.6 m membrane under backwashing flow of 85L/h: (a) Ultrasonic signal of fouled
membrane (b) Ultrasonic signal at the beginning of backwashing (hysteresis

phenomenon)
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Fig. 5 TMP variation of different fouling levels under backwashing flow of 85L/h: (a)
0.6 m; (b) 0.9 m; (c) 1.2 m; (d) 1.5 m
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Fig. 6 Relationship between fouling level, fiber length vs “tyw”
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