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� Settling time on membrane fouling
was explored for the coagulation-UF
process.

� A critical settling time existed and
was observed under room water
temperature.

� The critical settling time was not
obvious under low water
temperature.

� pH had little influence on the critical
settling time under low water
temperature.

� Cake layer thickness was the main
fouling load under low water
temperature.
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Coagulation plays an important role in effectively alleviating ultrafiltration (UF) membrane fouling due to
the existence of flocs. In comparison to traditional filtration, direct filtration (no sedimentation tank) is
generally considered to result in less membrane fouling due to the looser cake layer formed on the mem-
brane surface. However, cake layer characteristics are easily influenced by operating conditions (e.g., sed-
imentation time, temperature), resulting in different fouling loads and the still very limited knowledge
about the fouling behavior. Here, a detailed investigation of UF membrane performance was carried
out to analyze the differences between traditional filtration and direct filtration. The results showed that
a critical settling time indeed existed when flocs gradually settled, leading to severe membrane fouling
induced by a dense and thick cake layer. Therefore, the traditional filtration performed worse when
the settling time was shorter than the critical time, while it performed better when the settling time
was longer. In comparison to room temperature water, the proportion of membrane fouling caused by
the cake layer increased at low water temperature due to the contracted membrane pore size, and the
cake layer thickness became the main fouling load. The longer the settling time, the fewer pollutants
reached the membrane surface, the thinner the cake layer, and the lower the potential for membrane
fouling. Thus, traditional filtration performed better than direct filtration, and the critical settling time
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was not obvious. Although solution pH played an important role in floc properties, the fouling load was
influenced little and traditional filtration still performed better. This work shows that the cake layer prop-
erties/fouling loads vary with the settling time during the coagulation-UF process, and this finding is of
great significance to the improvement of membrane technology in drinking water plants.

� 2019 Elsevier B.V. All rights reserved.
Table 1
Characteristics of raw water.

Items Raw water

Water temperature (oC) 20.3 ± 7.2
pH 7.9 ± 0.6
Turbidity (NTU) 5.7 ± 2.2
Conductivity (mS/cm) 427.8 ± 15.1
Dissolved organic carbon (DOC, mg/L) 2.6 ± 0.4
UV254 (cm�1) 0.06 ± 0.02
Dissolved oxygen (mg/L) 5.8 ± 1.3
1. Introduction

Drinking water quality plays an important role in our daily life.
To effectively control bacterial and viral infectious diseases, the
traditional water purification process (coagulation – sedimentation
– sand filtration – chlorine disinfection) was established in the
early years of the 20th century (Fuller, 1933; Amjad et al., 2015),
which can be considered as the first-generation water purification
technology (Li and Yang, 2007). In the 1970s, to solve the risk
induced by trace organic pollutants and chlorination disinfection
by-products (Sadiq and Rodriguez, 2004), the ozone-activated
advanced treatment process was subsequently added after the
first-generation process (Rice, 1999; Medellin-Castillo et al.,
2013), and it can be considered the second-generation water
purification technology. At the end of 20th century, with the emer-
gence of giardia and cryptosporidium, neither the first-generation
process nor the second-generation process could effectively solve
the new biosafety problem (Li and Yang, 2007). Thus, the third-
generation water purification technology based on the ultrafiltra-
tion (UF) membrane became widely used because of the excellent
effluent water quality and low space usage (Shannon et al., 2008;
Drioli et al., 2011; Chen et al., 2018; Zhang et al., 2019).

For the membrane-based drinking water treatment, UF is usu-
ally used to replace the sand filtration section, and the traditional
UF membrane-based filtration technology was established (coagu-
lation – sedimentation – UF – chlorine disinfection, type 1) (Amjad
et al., 2015). With the rapid development of the economy and the
pressures created by insufficient construction land, integration is
one of the most important trends for drinking water treatment
technology (Ang et al., 2015). Thus, the sedimentation section
was removed, resulting in the direct filtration technology (coagula-
tion – UF – chlorine disinfection, type 2) (Xiao et al., 2012; Dong
et al., 2015). To further reduce the land use, coagulants are even
directly injected into the UF membrane tank (coagulation/UF –
chlorine disinfection, type 3) (Park et al., 2002; Amjad et al., 2015).

To date, owing to its stable operation and convenient manage-
ment, type 1 has been widely used in practical drinking water pro-
jects, such as the Columbia Heights UF water treatment plant
(26.5 � 104 m3/d, USA) (Pressdee et al., 2005), Kaotan drinking
water plant (30 � 104 m3/d, China) (Zheng et al., 2012), etc. Owing
to its stable operation and small land use, type 2 is gradually being
applied in practical projects, such as the Chestnut Avenue drinking
water plant (27.3 � 104 m3/d, Singapore) (Janson et al., 2006), Nan-
tong Lujing drinking water plant (2.5 � 104 m3/d, China) (Xiao
et al., 2012), etc. In comparison with type 1 and type 2, type 3 only
exists at the laboratory scale at present, which is mainly ascribed
to the problems of unstable operation and severe membrane foul-
ing (Peleato et al., 2017).

For UF-based drinking water treatment, a key issue is that
membrane fouling is inevitable over time owing to pollutants con-
tinuously reaching the membrane surface (Gao et al., 2011). It has
been demonstrated that pore adsorption, pore blocking, and cake
layer formation are the main UF fouling mechanisms during filtra-
tion (Wang and Tarabara, 2008; Wu et al., 2011). For the combined
coagulation-UF process, a cake layer is always the main fouling
mechanism because of the larger floc size (micro-scale) compared
to the UF membrane pore size (nano-scale), and its contribution to
membrane fouling is even greater than 90% after long-term opera-
tion (Ma et al., 2018). Although type 1 and type 2 have been used in
practical projects, previous research studies generally considered
that the membrane fouling induced by type 1 is more severe than
that induced by type 2, which is mainly ascribed to the denser cake
layer formed on the membrane surface due to the better settling
ability of large flocs in the sedimentation tank (Chen et al., 2007;
Yu et al., 2015). However, it is well known that membrane fouling
is greatly influenced by the pollution load on the UF membrane
surface, while cake layer characteristics (e.g., surface pore size,
thickness) play an important role (Jarvis et al., 2005a; Wang
et al., 2019a). Up to now, most related researches have mainly
focused on the conventional operating conditions (e.g., coagulant
types, room water temperature) (Barbot et al., 2008; Konieczny
et al., 2009; Yu et al., 2015), resulting in the still very limited
knowledge about the UF membrane fouling behavior. With flocs
gradually settled, the characteristics (e.g., density, thickness) of
cake layer will be influenced by sedimentation to a large extent,
resulting in different compositions of membrane fouling resistance
and membrane fouling behaviors (Yu et al., 2015), particularly
under low water temperature conditions.

Therefore, detailed investigations on UF membrane fouling per-
formance with and without a sedimentation tank are extremely
necessary and are explored in this work, which is of great signifi-
cance to the improvement of membrane technology in drinking
water plants (e.g., construction of new water plants, renovation
of old water plants). In comparison to Fe-based salts, Al-based salts
have lower corrosiveness in water treatment (Eaves et al., 2012;
Umar et al., 2016) and were chosen in this work. The objectives
of this study are (1) to understand the UF membrane performance
(traditional filtration process and direct filtration process) with dif-
ferent settling times for water at room temperature; (2) to explore
the operating factors (e.g., solution pH) influencing the UF mem-
brane behavior at low water temperature; and (3) to further reveal
the UF membrane performance under different solution pH condi-
tions at low water temperature.
2. Materials and methods

2.1. Materials

All chemical reagents used in this work were of analytical grade,
except when specified. AlCl3�6H2O, NaHCO3, HCl, and NaOH were
obtained from Sinopharm Chemical Regent Co., Ltd (China). Raw
water was collected from the South-to-North Water Diversion Pro-



B. Ma et al. / Science of the Total Environment 708 (2020) 134671 3
ject in the Beijing area (China), and the specific characteristics of
the feed water are shown in Table 1.

2.2. Coagulant dosage optimization and characteristics of flocs

To obtain an appropriate dose of the coagulant during the test,
different dosages of AlCl3�6H2O were added into a 1 L beaker and
testing was conducted with a color display coagulation test stirrer
(MY3000-6, Wuhan Meiyu Instruments Co., Ltd, China). The pre-
pared solution was dosed with the concentrations of 0.5, 1, 2, 5,
7.5, 10, 15, and 20 mg/L as Al (same below). During the coagula-
tion, rapid mixing at 300 rpm was performed for 0.5 min, and then
slowmixing at 60 rpm for 14 min. The mixture was then kept static
for another 30 min, and the turbidity and DOC in the supernatant
were analyzed after filtration with a micro-porous filter (0.45 mm).

To measure the dynamic size and fractal dimension (Df) of Al-
based flocs, a laser particle size analyzer (Mastersizer 2000, Mal-
vern, UK) was used. The particle size was measured every
0.5 min and was automatically recorded by a data logger, and
the corresponding fractal dimension was analyzed by small-angle
light scattering (Jarvis et al., 2005b). In addition, a refrigerated cab-
inet was used to investigate the floc size and fractal dimension
under low water temperature.

2.3. UF filtration process

To explore the effects of settling time, inclined tube sedimenta-
tion tanks with different sizes were used for conducting the UF fil-
tration (Fig. S1). Raw water was continuously fed into the
membrane tank, which was controlled by a peristaltic pump. For
the membrane filtration, a polyvinylidene fluoride hollow fiber
Fig. 1. (a) DOC and turbidity removal efficiency with different dosages of AlCl3�6H2O; (b)
times; (c) TMP development with different settling times plotted as a function of time;
membrane module with molecular weight (MW) cutoff 100 kDa
(average pore size: 30 nm, manufacture provided) was immersed
in the membrane tank, which had an inner diameter and height
of 6.4 cm and 80 cm, respectively. The operating membrane flow
rate during the filtration was 1 L/h, and the filtration cycle was
0.5 h with 1 min backwashing (flow rate: 2 L/h). Due to the exis-
tence of buffer ions (e.g., HCO3

�, CO3
2�) in natural waters (Yu

et al., 2012), the solution pH in the membrane tank was adjusted
to the desired value (e.g., pH 6, pH 9) using 0.1 M HCl or NaOH
via a peristaltic pump. The hydraulic retention time in the mem-
brane tank was maintained at 1.9 h and the sludge was discharged
in time.

To alleviate the influence of microorganisms nourished in the
membrane tank or cake layer, the UF membrane module was only
operated for 12 d each time. Then, tap water was used to wash
away the cake layer from the UF membrane surface, aiming to
investigate the composition of membrane fouling (running for
another 3 days). Scanning electron microscopy (SEM, JSM-7401F,
JEOL Ltd., Japan) was used to obtain the membrane surface images,
which were further measured by Image software, and only the
apparent pore size (Feret’s diameter) on the surface was analyzed
without considering the three-dimensional structure of the cake
layer (Ajmani et al., 2012).
2.4. Other analytical measurements

The solution pH was measured using a pH meter (Orion, USA)
and the water temperature was obtained by a thermometer. Water
samples were filtered (0.45 mm) and placed into a quartz cuvette to
measure the UV absorbance at 254 nm using an ultraviolet/visible
spectrophotometer (U-3010, Hitachi High Technologies Co., Japan).
variation of pollutant concentration and the MW peak value with different settling
(d) TMP value variation with different settling times at day 12.
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A total organic matter analyzer (TOC-Vcph, SHIMADZU, Japan) was
used to measure the DOC. Gel permeation chromatography (GPC,
Agilent Technologies, USA; Detector: UV254; Column: TSK) was
used to analyze the variation of concentration and the peak value
of the pollutants’ molecular weight distributions. Inductively cou-
pled plasma mass spectrometry (ICP-MS, 7500a, Agilent Technol-
ogy, USA) was used to analyze the Al concentration before and
after the membrane filtration.
(c) 

(e) 

(g) 

(a) 

Fig. 2. Morphology of the virgin UF membrane surface (a) and fouled membrane after
without sedimentation; Morphology of membrane surface (e) and cross-section (f) with s
with sedimentation of 20 min.
3. Results and discussion

3.1. Effect of settling time on UF membrane fouling under room
temperature

Different dosages of Al-based salts were used to investigate the
coagulation behaviors. As seen from Fig. 1a, both the removal effi-
ciency of COD and turbidity did not increase significantly when the
(d) 

(f) 

(h) 

(b) 

running for 12 d (b); Morphology of membrane surface (c) and cross-section (d)
edimentation of 10 min; Morphology of membrane surface (g) and cross-section (h)
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dosage was higher than 5 mg/L as Al. The removal efficiency of COD
increased from 25.6% at 5 mg/L to 28.7% at 10 mg/L, while the cor-
responding turbidity decreased from 1.3 NTU to 1 NTU, respec-
tively. Previous studies have shown that the concentrations of Al-
and Fe-based coagulants (calculated as Al and Fe, respectively) are
always below 10 mg/L for actual drinking water treatment (Qiao
et al., 2008; Sillanpää, et al., 2018). Therefore, 5 mg/L as Al was cho-
sen in this work. Thus, although different settling times induced by
the inclined tube sedimentation tank were used, the removal effi-
ciency of DOC and zeta potential variation were almost the same
because of the same coagulant dosage, resulting in the similar
influent properties of UF membrane tank (Fig. S2).

As seen from Fig. 1b, owing to the same dosage of Al and excel-
lent UF rejection performance, the pollutant removal efficiency
was also little influenced by different settling times. The removal
efficiency of large MW pollutants was 55.9%, while the removal
efficiency of small MW pollutants was 30.6% at 60 min. With pol-
lutants removed, the peak value of the large MW pollutants was
reduced from 9358 Da to 8163 Da, while that of the small MW pol-
lutants was almost the same (6384 Da) after filtration. Although
the pollutant removal efficiency was kept constant, different foul-
ing behaviors were induced. It was clearly shown that the trans-
membrane pressure (TMP) significantly increased to 33.5 kPa
after running for 12 d and was reduced to 12.4 kPa after washing
at day 13 (Fig. 1c). With Al-based salts injected, however, UF mem-
brane fouling was significantly alleviated, and different membrane
fouling behaviors were observed as a function of settling time. The
specific TMPs were reduced to 3.9, 4.4, 3.5, 2.5, and 1.2 kPa with
the settling times of 0, 10, 20, 30, and 60 min, respectively. As a
result, the trend of membrane fouling after running for 12 days slo-
Fig. 3. (a) variations of pollutant concentration and the MW peak value with different sett
under low water temperature; (c) TMP variation after running for 12 d under low w
temperature and settling times.
wed down at first, then became aggravated and lastly gradually
slowed down with different settling times. A critical settling time
of 10 min (highest TMP value) was observed during the filtration
(Fig. 1d).

Previous studies have demonstrated that floc properties play an
important role in the UF membrane fouling behavior during the
combined coagulation-UF process, and that the cake layer was
the main reason for UF membrane fouling (Dong et al., 2015;
Feng et al., 2016). Owing to the larger raw water particle size dis-
tribution compared to the average UF membrane pore size (30 nm,
Fig. S3), a dense cake layer was formed onto the UF membrane sur-
face (Fig. 2a and 2b), resulting in severe UF membrane fouling. On
one hand, the concentration of DOC along with the variation of zeta
potential in the membrane tank was not influenced by settling
time (Fig. S2). In addition, the Al-based floc size (average 639.9 ± 2
8.8 mm, Fig. S4) in the membrane tank was much larger than that of
the UF membrane pore size (average 30 nm). Therefore, the fouling
load on the UF membrane surface played an important role in
membrane fouling, which was mainly determined by the cake
layer porosity and thickness due to the natural characteristics of
flocs (Yu et al., 2015; Feng et al., 2016). As seen from Fig. 2c and
2d, a relatively loose and thick cake layer was easily formed on
the membrane surface in the absence of a sedimentation tank.
Owing to the effect of gravity, floc particles were gradually settled
in the presence of the inclined tube sedimentation tank, particu-
larly large flocs. Therefore, both the average pore size and the
thickness of the surface cake layer were reduced. The specific pore
size of cake layer was 36.4, 25.3, and 18.6 nm, and the correspond-
ing thickness was 29.2, 15.4, and 2.1 mm when the settling time
was 0, 10, and 20 min, respectively. The longer the settling time,
ling times under low water temperature; (b) TMP development as a function of time
ater temperature; (d) comparison of TMP values at day 12 with different water
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the denser and thinner the cake layer was (Fig. 2e and 2f), and a
critical settling time was observed, leading to serious UF mem-
brane fouling after settling for 10 min. With further increase in
the settling time, the fouling load was mainly determined by the
cake layer thickness (Fig. 2g and h), resulting in less severe mem-
brane fouling.

3.2. Effect of settling time on UF membrane fouling under low
temperature

For actual water treatments, water temperature varies with the
season by more than 20 �C in a year (Ma et al., 2017), leading to dif-
fering UF membrane performance (Paula et al., 2011; Cui et al.,
2017). Therefore, further experiments were conducted at lowwater
temperature between 13 and 20 �C (Table 1, same below), aiming to
investigate the variation of critical settling time. It is well known
that the lower the water temperature, the smaller the membrane
pore size and the lower the membrane flux (Ma et al., 2017). There-
fore, a higher removal efficiency of DOC (Fig. 3a) was observed than
that in room temperature water (Fig. 1b) due to the corresponding
largermembrane pore size. The removal efficiency of largeMWpol-
(a) 

(c) 

(e) 

Fig. 4. Morphology of membrane surface (a) and cross-section (b) without sedimentation
10 min; Morphology of membrane surface (e) and cross-section (f) with sedimentation
lutants was 60.8%, while the removal efficiency of small MW pollu-
tants was 32.3% at 60 min. Additionally, the variation of the peak
value of large MW pollutants was reduced from 12,665 Da to
11,001 Da, while the peak value of small MWpollutants was almost
the same before and after filtration (7980 Da).

As seen from Fig. 3b, severe UF membrane fouling was also
induced by raw water due to the particle size distribution
(Fig. S3), and the TMP significantly increased to 78.9 kPa after run-
ning for 12 d due to the dense cake layer formed (Fig. 2a and
Fig. S5). With the removal of pollutants by flocs, however, the UF
membrane fouling was significantly alleviated by pre-
coagulation. In comparison to room temperature water, different
membrane fouling behaviors were observed at low water temper-
ature. The longer the settling time, the less severe the membrane
fouling was. The specific TMP values were continuously reduced
to 13.5, 8.8, 8.5, and 8.3 kPa with the settling time of 0, 10, 30,
and 60 min after running for 12 d, respectively (Fig. 3c). As seen
from Fig. 3d, more serious UF membrane fouling was observed at
low water temperature compared to room temperature water,
and one main possible reason was the constriction of membrane
pore size at low temperature.
(b) 

(d) 

(f) 

; Morphology of membrane surface (c) and cross-section (d) with sedimentation of
of 60 min. Other experimental conditions: low water temperature.
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Owing to the small UF membrane pore size, floc characteristics
played an important role in UF membrane fouling behavior. As
seen from Fig. S6, the size of the Al-based flocs was 538.6 ± 30.2
mm under low water temperature at pH 7.5, which was smaller
than that in room temperature water (Fig. S4), further leading to
a denser cake layer (Fig. 2c and 4a) and more severe UF membrane
fouling (Fig. 3d). As seen from Fig. 4a, 4c and 4e, the average pore
size of the cake layer was 30.2, 28.4, and 25.3 nm with the settling
time at 0, 10, and 60 min, for which the variation was much smal-
ler than that under room temperature (Fig. 2). However, the cake
layer thickness continuously decreased. It was 18.8 mm in the
absence of a sedimentation process, and was dramatically reduced
to 10.9 mm and 4.1 mm after settling for 10 min and 60 min, respec-
tively. Thus, the fouling load was mainly determined by the cake
Fig. 5. Removal efficiency of DOC and peak value variation of pollutant size distribution a
for 12 d (d) at pH 6; TMP development (e) and TMP values variation after running for 1
layer thickness and no critical settling time was found. As a result,
the corresponding UF membrane fouling continuously decreased.

3.3. Effect of solution pH on UF membrane fouling under low
temperature

Although the ‘‘critical” settling time was not obvious under low
water temperature, further experiments were conducted with dif-
ferent solution pH conditions (pH 6 and pH 9) because of the
strong influence on floc characteristics (Feng et al., 2016; Wang
et al., 2019a). As seen from Fig. 5a and 5b, although the removal
efficiency of DOC was almost the same with different settling
times, it was much higher at pH 6 than that at pH 9. The removal
efficiencies of large and small MW pollutants were 83.9% and 43.5%
t pH 6 (a) and pH 9 (b); TMP development (c) and TMP values variation after running
2 d (f) at pH 9. Other experimental condition: low water temperature.
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at pH 6, while these were reduced to 56.3% and 30.1% at pH 9 (set-
tling time at 30 min), respectively. The main reason was ascribed
to the negatively charged raw water (Fig. S2), which was more
easily adsorbed by the positively charged Al-based flocs at pH 6
(5.6 ± 0.7 mV) compared to at pH 9 (-3.4 ± 0.8 mV). Additionally,
the variation of the peak value of large MW pollutants was reduced
from 12665 Da to 10061 Da (pH 6) and 10624 Da (pH 9), while lit-
(e) 

(g) 

(c) 

(i) 

Fig. 6. Al-based floc characteristics at pH 6 (a) and pH 9 (b); membrane surface morphol
pH 6 (e) and pH 9 (f) without sedimentation; morphology of cross-section at pH 6 (g) and
(j) after settling for 60 min.
tle variation of the peak value of large MW pollutants was
observed before and after filtration (7980 Da).

With pollutant removal, UF membrane fouling was also allevi-
ated at pH 6, but no ‘‘critical” settling time was observed (Fig. 5c
and d). In comparison to pH 6, the UF membrane fouling induced
by the cake layer was less and a trend toward a ‘‘critical” settling
time was observed at pH 9 (Fig. 5e and f). The specific TMP values
(f) 

(h) 

(d) 

(j) 

ogy of pH 6 (c) and pH 9 (d) without sedimentation; morphology of cross-section at
pH 9 (h) after settling for 30 min; morphology of cross-section at pH 6 (i) and pH 9



Fig. 7. Schematic diagram of the UF membrane fouling with different settling times under room and low temperature.
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were 21.5, 14.8, 11.5, and 7.1 kPa at pH 6, while they were reduced
to 7.2, 3.8, 4.7, 3.6 kPa with settling times of 0, 10, 30, and 60 min
at pH 9, respectively.

In comparison to alkaline conditions, the size of the hydrolyzed
coagulant flocs is always smaller under acidic conditions (Ma et al.,
2018). As seen from Fig. 6a and 6b, the d50 of the Al-based flocs was
491.4 ± 23.7 mm at pH 6, while it was 717.9 ± 27.1 mm at pH 9 at
low water temperature. As a result, the cake layer was denser at
pH 6 than that at pH 9 because of the smaller floc size formed
(Fig. 6c and d). The specific average pore size of the cake layer on
the membrane surface was 14.4 nm and 30.7 nm at pH 6 and pH
9, respectively. Therefore, more severe membrane fouling was
induced at pH 6 (Fig. 5c and e). In addition, similar to the cake layer
morphology at pH 7.5 under low water temperature (Fig. 4a, c, and
e), little variation of the average pore size of cake layer was
observed with changes in settling time (data not shown). Thus,
cake layer thickness was also the main fouling load on the mem-
brane surface. However, the settling ability of flocs was greater
at pH 9 than that at pH 6 due to the larger floc size. The specific
thickness of the cake layer was 10.6, 4.1, and 2.2 mm at pH 6, while
it was 23.1, 13.2, and 5.2 mm with settling times of 0, 30, and
60 min at pH 9, respectively. As a result, membrane fouling contin-
uously decreased as a function of settling time. Although previous
studies demonstrated that the larger the fractal dimension, the
denser the cake layer formed (Lee et al., 2005; Choi et al., 2008),
it seemed that the floc fractal dimension (Df = 2.26 ± 0.17 at pH
6, Df = 2.52 ± 0.12 at pH 9) had little influence on cake layer prop-
erties, while floc size played an important role (Fig. 6a and 6b). In
addition, the Al concentration in the effluent was quite low, even at
pH 6 (Fig. S7).

3.4. UF membrane fouling mechanism and its application potential

For the combined coagulation-UF process, the pollutant load on
the UF membrane surface always plays an important role in mem-
brane fouling over time because of the large floc size. The longer
the settling time, the more pollutants will be removed. As large
particles settled first, a relatively dense and thick cake layer is
formed, leading to high pollutant load and severe membrane foul-
ing. Therefore, a critical settling time is clearly observed. Although
the cake layer will become denser with further increase in the set-
tling time, serious membrane fouling cannot be induced due to the
thinness of the cake layer. In addition, the lower the water temper-
ature, the smaller the average membrane pore size and the higher
the contribution of the pollution load on the membrane surface,
which is determined by the cake layer thickness. Although floc
properties can be easily influenced by solution pH, the cake layer
is the main fouling mechanism and the pollution load is still the
main influence factor. Therefore, the chance of inducing the ‘‘criti-
cal” settling time is low under low water temperature. In compar-
ison to the fractal dimension, it seems that floc size plays a much
more important role in determining the cake layer characteristics
under low water temperature. Although the development of
microorganisms is inevitable and plays an important role in mem-
brane fouling, microorganisms will be adsorbed by flocs and will
be settled accordingly (Ma et al., 2017), indicating the existence
of the critical settling time. The specific schematic diagram of the
UF membrane fouling with different settling times is shown in
Fig. 7.

The UF membrane is being widely applied in drinking water
treatments due to the rapid development of materials science.
Recently, more research studies are gradually being focused on
the intelligence and integration (Wang et al., 2019b), particularly
integration due to the fast development of urbanization (Ang
et al., 2015). Although the compact UF membrane process plays
an important role in reducing land usage, more severe membrane
fouling can be induced compared to the traditional membrane pro-
cess because of the critical settling time observed in this work.
Therefore, reasonable selection of a UF membrane water treatment
process is necessary and important (e.g., running cost, membrane
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performance), and this work is of great significance to the upgrad-
ing of drinking water treatment plants.

4. Conclusions

For the coagulation-UF process, direct filtration is generally
considered to perform better than traditional filtration due to the
looser cake layer formed. However, the characteristics of the cake
layer are strongly influenced by the operating conditions (e.g., floc
settling time, water temperature). We found that the fouling load
on the membrane surface varied continuously as a function of time
and played an important role in membrane fouling performance.
Although UF membrane fouling was dramatically alleviated with
injection of coagulants, a cake layer that was not only dense but
also thick could be formed with the gradual settlement of flocs.
Therefore, a critical settling time existed and was observed in this
work, which resulted in the traditional filtration performing better
when the settling time was longer than the critical time. In com-
parison to room temperature water, the UF membrane pore size
was contracted to some extent under low water temperature and
the contribution of the cake layer to membrane fouling was higher.
The longer the settling time, the fewer pollutants reached the
membrane surface and the thinner the cake layer and lower the
potential for fouling was. Thus, traditional filtration technology
performed better than direct filtration technology, and the chance
of inducing the critical settling time was low. Although solution pH
played an important role in floc properties, little influence was
found and traditional filtration technology still performed better,
especially regarding the floc size.

This work shows that the fouling load of the membrane surface
varies with the settling time during the coagulation-UF process,
and a critical settling time is found, which is of great significance
to the improvement of membrane technology in drinking water
plants.
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