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High shear stress is a promising new approach with high potential to assist membrane cleaning. In this
study, the effect of shear stress on the permeability recovery of ultrafiltration (UF) membranes fouled by
dairy wastewater was investigated. Water rinsing and chemical cleaning are two main cleaning methods.
With respect to water rinsing, the effect of shear stress, temperature and cleaning time on cleaning effi-
ciency were studied. Results revealed that shear stress could effectively remove casein micelles and whey
protein layer on membrane surface. As for chemical cleaning, the effect of shear stress, temperature, the
type of cleaning agent, concentration and cleaning time on cleaning efficiency were studied. Due to the
effect of shear stress, the convection diffusivity was enhanced and foam cleaning agent was produced,
thus can remove foulants on membrane surface or ones in internal greatly. Response surface methodol-
ogy was utilized to explain the significance of various operation conditions and optimize the water rins-
ing and chemical cleaning process. After that, with the optimum results, two long time industrial cleaning
processes were conducted and compared. In general, the high shear stress shows high potential for
improving membrane cleaning operation and exerting a relevant influence on the overall process
efficiency.

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

Advancements of membrane technology in the past decade
have resulted in the extensive application of UF in wastewater
treatment for removal of macromolecular pollutants, such as recy-
cling protein in dairy wastewater [1–3]. At the present time, as an
effective method for control flux decline, dynamic filtration has
attracted considerable attention owing to its decisive advantages
of high speed shear effect on membrane surface in comparison
with conventional treatment processes [4,5]. Therefore, it has been
widely researched in laboratory test or at pilot scale for wastewa-
ter treatment and food liquid concentration [6]. Despite the bene-
fits of high shear effect on dynamic filtration, both concentration
polarization and membrane fouling are impossible to be com-
pletely eliminated, accordingly, it still suffers from flux decline
during long-term filtration [7]. To date, investigations [8–10]
showed that inorganic and organic compounds which are depos-
ited on the membrane surface or entered membrane pores in feed
solutions, caused pore clogging, adsorption, gel and cake layer. Due
to the accumulation of rejected solutes on membrane surface, con-
centration polarization forms, affecting membrane fouling [11].
Besides, membrane fouling refers to both reversible and irre-
versible deposition of solutes on the membrane surface or into
its pores [12]. These phenomena account for flux decline and pro-
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Table 1
Properties of MICRODYN-NADIR UF membranes tested.

Membrane Surface
material

Molecular weight
cut-off (kDa)

Water permeability
(L m�2 h�1 0.1 MPa�1)a

UH030P PESH 30 33

PESH, Permanently hydrophilic polyethersulphone.
a Own measurement at 25 �C and 0.1–0.8 MPa.
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cess efficiency. As for the dairy wastewater pre-treatment with
shear-enhanced UF, membrane fouling is mainly composed of
casein micelle and whey proteins on the membrane surface or
internal membrane pores [4,13].

In order to overcome this challenge and maintain the sustain-
able operation, membrane cleaning as a crucial step of global pro-
cess are widely applied to wash the equipment and restore the
membrane permeability [14,15]. However, this process is expen-
sive and may cost up to 80% of the total production expense for
wastewater treatment in the dairy industry [16]. For that reason,
it is significant to choose efficient cleaning agents and optimize
the procedure.

The general approach to clean fouled membrane can be divided
into physical, chemical and biological methods [17]. As for the food
industry, chemical method are the most commonly used to remove
the protein foulants [18]. However, frequent chemical cleaning not
only causes the shortness of membrane life-time, but also
increases additional energy cost and produces cleaning wastewa-
ter, thus reducing sustainability of filtration [15]. In addition, the
extensive use of cleaning agent containing chlorine has brought
about many environmental and health problems, for example,
by-products like trihalomethanes (THMs), organic halogen com-
pounds come into being in presence of organic matters in natural
water bodies [19]. To our knowledge, some areas and countries
control the use of chlorine strictly.

Although there are numerous studies [20–22] on flux decline
control, systematic investigation about cleaning is rare. Most
cleaning technologies [16,19] are largely based on empirical
knowledge of conventional filtration system. They require a con-
siderable volume of cleaning agents [19], but a major part of them
cannot contact fouled membrane and foulants sufficiently, due to
the lack of stirring force and low diffusion rate. As for shear-
enhanced filtration system, an intriguing method to overcome
the above-mentioned problems and to enhance the cleaning effi-
ciency is the application of high speed rotating disk. During the
cleaning process, the high shear stress produced by rotating disk
can help to spread cleaning agents, increase the contact between
cleaning agents and fouled membrane, thus improving the use effi-
ciency and minimizing the volume of cleaning agents required. An
extra advantage is that, under the high speed rotating circum-
stance, cleaning agent containing surfactants can produce plenty
of foam, which has a higher concentration than liquid cleaning
agent and the amount of active cleaning composition directly con-
tacting the fouled membrane surface is notably greater. Therefore,
shortening cleaning and down time, removing foulants and reduc-
ing the usage amount of cleaning agent efficiently, which are espe-
cially significant for industrial-scale processes, can be achieved
with the help of high shear stress. To date, however, no studies
of the application of high shear stress to enhance membrane clean-
ing efficiency have been reported.

In this study, we demonstrate, for the first time, high shear
stress functions as an assisting method for improving membrane
cleaning process including water rinsing and chemical cleaning.
The effect of high shear stress on the cleaning of UF membranes
fouled by dairy wastewater with various cleaning operating condi-
tions was investigated. First, water rinsing tests under different
shear stress and various temperature was conducted; then the
effect of cleaning agents (NaOH, HCl, SDS and P3-ultrasil 10), shear
stress, concentration of cleaning agent and temperature on perme-
ability recovery was studied respectively; after that, response sur-
face methodology was employed to explicate the significance of
various operation conditions and to optimize the water rinsing
and chemical cleaning processes; at last, two kinds of industrial
cleaning operations were conducted and compared. The result of
this study is helpful to find out the operational effect and to eval-
uate the value of high shear stress on membrane cleaning. At the
same time, it is of importance for providing support for exploring
new and efficient membrane cleaning modes for dynamic shear-
enhanced filtration in wastewater treatment.
2. Materials and methods

2.1. Experimental apparatus and membranes

The rotating dick module (RDM), which consists of one disk
mounted on a single shaft and rotating near a fixed circular mem-
branes, has been designed and built in our laboratory. A flat mem-
brane, with an effective area of 176 cm2 (out radius R = 7.72 cm,
inner radius r = 1.88 cm), was fixed on the cover of the cylindrical
housing in front of the disk. The disk equipped with 6 mm-high
vanes can generate very high shear stress on the membrane. The
shear stress could be adjusted by modifying rotating speed of the
disk.

Three commercial UF membranes fabricated by MICRODYN-
NADIR Membrane Corporation, Germany were selected in this
investigation owing to its strong antifouling performance and high
retention permeability property, and their properties [6] are sum-
marized in Table 1.

2.2. Fouling solution

Model dairy wastewater was prepared from commercial UHT
skim (Carrefour, France), diluted 1:2 to one-third of normal con-
centration with deionized water (Aquadem E300, Veolia Water,
France). The main compositions and characteristics of model efflu-
ents are described in Table 2. According to the previous studies
[6,23], the effluent compositions and filtration behaviors for this
model dairy effluent and the real dairy wastewater are very
similar.

2.3. Experiments and procedure

2.3.1. Filtration procedure
A new membrane was used for each series of experiments to

ensure the same initial membrane conditions for the entire study.
The membranes were soaked in deionized water for at least 24 h
prior to use, and pre-pressured with deionized water for 1 h under
a pressure of 0.2 MPa. After stabilization, the pure water flux of
membranes was measured at four pressures of 0.8, 0.6, 0.4 and
0.2 MPa to calculate water permeability (Lp). Before the experi-
ments 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. The fouling experiments were carried out at 20 �C and
0.6 MPa for 2 h. The rotating speed throughout the experiment
was maintained at 500 rpm. The permeate solution was not return
to feed tank.

2.3.2. Cleaning procedure
The cleaning method included two types: water rinsing with

distilled water and chemical cleaning with cleaning agent solution
[24]. After that, a final water rinsing step until neutral pH was
reached. A rotating disk was used in some tests. The water rinsing



Table 2
Main characteristics of model dairy wastewater.

Index Model diary wastewater

Casein (g L�1) 8.5
Whey protein (g L�1) 2.1
Lactose (g L�1) 15.3
Calcium (g L�1) 0.40
Sodium (g L�1) 0.17
Lipid (g L�1) <0.33
COD (g O2 L�1) 36
Conductivity (ls cm�1) 1500–1600
pH �6.7
Dry mass (g L�1) 32
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was carried out at TMP of 0.02 MPa for 130 min. Rinsing was
stopped and permeability was measured at 10, 50, 90 and
130 min. The chemical cleaning was carried out at TMP of
0.02 MPa for 130 min. Permeate and retentate cleaning solutions
were returned to feed tank. Four cleaning agents (HCl, NaOH, SDS
and P3-ultrasil 10) were evaluated. Shear stress, temperature and
cleaning agent concentration of the solution were varied between
500 and 2500 rpm, 20 �C and 50 �C and 0.05% and 0.45%,
respectively.
2.4. Evaluation of flux recovery

The cleaning efficiency was determined by following the
method proposed by Astudillo et al. [25]. They investigated and
compared the flux and membrane resistance in all ranges of
TMP, then proposed the term ‘‘membrane performance recovery
(MPR)”, which use average water permeability achieved after
cleaning and the average water permeability of the original mem-
brane, to evaluate the efficiency of water rinsing or chemical clean-
ing to restore the membrane permeability. The MPR is given as
follows:

MPR ð%Þ ¼
R TMP2
TMP1

Lpa � dðDTMPÞR TMP2
TMP1

Lpi � dðDTMPÞ
� 100 ð1Þ

where Lpa and Lpi are the membrane water permeability after clean-
ing and initial membrane water permeability. (TMP1, TMP2) are the
TMP study ranges. A graphical interpretation of MPR is shown in
Fig. 1. MPR represents the areas ratio under the Lp vs. TMP curves
in the TMP study range. Normally, this value is lower than 100%
Fig. 1. MPR geometric interpretation presents the ratio of areas under the curves
permeability vs. TMP, between the lowest TMP1 to the highest one TMP2.
and the cleaning is incomplete. If MPR > 100%, it can lead to mem-
brane physical damage.

2.5. Response surface methodology (RSM) analysis and optimization
method

After the cleaning processes, a RSM analysis was applied to esti-
mate the significance of operation conditions on the MPR. The RMS
analysis was conducted with design expert 7.0 using historical
model [26]. Experimental data of RSM are derived from in s 3.2
and 3.3.

Historical model of RSM is totally different from the RSM exper-
imental design. For RSM experimental design, the experimental
number and repetition are generated by RSM according to the fac-
tors and levels of experimental conditions. But for historical model
of RSM, the obtained experimental results are inputted into RSM.
Both of them can be used to analyze the effect and interaction
for various experimental conditions and the optimal experimental
conditions. Their difference lies in: RSM experimental design is
used for experimental design before experiments with preset fac-
tors and levels, and historical model of RSM is utilized for experi-
mental analysis after experiments without preset factors and
levels. Historical model of RSM, not RSM experiment design, was
employed in this study, therefore, there was not information about
number of experiments, repetitions factors and levels. Besides, all
the experimental conditions and results of historical model were
shown in the figure of s 3.2 and 3.3, which included the factors,
levels and responses for the historical model of RSM.

A relationship between the variables (shear stress, concentra-
tion, cleaning time and temperature) and the response variable
(MPR) was achieved. A multiple linear regression analysis was used
to seek a model equation for MPR as a function of operating condi-
tions [27]. All independent variables and their interactions were
taken into consideration. In addition, not significant regression
coefficients (p-values higher than 0.05) were neglected.

Based on the RSM analysis, an optimization algorithm was used
to optimize the operating conditions and maximize the MPR with
some weights and restrictions (seen in Supplementary informa-
tion). The optimization method performed with the ‘‘process opti-
mization” function of design expert 7.0. This method used the
pattern search to find out the maximum value of MPR with some
weights and restrictions, while optimum operation conditions
were obtained [28].

2.6. Analytical method

Turbidities of permeate were measured with a Ratio Turbidime-
ter (Hach, USA). COD was measured using Nanocolor Kits
(Machery-Nagel, Hoerdl, France) in order to quantify organic mat-
ter concentration. Conductivity was measured with a Multi-Range
Conductivity Meter (HI 9033, Hanna, Italy) and pH was measured
with pH Meter (MP 125, Mettler Toledo, Switzerland). Dry mass
was determined by measuring the weight loss after drying samples
at 105 ± 2 �C for 5 h in an oven. Powers of feed pump under differ-
ent pressures were measured with Power & Energy Monitors (Met-
ric MX240, Chauvin Arnoux, France) and the overall measurement
accuracy was estimated to be 8%, including experimental error.

2.7. Calculated parameters

The permeate flux (J) was calculated by:

J ¼ 1
A
dVp

dt
ð2Þ

where A is the effective membrane area, Vp is the total volume of
permeate, and t is the filtration time.
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The pure water permeability (Lp) was calculated from the water
flux as follows:

Lp ¼ Jw
TMP

ð3Þ

where TMP is the mean transmembrane pressure and Jw is the per-
meate flux using pure water as feeding solution.

The COD rejection could be determined by:

Rð%Þ ¼ 1� Xf

Xp

� �
� 100 ð4Þ

where Xp and Xf are the COD in permeate and feed, respectively.
The average membrane shear stress [29] was calculated by:

Shear stress ðpaÞ ¼ 0:0164qt0:2ðjxÞ1:8 R3:6
m � R3:6

in

R2
m � R2

in

 !
� 100 ð5Þ

wherex is the disk angular velocity, jx is the fluid angular velocity
in the gap between membrane and disk, j ¼ 0:42 [30] for a smooth
flat disk and m and in subscripts are referred to outer and inner
radius of the membrane, respectively.

Pd is the power of rotating disk (kW) and could be determined
by the fitting formula proposed by Luo et al. [31]:

Pd ¼ 0:141e0:000756N ð6Þ
where N is the rotating speed of disk motor (rpm).

Total energy consumption (Ec, kW) [31] for the entire filtration
process was represented by:

EC ¼ ðPf þ PdÞ � t ð7Þ
where Pf is the power of feed pump (0.08 kW in this study), and t is
the filtration time (h).

3. Results and discussion

3.1. Filtration experiments

Fig. 2 presents the evolution of permeate flux with time for
30 kDa UF tested at a TMP of 0.6 MPa, a shear stress of 4.6 Pa
and a temperature of 20 �C. The sharp flux decline occurred at first
30 min. After that, it decreased slightly to 45.93 L m�2 h�1. The flux
of 50.37 L m�2 h�1after 30 min, could be seen as the threshold
value for distinguishing the decay rate of flux: before that, protein
foulants deposited and attached to membrane surface promptly, so
membrane fouling formed rapidly and the flux decreased mark-
edly; after that, the shear stress created a self-cleaning capacity
Fig. 2. The permeate flux and COD rejection vs. time during fouling experiments.
[6] which decreased concentration polarization, thus the flux
reduced slightly and the rate of membrane fouling weakened,
which corresponded to an equilibrium between shear rate and
TMP. Although the flux decline (13.3 L m�2 h�1 0.1 MPa�1, 22.5%)
was not significant, but the permeability reduced greatly
(25.1 L m�2 h�1 0.1 MPa�1, 76.06%), implying that the reduction
of permeability was not necessarily to decrease flux and the seri-
ous pore blocking may exist.

The evolution of COD rejection as time goes by during filtration
experiment is shown in Fig. 2. It was evident that rejection
increased rapidly from 54.17% to 76.3% with time before threshold
time (30 min), and achieved stable final value (about 80%). This
was due to that, before 30 min, the pore blocking and fouling layer
were at a low level, so some small proteins and particles passed
easily; after 30 min, the pore blocking and fouling layer formed
and played a role in ‘‘second filter” [32], therefore, the COD rejec-
tion improved.
3.2. Water rinsing

Water rinsing operations are applied to remove the target foul-
ing on membrane surface [33] and reduce the subsequent
advanced membrane cleaning loading. In industrial operation,
water rinsing precedes chemical cleaning, so optimization of water
rinsing was beneficial for decreasing the usage amount of cleaning
agent and the frequency of chemical cleaning [34], thus reducing
operation cost and preventing excessive membrane damage
caused by use of chemical cleaning.
3.2.1. Effect of shear stress
Fig. 3 shows the effect of shear stress on MPR with time at TMP

of 0.12 MPa and temperature of 20 �C. It was clear that shear stress
enhanced MPR, which was reasonable. According to the previous
study [18] of our laboratory, the whey protein layer and casein
micelles were the main compositions of membrane fouling. The
shear stress improved the efficiency of removing casein micelles
and whey protein layer on membrane surface, therefore, MPR
increased continuously with time at all shear stresses. As we know,
the extending of cleaning time can lead more foulants into dissolv-
ing on rinsing water [35]. However, excessive rinsing times may
decrease production efficiency per unit time, therefore, a balance
between rinsing efficiency and system productivity needs be taken
into consideration. This study illustrates the significance of taking
Fig. 3. The MPR vs. time at various shear stress.
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both water rinsing and chemical cleaning times into consideration
when optimizing the cleaning operation in Section 3.4.

3.2.2. Effect of temperature
The effect of temperature on MPR during water rinsing process

is presented in Fig. 4. It could be observed that when temperature
was elevated from 20 �C to 35 �C, MPR was increased. However,
this effect was not obvious at 50 �C. This was because: high
(50 �C) and moderate (35 �C) rinsing temperatures could enlarge
pore size [36], loosen the protein compositions (casein micelles
and whey protein layers) depositing on membrane surface or
blocking pores and decompose them into amino acids, which were
soluble in water. Moreover, the loosening effect was reinforced at
high shear stress, because the high shear stress could take away
the loosened foulants quickly. In the industrialized operation, rais-
ing water rinsing temperature needs much energy and time to heat
waster [37], which increases the economic burden for enterprises.
So considering the rinsing efficiency and operation cost, a moder-
ate (35 �C) rinsing temperature should be adopted.

3.3. Chemical cleaning

Chemical cleaning can be employed to remove stubborn fouling
that strongly adheres to the membrane surface or into the mem-
brane pores with various chemical agents [18]. In comparison with
water rinsing, chemical cleaning is able to recover a greater perme-
ability and more important in the entire membrane cleaning pro-
cess [14]. At the same time, the selection of suitable and effective
cleaning agent, as well as how to optimize operation conditions
are the crucial problems for industrial productivity.

3.3.1. Effect of the cleaning agent type
MPRs of four different cleaning agents were illustrated in Fig. 4.

It was clearly observed that P3-ultrasil 10 had the best MPR, the
next was NaOH and SDS, and the lowest value was HCl, which
could be explained as follow. HCl could dissolve the inorganic salt
foulants [24] which were partly adsorbed in pores or deposited on
membrane surface. SDS had an ability to decrease the surface ten-
sion of foulants and increased their solubility, and, at the same
time, enhanced the hydrophilic of membrane [24], thus it dissolved
organic matters, such as proteins and fats. However, some adsorp-
tion between membrane pores and SDS occurring in this process
may lead to new membrane fouling. As for the alkaline solution-
Fig. 4. The MPR vs. time at various temperature (TMP = 0.12 MPa and shear
stress = 16 Pa).
NaOH, the cleaning effect could be explained as follow: first, alka-
line solution caused membrane swelling [18], penetrated the deep
fouling position and took away the stubborn foulants; secondly,
the proteins containing excess carboxyl could react with alkaline
solution and become negatively charged state, meanwhile weaken-
ing the binding force between proteins and membrane materials
[36], thus their molecular repulsion and solubility increased. In this
study, protein was the main foulant [38], the content of fat and
inorganic salts in foulants was low, and so NaOH and SDS had bet-
ter cleaning effect. P3-ultrasil 10 is a multi-component detergent
including EDTA, gluconate, phosphate, sulfate, NaOH and surfac-
tant [18]. It has the comprehensive effects of NaOH and SDS, while
EDTA could remove calcium salt foulants [24], therefore, owning
the most complete foulants removal ability and the best MPR.

From Fig. 4, all of MPRs with shear stress of 16 Pa are higher
than that of 0 Pa, because cleaning solution can spread sufficiently
in the module and contact with fouled membrane fully at higher
shear stress on membrane surface. Especially for SDS and P3-
ultrasil 10, they could produce a mass of foam by the mean of shear
stress, and foam was able to enhance foulants removal ability
greatly which was explained in detail at Section 3.3.2. In general,
the cleaning effect reinforced with cleaning time. However, differ-
ent cleaning agents had different growth trends. For NaOH and HCl
at shear stress = 0 Pa, the stability time was 50 min, while the sta-
bility times of P3-ultrasil 10 and SDS were 90 min. This suggested
that their reactions between surfactant composition and foulants
were relatively slow. When the shear stress was 16 Pa, the cleaning
process was significantly ‘‘accelerated”, and all of the four cleaning
agents almost reached the highest MPR at 50 min. Unexpectedly,
there were different degrees of MPR decline exceeding 90 min,
which may be due to the occurrence adsorption between cleaning
agent and pores [18] and reduction of hydrophilicity of membrane
caused by excessive cleaning under shear stress effect.

3.3.2. Effect of shear stress
Fig. 5 shows the values of MPR at different shear stresses. In the

experiments, shear stress varied from 0 Pa to 83.26 Pa. The
increase of MPR with shear stress was also clearly observable.
The reasons had three facts, firstly, the increased shear stress on
membrane surface created by rotating disk near membrane
[29,39,40] could cause the erosion and removal of the whey pro-
tein and casein micelles layers from the membrane surface; sec-
ondly, the shear stress enhanced the diffusivity coefficient of
mass transfer process remarkably [41], facilitating the interaction
Fig. 5. The MPR vs. time at various cleaning agents (Concentration = 0.25%,
TMP = 0.12 MPa and temperature 35 �C).



Fig. 7. The P3-ultrasil 10 solution before (left) and after (right) cleaning (shear
stress = 16 Pa and time = 50 min).

Fig. 8. The MPR vs. time at various concentration of P3-ultrasil 10 (Tempera-
ture = 35 �C, TMP = 0.12 MPa and shear stress = 16 Pa).
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between foulants on membrane surface and cleaning agents in
bulk solution; the most important was the foam, which was pro-
duced from P3-ultrasil 10 under shear stress condition, and con-
tained sufficient levels of active cleaning composition, and kept
the chemical agents on membrane surface long enough for the
active compositions to penetrate the membrane pores and remove
the foulants. This was in agreement with the studies of Gahleitner
et al. [16,19]: cleaning agent with foam had a more excellent clean-
ing efficiency and results. As we can see from Fig. 6, higher shear
stress generated more forms, thus leading to higher MPR. In addi-
tion, all of MPR had the similar change trends with time except
0 Pa and MPR decreased from 90 min. This was due to the adsorp-
tion behavior exceeding the cleaning effect [42], which was expli-
cated in detail at Section 3.3.3. As for shear stress 0 Pa, it did not
‘‘accelerated” the phenomenon and the cleaning effect was greater
than adsorption behavior.

3.3.3. Effect of cleaning agent concentration
Fig. 7 shows that the values of MPR obtained when P3-ultrasil

10 solutions at various concentration were employed to clean
30 kDa membranes. It could be observed that the MPR of 0.05%
and 0.25% were significantly higher than that of 0.45%. Normally,
the increase of cleaning agent concentration should enhance MPR
[43], but at the same time, the exceeding cleaning agent in solution
caused a large number of adsorption between membrane and
cleaning agents [44], especially for the surfactant composition,
when the adsorption behavior were greater than cleaning effect,
the MPR decreased. For the same result, the extending of cleaning
time not only promoted the cleaning effect, but also facilitated the
adsorption behavior. When cleaning time exceeded 90 min,
adsorption behavior dominated, therefore MPR reduced and
0.45% was the largest decrement. In another aspect, the higher con-
centration of alkaline composition and longer cleaning time could
deteriorate the membrane hydrophilic [42] and damage mem-
brane permeability. In addition, salt concentrations reduced at
lower concentration of P3-ultrasil 10. According to the study of
Álvarez-Blanco et al. [14], the decrement of salt concentrations
can reduce the surface tension and the salting-in effects enhance
at low surface tension. So, lower concentration of P3-ultrasil 10
resulted in more protein foulants removal.

3.3.4. Effect of cleaning solution temperature
Fig. 8 shows the values of MPR for the 30 kDa membranes when

the cleaning step was performed at different temperatures and a
Fig. 6. The MPR vs. time at various shear stress for P3-ultrasil 10 (Concentra-
tion = 0.25%, TMP = 0.12 MPa and temperature 35 �C).
P3-ultrasil concentration of 0.25%. As could be observed, the higher
the temperature of the cleaning process, the better the MPR was,
reaching an efficiency of 98% when the cleaning process was car-
ried out at 50 �C. The increment of MPR when temperature ele-
vated from 25 to 35 �C was greater than the increment of MPR
when temperature elevated from 35 to 50 �C (about 28% in the first
case and 20% in the second case). The similar influence can also be
seen in Fig. 4. Due to the adsorption of hydrophilic ions from the
air/water surface, the surface tension reduced with the increase
of solution temperature [45], thus the salting-out effects of the
P3-ultrasil 10 enhanced and organic foulants removal improved.
Besides, higher temperature had a positive influence on protein
solubility [46]. Therefore, the highest protein solubility was
achieved at 50 �C. But the effect was not unlimited and protein sol-
ubility may decrease below a certain temperature, because the
protein was denatured due to the breaking of non-covalent bonds
involved in the stabilization of secondary and tertiary structure
[14]. Furthermore, the raise of temperature elevated the diffusivity
coefficient in mass transfer processes [47] and improved the rate of
foulants from the membrane surface to the bulk solution. In addi-
tion, high temperature could weaken the structure of membrane
fouling layer [18], expand the membrane pores and facilitate fou-
lants removal. The increase of temperature also enhanced the
salting-in effects between the inorganic salts (gluconate, phos-
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phate and sulfate of P3-ultrasil 10) and the protein foulants [18].
What’s more, the PESH membrane may be destroyed exceeding
50 �C. For all these reasons [38], the most appropriate temperature
to clean the fouled membrane with dairy wastewater was about
50 �C.

3.4. Statistical and optimization analysis

MPR is influenced by various operation conditions such as shear
stress, temperature, TMP, cleaning time, the type of cleaning agent
and its concentration. In this study, response surface methodology
was adopted to investigate the significance of various operation
conditions and optimize the water rinsing and chemical cleaning
processes. For the water rinsing, shear stress, temperature and
rinsing time were chosen as variables of model, while shear stress,
temperature, concentration of cleaning agent and cleaning time
were selected as variables of chemical cleaning.

The mathematical relationships between values of MPR and the
operating conditions were obtained for the water rinsing and
chemical cleaning (Eqs. (8) and (9), respectively). The related
ANOVA results were shown in Support Information. With high
multiple regression coefficient values (R2, 0.9821 and 0.9832 for
water rinsing and chemical cleaning) and sufficient p-value analy-
sis [48], most of the estimated coefficients were significant. It is
clearly observed that the optimal MPR increases in the order as fol-
lows: time < temperature < shear stress for water rinsing, while
time < concentration of cleaning agent < shear stress < tempera-
ture for chemical cleaning. This means that both shear stress and
temperature have a strong positive impact on the MPR, but the
effect of shear stress is greater in water rinsing and that of temper-
ature is better in chemical cleaning. In addition, the concentration
of cleaning agent has a negative effect on MPR.

Fig. 9 presents the surface contours for the response variable-
MPR as a function of the operating conditions of shear stress and
temperature for water rinsing and chemical cleaning. Time was
set at 70 min and concentration was 0.25%. The blue part in the
lower left corner represents the most unfavorable operation condi-
tions, because lower MPR was achieved (lower than 28% for water
rinsing and 63% for chemical cleaning). On the other hand, the red
part in the upper right corner shows the highest MPR obtained
(greater than 48 % for water rinsing and 95% for chemical cleaning).
It is important to note that the shear stress and temperature can
enhance MPR evidently. Moreover, from the Supplementary mate-
rial Figs. S1 and S2, the sustained increasing of time can’t lead to
the elevation of MPR.
Fig. 9. The MPR vs. time at various temperature for P3-ultrasil 10 (Concentra-
tion = 0.25%, TMP = 0.12 MPa and shear stress = 16 Pa).
Although the shear stress improves membrane cleaning, the
high total energy consumption is a disadvantage for this cleaning
process [44]. In order to balance the enhancing of MPR and con-
serving the energy, the optimization for the maximum MPR and
the minimum total energy consumption in water rinsing and
chemical cleaning process was conducted. According to Table 3,
their optimum temperatures were similar, but the shear stress
and time values varied widely, which is due to the different impor-
tance of shear stress and time in water rinsing and chemical clean-
ing processes. In the Section 3.5, we adopte these optimization
results to perform the membrane cleaning processes.

MPR ð%Þ ¼ 46:23þ 8:55� shear stressþ 6:05� temperature
þ4:32� time� 0:14� shear stress� time
þ2:45� temperature� time� 3:05� shear stress2

�6:09� temperature2 � 1:23� time2

ð8Þ
MPR ð%Þ ¼ 92:51þ 11:55� shear stressþ 21:36� temperature
þ0:67� time� 3:91� concentration
�2:2� shear stress� timeþ 0:33� temperature
�time� 3:08� time� concentration
�4:21� shear stress2 � 3:7� temperature2

�6:96� time2 � concentration2

ð9Þ
3.5. Comparison of two industrial cleaning processes

In industrial membrane cleaning operation, waster rinsing and
chemical cleaning are two common cleaning modes. Water rinsing
is simple, fast and cheap, but with low efficiency. Chemical clean-
ing is efficient, but complex, multi-step, high cost and produces
secondary effluent. In this study, we attempted to select a suitable
timing (30 min, threshold value in Fig 2) of the filtration process to
interrupt filtration and used ‘‘water rinsing” with the optimum
condition to clean the membrane with the fouled level, thus
increase the cleaning frequency and strengthen its cleaning result.
As for chemical cleaning, we conducted the cleaning operation
with the optimum condition after the entire filtration (120 min).
All of these cleaning membranes were reused for multiple filtra-
tions. All these cyclic operations continued five times.

Fig 10 shows the permeate flux and MPR for 5 times cycle oper-
ation with water rinsing (a) and chemical cleaning (b). For water
rinsing, it was conducted after 30 min filtration. As shown in Fig
2, at the threshold point, flux is about 50.37 L m�2 h�1 and flux
decline and membrane fouling are in a threshold state. With the
effect of water rinsing, the permeate fluxes in these cycle opera-
tions are similar and keep at a high level, but the MPR is very
low and water rinsing cannot elevate permeate recovery much.
This was because water rinsing could remove most foulants on
membrane surface which was a small part of reverse fouling, and
it was helpless for the removal of internal foulants which was
the most reverse fouling. With respect to chemical cleaning, it
was conducted after 2 h filtration, during which the flux behavior
Table 3
Optimum values of the process parameters for maximum MPR and minimum Ec.

Shear stress
(Pa)

Temperature
(�C)

Time
(min)

Concentration
(%)

Water rinsing 83.26 42.04 67.36
Chemical

cleaning
35.74 49.79 10 0.24



Fig. 10. Contour plot for MPR as a function of shear stress (Pa) and temperature (�C) for water rinsing (a) and chemical cleaning (b).
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was presented in Fig 2. Average flux of 5 times cycle for chemical
cleaning is 48 L m�2 h�1, which is a litter smaller than that of water
rinsing (52.5 L m�2 h�1). This is due to the longer filtration, more
serious fouling and the flux decline. The MPR before chemical
cleaning (average 23%) is lower than the MPR before water rinsing
(24%), which proves that conclusion. However, after chemical
cleaning, the average MPR raises to 88%, which is much higher than
water rinsing of 50% average value implying that even in the case
Fig. 11. The flux and MPR for 5 times cycle operation with (a) water rinsing and (b)
chemical cleaning.
of much more serious fouling, chemical cleaning assisted by high
shear stress can still remove most of reverse fouling and possess
excellent permeability recovery capacity. Moreover, after repeated
high shear stress chemical cleaning (5 times cycle), membrane per-
meability can still keep at a high level.Fig. 11

4. Conclusion

In this study, a novelty membrane cleaning method for restor-
ing UF membrane in dairy wastewater pre-treatment was investi-
gated. Membrane cleaning assisted by high shear stress is a widely
unexplored field. The cleaning of dairy wastewater fouled mem-
branes has been estimated with water rinsing and chemical clean-
ing. The role of high shear stress for enhancing membrane cleaning
was studied.

For physical cleaning-water rinsing, shear stress and cleaning
time continued prove to fortify cleaning efficiency. High shear
stress improved the efficiency of removing casein micelles and
whey protein layer on membrane surface. The cleaning tempera-
tures of 35 and 50 �C had a much greater cleaning capacity than
that of 20 �C. High temperature facilitated the solubility of foulants
in the solution.

As for chemical cleaning, in comparison with other cleaning
agents, due to the comprehensive compositions, P3-ultrasil 10
had better cleaning efficiency. Shear stress could reinforce the con-
vection diffusivity and form foam on membrane surface, exces-
sively promoting the cleaning effect. Owing to the adsorption
effect, MPR decreased, when cleaning time exceeded 90 min.

Response surface methodology was adopted to investigate the
significance of various operation conditions and to optimize the
water rinsing and chemical cleaning process. In water rinsing,
shear stress was the most important condition factor, while for
chemical cleaning, shear stress was second only to temperature.
For both, cleaning time was the least important condition factor.

Finally, with the optimum results, two long time industrial
cleaning processes were carried out. The cleaning operation condi-
tions were the optimum condition obtained by response surface
methodology in Section 3.4. Water rinsing kept operation flux at
a high level, if the cleaning timing before the threshold value,
but it just removed a small part of reverse fouling and MPR was
only 50%. Chemical cleaning assisted by high shear stress displayed
excellent flux behavior in long time filtration and average 88%
MPR, because it could remove most reversible fouling accumulated
by long time filtration.
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This study suggests that high shear stress is an effective and
promising mean to enhance the cleaning process and minimize
the environmental impact of chemical cleaning and chemical costs
in diverse UF applications such as treatment of dairy wastewater.
Acknowledgements

The authors would like to acknowledge the financial support
from Scientific Research Fund of Guangdong University of Technol-
ogy – China (220413582).
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2017.05.076.
References

[1] C. Baldasso, T. Barros, I. Tessaro, Concentration and purification of whey
proteins by ultrafiltration, Desalination 278 (2011) 381–386.

[2] F. Waeger, T. Delhaye, W. Fuchs, The use of ceramic microfiltration and
ultrafiltration membranes for particle removal from anaerobic digester
effluents, Sep. Purif. Technol. 73 (2010) 271–278.

[3] J. Luo, L. Ding, B. Qi, M.Y. Jaffrin, Y. Wan, A two-stage ultrafiltration and
nanofiltration process for recycling dairy wastewater, Bioresource. Technol.
102 (2011) 7437–7442.

[4] J. Luo, L. Ding, Y. Wan, P. Paullier, M.Y. Jaffrin, Application of NF-RDM
(nanofiltration rotating disk membrane) module under extreme hydraulic
conditions for the treatment of dairy wastewater, Chem. Eng. J. 163 (2010)
307–316.

[5] J. Luo, Z. Zhu, L. Ding, O. Bals, Y. Wan, M.Y. Jaffrin, E. Vorobiev, Flux behavior in
clarification of chicory juice by high-shear membrane filtration: evidence for
threshold flux, J. Membr. Sci. 435 (2013) 120–129.

[6] W. Zhang, Z. Zhu, M.Y. Jaffrin, L. Ding, Effects of hydraulic conditions on
effluent quality, flux behavior, and energy consumption in a shear-enhanced
membrane filtration using box-behnken response surface methodology, Ind.
Eng. Chem. Res. 53 (2014) 7176–7185.

[7] W. Zhang, G. Huang, J. Wei, H. Li, R. Zheng, Y. Zhou, Removal of phenol from
synthetic waste water using Gemini micellar-enhanced ultrafiltration
(GMEUF), J. Hazard. Mater. 235 (2012) 128–137.

[8] S. Chellam, W. Xu, Blocking laws analysis of dead-end constant flux
microfiltration of compressible cakes, J. Colloids Interf. Sci. 301 (2006) 248–
257.

[9] K.J. Hwang, C.Y. Liao, K.L. Tung, Analysis of particle fouling during
microfiltration by use of blocking models, J. Membr. Sci. 287 (2007) 287–293.

[10] B. Cancino-Madariaga, R. Ruby, C. Astudillo Castro, J. Saavedra Torrico, M. Lutz
Riquelme, Analysis of the membrane fouling mechanisms involved in clarified
grape juice ultrafiltration using statistical tools, Ind. Eng. Chem. Res. 51 (2012)
4017–4024.

[11] J. Luo, L. Ding, Y. Wan, M.Y. Jaffrin, Threshold flux for shear-enhanced
nanofiltration: experimental observation in dairy wastewater treatment, J.
Membr. Sci. 409 (2012) 276–284.

[12] Y. Zhao, L. Song, S.L. Ong, Fouling of RO membranes by effluent organic matter
(EfOM): relating major components of EfOM to their characteristic fouling
behaviors, J. Membr. Sci. 349 (2010) 75–82.

[13] H. Rezaei, F.Z. Ashtiani, A. Fouladitajar, Effects of operating parameters on
fouling mechanism and membrane flux in cross-flow microfiltration of whey,
Desalination 274 (2011) 262–271.

[14] M.J. Corbatón-Báguena, S. Álvarez-Blanco, M.C. Vincent-Vela, Cleaning of
ultrafiltration membranes fouled with BSA by means of saline solutions, Sep.
Purif. Technol. 125 (2014) 1–10.

[15] M. Luján-Facundo, J. Mendoza-Roca, B. Cuartas-Uribe, S. Álvarez-Blanco,
Ultrasonic cleaning of ultrafiltration membranes fouled with BSA solution,
Sep. Purif. Technol. 120 (2013) 275–281.

[16] B. Gahleitner, C. Loderer, W. Fuchs, Chemical foam cleaning as an alternative
for flux recovery in dynamic filtration processes, J. Membr. Sci. 431 (2013) 19–
27.

[17] N.P. De Souza, O.D. Basu, Comparative analysis of physical cleaning operations
for fouling control of hollow fiber membranes in drinking water treatment, J.
Membr. Sci. 436 (2013) 28–35.

[18] J. Luo, L. Ding, Y. Wan, M.Y. Jaffrin, Flux decline control in nanofiltration of
detergent wastewater by a shear-enhanced filtration system, Chem. Eng. J. 181
(2012) 397–406.

[19] B. Gahleitner, C. Loderer, C. Saracino, D. Pum, W. Fuchs, Chemical foam
cleaning as an efficient alternative for flux recovery in ultrafiltration processes,
J. Membr. Sci. 450 (2014) 433–439.
[20] S.H. Silalahi, T. Leiknes, Cleaning strategies in ceramic microfiltration
membranes fouled by oil and particulate matter in produced water,
Desalination 236 (2009) 160–169.

[21] Q. Gan, J. Howell, R. Field, R. England, M. Bird, M. McKechinie, Synergetic
cleaning procedure for a ceramic membrane fouled by beer microfiltration, J.
Membr. Sci. 155 (1999) 277–289.

[22] H. Huang, T.A. Young, J.G. Jacangelo, Unified membrane fouling index for low
pressure membrane filtration of natural waters: principles and methodology,
Environ. Sci. Technol. 42 (2007) 714–720.

[23] J. Luo, L. Ding, Influence of pH on treatment of dairy wastewater by
nanofiltration using shear-enhanced filtration system, Desalination 278
(2011) 150–156.

[24] C. Regula, E. Carretier, Y. Wyart, G. Gésan-Guiziou, A. Vincent, D. Boudot, P.
Moulin, Chemical cleaning/disinfection and ageing of organic UF membranes:
a review, Water. Res. 56 (2014) 325–365.

[25] C. Astudillo, J. Parra, S. González, B. Cancino, A new parameter for membrane
cleaning evaluation, Sep. Purif. Technol. 73 (2010) 286–293.

[26] F. Bella, D. Pugliese, J.R. Nair, A. Sacco, S. Bianco, C. Gerbaldi, C. Barolo, R.
Bongiovanni, A UV-crosslinked polymer electrolyte membrane for quasi-solid
dye-sensitized solar cells with excellent efficiency and durability, Phys. Chem.
Chem. Phys. 15 (2013) 3706–3711.

[27] K.H. Wong, G.Q. Li, K.M. Li, V. Razmovski-Naumovski, K. Chan, Optimisation of
Pueraria isoflavonoids by response surface methodology using ultrasonic-
assisted extraction, Food. Chem. 231 (2017) 231–237.

[28] Z. Zhang, H. Zheng, Optimization for decolorization of azo dye acid green 20 by
ultrasound and H2O2 using response surface methodology, J. Hazard. Mater.
172 (2009) 1388–1393.

[29] R. Bouzerar, M.Y. Jaffrin, L. Ding, P. Paullier, Influence of geometry and angular
velocity on performance of a rotating disk filter, AICHE J. 46 (2000) 257–265.

[30] L.H. Ding, M.Y. Jaffrin, M. Mellal, G. He, Investigation of performances of a
multishaft disk (MSD) system with overlapping ceramic membranes in
microfiltration of mineral suspensions, J. Membr. Sci. 276 (2006) 232–240.

[31] J.Q. Luo, L.H. Ding, Y.H. Wan, P. Paullier, M.Y. Jaffrin, Application of NF-RDM
(nanofiltration rotating disk membrane) module under extreme hydraulic
conditions for the treatment of dairy wastewater, Chem. Eng. J. 163 (2010)
307–316.

[32] Y.-N. Wang, C.Y. Tang, Protein fouling of nanofiltration, reverse osmosis, and
ultrafiltration membranes—the role of hydrodynamic conditions, solution
chemistry, and membrane properties, J. Membr. Sci. 376 (2011) 275–282.
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