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A B S T R A C T   

The modules of ultrafiltration (UF) membrane always occupy a fixed position during filtration. This results in a 
gradual aggravation of membrane fouling because of the continuous pollutants deposition. However, it is known 
that the cake layer is composed of loosely hydrolyzed flocs. Therefore, in this study, the rotation concept of 
membrane-module was investigated in conjunction with the integrated floc (Fe-based)-UF process. We found that 
the Fe-based flocs can be easily peeled off the membrane surface during rotation, and the UF membrane fouling 
was alleviated, particularly with spiral module rotation because of the strong shearing force induced. The fouling 
behavior after spiral module rotation was similar for different floc dosages because of the looseness cake layer 
formed. The applied computational fluid dynamics model showed that a greater spiral rotation height corre-
sponded to a larger water velocity distribution and stronger shearing force in the membrane tank, and this 
resulted in a reduction in the fouling degree due to the thinner cake layer formed. Moreover, in comparison with 
alkaline conditions, a slightly more severe fouling degree was observed under acidic conditions because of the 
induced denser cake layer with smaller Fe-based floc sizes; however, a significantly higher humic-acid removal 
efficiency was observed. In addition, UF membrane performed well with river water samples taken from the 
South-to-North water diversion project in China (Beijing), thereby indicating the rotating module potential 
application in membrane-based drinking water treatment.   

1. Introduction 

The ultrafiltration (UF)-based technology has been widely applied 
for drinking water treatments as they afford excellent effluent water 
quality via the efficient removal of pollutants, bacteria, and viruses 
[1–3]. Currently, many UF-membrane-purification-based large-scale 
water plants with a capacity of more than 100,000 m3/d have been 
established worldwide, and the capacity of the largest UF-based drink-
ing water plant is more than 1,000,000 m3/d [4,5]. However, in all 
cases, UF membrane fouling is still inevitable over time because pol-
lutants gradually accumulate on the membrane surface and are even 
adsorbed within the membrane pores, resulting in the influence 
regarding the membrane usage to a great extent. Therefore, different 
pretreatment methods have been effectively exploited to reduce 

membrane fouling [2,4,6]. 
In comparison with methods based on adsorption and oxidation, the 

coagulation approach is still considered as the most convenient method 
for mitigating membrane fouling because it offers the benefits of high 
pollutant-removal efficiency, easy operation, and low running cost [2, 
7]. Thus far, at least three different water processing technologies 
related to coagulation and UF have been investigated: (1) pre-adsorption 
process [8,9]; (2) direct filtration process [10,11]; and (3) integrated 
filtration process [12,13]. Although both the pre-adsorption and direct 
filtration technologies have been successfully applied in most water 
plants [4], the latter filtration technology has a significant advantage 
with regards to land usage; therefore, it has been the focus of several 
studies recently [13–15]. 

For the different coagulation-UF-based technologies, the membrane 
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module is always fixed in membrane tanks. Therefore, the related cake 
layer thickness inevitably increases because of the deposited pollutants 
and a consequent and continuous membrane fouling is obviously 
observed. However, a key issue is that the flocs of the cake layer are 
relatively loosely bound [16,17], which indicates that the loosely cake 
layer can be easily broken by a small external force, even with pollutants 
adsorbed or trapped inside the layer. For UF-based drinking water 
treatment, such an external force can be provided via many different 
pretreatments in the membrane tank. In this regard, in comparison with 
the ultrasonic and water-inflow variation approaches, the membrane 
module rotation approach is significantly simpler, and a stronger 
shearing force is easily generated in the cake layer. It is worth noting 
that the module rotation technology mainly focuses on inorganic 
membranes, particularly for wastewater treatment [18–20], and little 
attention has been paid so far to the drinking water treatment with 
organic membranes [5]. 

For UF membrane fouling, natural organic matters (NOM) always 
play an important role due to their physicochemical characteristics (i.e. 
wide molecular weight distribution, charge, complexation) [21–26]. 
Therefore, in this work, the concept of UF membrane module rotation 
was conducted in the presence of HS, which is considered as the main 
component of NOM [21,23]. In our previous study [27], we have 
demonstrated that the Al-based flocs cannot easily be removed during 
the module rotation, and an effective protection layer is formed onto the 
membrane surface, resulting in alleviating membrane fouling. Here, 
although both Al- and Fe-based coagulants are widely applied to water 
treatment [28], Fe-based coagulants were selected in this work because 
of their different floc properties, including particle size, surface charge, 
fractal dimension, density [29]. Therefore, different cake layer behav-
iors can be observed in theoretical during the rotation. Some key pa-
rameters including the rotation type, floc dosage, and solution pH were 
investigated in detail to comprehensively understand the membrane 
performance and filtration mechanism underlying rotation. The model 
of computational fluid dynamics (CFD) was introduced to understand 
the flow state to examine the fouling mechanism. In addition, to further 
test the availability of this technology, river water collected from the 
South-to-North water diversion project in China (Beijing) was used to 
verify the UF membrane behavior. 

2. Experimental materials and methods 

2.1. Experimental materials used and specific feed water properties 

All chemical reagents used were of high purity. HCl, NaOH, kaolin, 
and FeCl3·6H2O were obtained from the Sinopharm Chemical Regent 
Co., Ltd. (China). To keep the feed water turbidity constant (10 NTU), 
kaolin was used during filtration. Humic acid sodium salt (HA, Sigma, 
USA), the representative HS compounds [30], was dissolved in tap water 
(Beijing). The solutions used were placed in a refrigerator (4 ◦C). River 
water was acquired from the South-to-North water diversion project in 
China (Beijing) [31], and Table S1 shows the detailed feed-water 
properties. 

2.2. Module rotation and filtration process 

The schematic of the experimental setup is shown in Fig. S1, and 
similar descriptions have been reported in our previous studies [5,24]. 
During the filtration process, the polyvinylidene fluoride (100 kDa) 
hollow-fiber UF membranes (Tianjin Motimo Membrane Technology 
Co., Ltd., China) were used, with a whole filtration cycle of 30 min and 
backwashing (air/water) for 1 min 

The rotation speed was maintained low and constant (24 rpm, G 
value: 6.3 S− 1) to effectively reduce the related cake layer thickness due 
to its looseness. Module spiral rotation was achieved by using two 
stepper motors to control the horizontal and vertical motions, respec-
tively. The rotation process can be divided into three time periods. First, 

the membrane module was subjected to forward rising for two seconds 
(leave the starting point). Next, the membrane module was paused for 
one second. Finally, reverse declining (back to the starting point) was 
performed for another two seconds. Spiral rotation was applied for both 
forward rising and reverse declining. To investigate the fouling reduc-
tion degree, the spiral rotation heights were set to 0.5 cm, 1 cm, and 2 
cm, respectively. The rotation height of 0 cm was defined as the recip-
rocating horizontal rotation. 

To reduce the UF membrane fouling, freshly Fe-based flocs prepared 
with tap water were persistently flowed into the membrane tank with a 
peristaltic pump (Longer, China). The related concentration was deter-
mined by the Fe-based salts because of the hydrolyzation properties 
around neutral pH conditions [32]. Because of the residual choline 
(Table S1), the membrane filtration process was performed for 12 days 
to minimize microbial activity, particularly the production of extracel-
lular polymer substances. Next, tap water was used to wash the UF 
membrane surface to understand the proportion regarding different 
membrane fouling mechanisms, mainly including irreversible fouling 
and reversible fouling. 

2.3. Method of HA fractionation 

Owing to their wide molecular weight (MW) distribution, two kinds 
of MW cut-off membranes (3 kDa and 30 kDa) were introduced to grade 
HA molecules to investigate their different removal behaviors [33]. For 
the fractionation, both the stirred cell (Millipore, USA) and the regen-
erated cellulose membranes (Millipore, USA) were used. During the 
filtration, it was specifically ensured that 1/6 (the volume ratio) of the 
influent was maintained in the cell each time [34,35]. 

2.4. Numerical simulation by CFD in the membrane tank 

The fluid flow state in the tank was simulated by the CFD model, and 
both the related water velocity distribution and shearing stress on the 
membrane surface were obtained. To ensure the accuracy of the calcu-
lation, the tetrahedral and prismatic mesh was used, in which prismatic 
grid was the boundary layer grid [36]. In addition, the transient solver of 
ANSYS FLUNET software was used to obtain the relationship between 
the surface shearing force and the membrane module motion. Further-
more, the dynamic mesh model was conducted to simulate the mem-
brane module motion, and the second-order upwind scheme was used to 
further enhance the calculation accuracy [37]. 

2.5. Other analysis measurements 

pH variation was tested by a pH meter (Orion, USA). The floc size 
was tested by a laser particle size analyzer (Mastersizer 2000, UK), and 
the zeta potential was measured by a nanoparticle sizing and zeta po-
tential analyzer (BECKMAN COULTER Ltd., USA). The related pollutant 
removal efficiencies were obtained by means of gel permeation chro-
matography (GPC, Agilent Technologies, USA) [24]. The iron concen-
tration in effluent was tested by means of inductively coupled 
plasma-mass spectrometry (ICP-MS, 7500a, Agilent Technology, USA). 
In addition, the UF membrane morphologies were taken by a scanning 
electron microscopy (SEM, JSM-7401F, JEOL Ltd., Japan), including the 
absence as well as presence of rotation. 

3. Results and discussion 

3.1. Influence of module rotation type on fouling behaviors 

The influence of horizontal rotation and spiral rotation (height at 1 
cm) on the UF fouling behavior was firstly investigated. Fig. 1 clearly 
shows that a severe UF fouling degree is caused by HA because of a dense 
cake layer formed, and the TMP dramatically increases to 61.1 kPa on 
day 12. However, the TMP drastically decreases to 6.3 kPa after 
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membrane surface washing by water on day 13 [27], thus indicating the 
significant proportion of the cake layer to UF fouling. With 13 mM 
Fe-based flocs injected, most HA molecules are adsorbed or trapped 
inside the cake layer, and their chance directly contacting the membrane 
surface is dramatically reduced. Therefore, the membrane fouling is 
alleviated and the TMP value reduces to 28.4 kPa. With module rotation, 
however, the related cake-layer thickness is reduced, particularly with 
spiral rotation (height at 1 cm): from a thickness of 9.2 µm (with hori-
zontal rotation) to 3.4 µm (with spiral rotation at 1 cm) (Fig. 1b-c). As a 
result, UF membrane fouling is further reduced, and the corresponding 
TMP values are reduced to 18 kPa (with horizontal rotation) and 9 kPa 
(with spiral rotation). Similarly, the main fouling mechanism is also 
ascribed to the cake layer formation due to the large floc particle size 
compared to the small UF membrane pore diameter (30 nm, 
manufacturer-specified). As a result, after washing the membrane sur-
face, the corresponding TMP values drastically reduce to 8.5 kPa, 7.9 
kPa, and 3.5 kPa for the without-rotation, horizontal-rotation, and 
spiral-rotation cases, respectively, on the 13th day. As seen from Fig. S2, 
however, the intensity of iron within the cake layer is much lower than 
that of HA (represent by C), indicating that the Fe-based flocs were 
easily peeled off the membrane surface during rotation. The possible 
reason was due to its relatively large density [27]. 

To examine the UF membrane fouling alleviation mechanism, the 
flow regime variation was investigated as it influences the cake layer 
thickness to a great extent during rotation [38,39]. Based on the CFD 
simulation results, the average Reynolds number corresponding to the 

UF membrane surface is observed to be > 2300 but < 4000 during the 
rotation, which indicates that transition flow is the main flow state [40]. 
Therefore, the thick loose cake layer thickness becomes thin after rota-
tion. However, in comparison with horizontal rotation, both the velocity 
distribution (Fig. 2a and b) and shearing force produced in the mem-
brane tank are larger in the case of spiral rotation (Fig. 2c and d). 
Therefore, the UF membrane fouling degree is further reduced. It can be 
shown that the TMP value decreases to 18 kPa with horizontal rotation. 
However, with spiral rotation, the TMP value is further reduced to 
9 kPa. In addition, the corresponding TMP values are reduced to 7.9 kPa 
and 3.5 kPa after the washing of the membrane surface, and in both 
these cases, the cake layer is also the primary cause of fouling. Because 
spiral rotation afforded a better UF membrane fouling alleviation per-
formance than horizontal rotation, the latter was adopted for imple-
mentation in further experiments. 

3.2. Effect of floc dosage on membrane behavior with spiral rotation 

It is known that the cake-layer thickness increases with increasing 
floc dosage, which is also crucial in determining the UF fouling behavior 
[2,41]. Thus, the membrane performance was further investigated 
considering different floc dosages under spiral rotation (height at 1 cm) 
(Fig. 3). It can be observed that membrane fouling degree is gradually 
reduced with increasing floc dosage even in the absence of rotation 
because of the adsorption of HA and the formation of a loose cake layer. 
Thus, the TMP values reduce from 61.1 kPa (0 mM) to 52.7 kPa, 

Fig. 1. (a) TMP development as a function of time with horizontal and spiral rotation; variation in cake-layer thickness: (b) with horizontal rotation; and (c) with 
spiral rotation at 1 cm. Other experimental conditions: 13 mM Fe-based floc; pH 7.5. 
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28.4 kPa, and 10.5 kPa for floc concentrations of 6.5 mM, 13 mM, and 
26 mM (Fig. S3) [27]. 

As can be observed from Fig. 3a, the fouling alleviation rate corre-
sponding to spiral rotation is large, even in the absence of flocs. The TMP 
values are 47.3 kPa, 10.8 kPa, 9 kPa, and 3.7 kPa for floc concentrations 
of 0 mM, 6.5 mM, 13 mM, and 26 mM, respectively [27]. It is evident 
that the TMP variation is 13.8 kPa, 41.9 kPa, 19.4 kPa, and 6.8 kPa for 
floc concentrations of 0 mM, 6.5 mM, 13 mM, and 26 mM, respectively. 
However, with regards to floc injection, a similar fouling behavior is 
interestingly observed after rotation, even for high floc concentrations. 
This result may be ascribed to the “easy” destruction of cake layer, 
especially the loose outer layer. In contrast, the relatively dense inner 
cake layer is mainly drawn by the negative pressure caused by the pump 
used, which results in strong adsorption onto the membrane surface and 
the subsequent difficulty of regulation. 

From Fig. 3b, it can be observed that the HA removal efficiency in-
creases with raising the floc dosage. The specific HA removal efficiencies 
are 9.8%, 21.8%, 40.9%, and 64.2% for floc concentrations of 0 mM, 
6.5 mM, 13 mM, and 26 mM [27]. However, the HA removal efficiency 
is hardly influenced by spiral rotation (data not shown), which can be 
ascribed to the negligibly small variation in the floc properties and 
membrane characteristics before and after rotation. 

3.3. Influence of rotation height on membrane behavior with spiral 
rotation 

The cake layer thickness regulation is affected by both the water 
velocity distribution and shearing force on the membrane surface 
because of the loose cake layer [42]. To study the cake-layer thickness 
under different rotation heights, the membrane fouling in each case was 
further investigated. As can be observed from Fig. 4, the UF membrane 
fouling, reflected by the TMP, varies as 18 kPa, 10.3 kPa, 9 kPa, and 
7 kPa for rotation heights of 0 cm, 0.5 cm, 1 cm, and 2 cm, respectively. 
It should be noted that the fouling alleviation degree decreases with 
increasing rotation height. This result can be ascribed to the easy 
destruction of the loose outer layer and relatively difficult regulation of 
the inner layer with increasing height. In addition, although UF mem-
brane fouling is alleviated for different rotation heights, it is noteworthy 
that the pollutant removal rate is only slightly affected by the spiral 
rotation height (Fig. S4). This result may be ascribed to the negligible 
influence of the floc properties and membrane characteristics on the 
regulation during rotation, which indicates the practicability of 
membrane-module rotation. 

To further investigate the fouling reduction mechanism, both the 
variations of flow regime and shearing force were conducted for 
different rotation heights. According to the CFD model, a greater rota-
tion height corresponds to a greater water velocity and stronger shearing 
force (Fig. 5). As a result, the average Reynolds values on the membrane 

Fig. 2. (a) Velocity distribution and (b) shearing force distribution with horizontal rotation; (c) velocity distribution and (d) shearing force distribution with spiral 
rotation (height at 1 cm). Other experimental conditions: rotation speed at 24 rpm; rotation time at 0.2 s; pH 7.5. Note: The simulated velocity distribution appears as 
a point in c because of the vertical flow. 

Fig. 3. Influence of floc dosage on UF membrane behaviors: (a) TMP development as a function of time; and (b) HA concentration variation with and without 
filtration. Other experimental conditions: rotation speed at 24 rpm; rotation height at 1 cm; pH 7.5. 
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surface increase as 2567, 2702, 2911, and 3540 for rotation heights of 
0 cm, 0.5 cm, 1 cm, and 2 cm (rotation time at 0.5 s). However, it has 
been established that transition flow is still the main flow state, even for 
the rotation height of 2 cm [40]. As a result, a greater rotation height 
affords better regulation of the thickness, which reduces from 9.2 µm 
(0 cm) to 5.2 µm, 3.4 µm, and 2.9 µm for rotation heights of 0.5 cm, 
1 cm, and 2 cm, respectively. Therefore, the membrane fouling degree 
was reduced with increasing the spiral rotation height. 

3.4. Influence of pH on membrane behavior with spiral rotation 

For floc-based drinking water treatment, the floc characteristics are 
important to the membrane performance, which is easily affected by the 
solution pH [41,43,44]. The floc size increases with increase in the so-
lution pH, while the corresponding zeta potentials decrease. The average 
Fe-based floc sizes are 330.1 ± 27 µm, 583.8 ± 13.9 µm, and 
703.3 ± 10.3 µm, while the related zeta potentials are 10.2 ± 2.8 mV, 

4.1 ± 0.9 mV, and − 1.7 ± 0.7 mV at pH values of 6, 7.5, and 9. It’s 
known that a thicker cake layer is easily formed with the larger size flocs 
induced, while it is easily peeled off during rotation. Therefore, a thicker 
cake layer is observed under low pH conditions compared to the high pH 
conditions. In addition, a larger number of HA molecules, which are 
commonly negatively charged in natural waters [45,46], are easily 
adsorbed under acidic conditions. Therefore, more HA molecules are 
removed/rejected, and the pollution load on the membrane surface is 
larger under acidic conditions (Fig. 6a and b). As a result, UF membrane 
fouling degree is alleviated with pH rising, and Fig. 6c shows that the 
specific TMP values are declined from 12.7 kPa at pH 6–9 kPa and 
6.9 kPa at pH values of 7.5 and 9, respectively. 

Although small flocs are not easily affected by module rotation, a 
high HA removal rate is observed because of the small floc size and its 
positive charge. Fig. 6d shows that the HA removal rate is 79.7%, 40.9%, 
and 31.8% at pH 6, 7.5, and 9, respectively. Owing to the wide MW 
distribution property of HA, a larger MW implies a stronger rejection 
and greater removal efficiency. However, in comparison with the 
removal efficiencies of the large- (>30 kDa) and medium (3–30 kDa) 
-MW HA molecules, that of small-MW (<3 kDa) HA molecules is also 
high. The removal rate of the small-MW (<3 kDa) HA molecules is as 
high as 65.6% ± 2.3% at pH 6, whereas this efficiency reduces to 
19.7% ± 2.9% and 15.7% ± 1.9% at pH values of 7.5 and 9, respec-
tively. Furthermore, the iron concentration in the effluent (even under 
acidic conditions, Fig. S5) is lower than the regulated concentration of 
0.3 mg/L, as per the drinking water criterion set by China [47,48]. 

3.5. Membrane behavior with raw water under spiral rotation 

Although severe membrane fouling is observed under acidic condi-
tions, a significantly high HA removal efficiency is also observed 
(Fig. 6d), which results in improved water quality. Therefore, to further 
demonstrate the feasibility of the module spiral rotation in mitigating 
membrane fouling, river water acquired from the South-to-North water 
diversion project in China (Beijing) was conducted to investigate the 
related UF membrane behaviors (pH was pre-adjusted to 6). As can be 
observed from Fig. 7a, an excellent UF membrane performance is ach-
ieved. Although a severe fouling degree can be caused by river water 
alone, the membrane fouling degree is reduced with floc injection, 
particularly after spiral rotation of the module. The TMP drastically 

Fig. 4. Influence of rotation height on TMP development. Other experimental 
condition: 13 mM Fe-based floc dosage; pH 7.5. 

Fig. 5. Shearing force distribution on membrane module for different spiral rotation heights: (a) 0 cm; (b) 1 cm; and (c) 2 cm. Other experimental conditions: 
rotation speed at 24 rpm; rotation time at 0.5 s; pH 7.5. Note: Owing to the existence of vertical flow, slight changes were observed for the UF module position in the 
membrane tank. 
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increases to 82 kPa after only 8 days of operation [27]; this TMP value is 
even higher than that induced by HA alone (Fig. 1). With Fe-based floc 
injection, although a thicker cake layer is formed (3.6 µm, Fig. 7c), the 
TMP value reduces to 43.8 kPa because of the existence of loose flocs. 
However, with spiral rotation, the cake-layer thickness reduces to 
1.1 µm (Fig. 7d); consequently, membrane fouling further reduces to 
31.5 kPa, even for a small floc size, at pH 6. After membrane surface 
washing with water, the corresponding TMP values reduce to 8 kPa, 
5.3 kPa, and 6.3 kPa, respectively, thereby demonstrating that the 
membrane fouling is predominated by the cake layer. 

Fig. 7b shows that the pollutant removal efficiency in river water is 
low by the UF membrane alone; this efficiency is 9.8% for large-MW 

pollutants and 1.9% for small-MW pollutants. With the injection of 
flocs, most pollutants are adsorbed or trapped inside the cake layer, and 
the removal efficiency increases; the efficiency is nearly independent of 
module rotation. The large-MW pollutants removal efficiency increases 
to 33.5%, while it increases to 17.1% for the small-to-large MW 
pollutants. 

4. Conclusions 

Exploiting the loose property of the floc-formed cake layer in the UF 
membrane treatment of water, this study demonstrates the enhanced 
alleviation of UF membrane fouling via the rotation of the membrane 

Fig. 6. Cross section of the cake layer thickness at pH (a) 6 and (b) 9; Influence of solution pH on (c) TMP development as a function of time; (d) HA concentration 
before and after UF filtration; and (e) different HA MWs removal efficiencies. Other experimental conditions: 13 mM Fe-based floc; rotation speed at 24 rpm; rotation 
height at 1 cm. 
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module. Although the Fe-based flocs can be peeled off the membrane 
surface during rotation, the UF membrane fouling can be alleviated. In 
comparison with horizontal rotation, a larger velocity distribution and 
stronger shearing force are induced on the membrane surface by the 
spiral rotation of the module. Therefore, UF membrane fouling was 
mitigated to a greater extent in the latter case. Owing to the strong 
shearing force induced by rotation and negative pressure produced by 
the pump used, the loose outer layer was easily peeled off the mem-
brane. Therefore, the membrane fouling degree remained nearly con-
stant after rotation, even at high floc dosages. In addition, the fouling 
behavior was similar for different rotation heights because of the easy 
broken of the loose outer layer. Notably, the related HA removal 
behavior was little affected by the module spiral rotation. 

A larger floc size corresponds to a stronger influence of the rotation 
on the cake-layer thickness regulation. Therefore, membrane fouling is 
more strongly alleviated under alkaline conditions than acidic condi-
tions. However, the HA removal rate (even for the small-MW (<3 kDa) 
HA) was significantly larger under low pH conditions because of the 
higher positive charge and smaller floc particle size induced. Finally, the 
application of the rotating module yielded an excellent membrane 
behavior with river water, thus showing the application potential for 
drinking water treatment. 
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