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Cake layer formation is inevitable over time for ultrafiltration (UF) membrane-based drinking
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water treatment. Although the cake layer is always considered to cause membrane fouling, it
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can also act as a “dynamic protection layer”, as it further adsorbs pollutants and dramatically
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reduces their chance of getting to the membrane surface. Here, the UF membrane fouling
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performance was investigated with pre-deposited loose flocs in the presence of humic acid (HA).
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The results showed that the floc dynamic protection layer played an important role in removing
HA. The higher the solution pH, the more negative the floc charge, resulting in lower HA
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removal efficiency due to the electrostatic repulsion and large pore size of the floc layer. With

Ultrafiltration

decreasing solution pH, a positively charged floc dynamic protection layer was formed, and

Floc dynamic protection layer

more HA molecules were adsorbed. The potential reasons were ascribed to the smaller floc size,

Humic substances

greater positive charge, and higher roughness of the floc layer. However, similar membrane

Fouling alleviation

fouling performance was also observed for the negative and positive floc dynamic protection
layers due to their strong looseness characteristics. In addition, the molecular weight (MW)
distribution of HA also played an important role in UF membrane fouling behavior. For the small
MW HA molecules, the chance of forming a loose cake layer was high with a negatively charged
floc dynamic protection layer, while for the large MW HA molecules it was high with a positively
charged floc dynamic protection layer. As a result, slight UF membrane fouling was induced.
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Introduction
Ultrafiltration (UF) membranes have been widely applied in
drinking water treatment because of the excellent effluent
quality, even with varying feed-water properties (Gao et al.,
2011; Li et al., 2019). The installed capacities of low-pressure
membrane systems have grown exponentially in the last
few decades (Furukawa, 2008; Zheng et al., 2012). However,
membrane fouling due to the accumulation of pollutants in
the membrane pores and the formation of cake layers over
time is inevitable, which dramatically increases the maintenance cost of this technology (Shannon et al., 2008; Park et al.,
2017; Chen et al., 2019).
To effectively alleviate UF membrane fouling, adsorption,
particularly coagulation, plays an important role due to the
excellent removal efficiency of pollutants by the loose flocs
formed (Gao et al., 2011; Leiknes, 2009). Up to now, three
pretreatment technologies that combine adsorption and UF
membranes have been investigated: (1) pre-adsorption: a
sedimentation tank is placed after the coagulation section and
the flocs are pre-deposited before membrane filtration (Amjad
et al., 2015; Masmoudi et al., 2016); (2) direct filtration: raw
water is applied directly to a subsequent UF membrane system after the coagulation section (Xiao et al., 2013; Zheng
et al., 2012); (3) integrated filtration: the adsorbents are predeposited or suspended on the UF membrane surface before
filtration, as a “dynamic protection layer” (Kim et al., 2008;
Zhang et al., 2016). Owing to its low land usage and excellent
membrane performance, most studies have been focused on
integrated filtration in recent years (Cai et al., 2013; Yu and
Graham, 2015; Ma et al., 2018a). For integrated filtration,
cake layer formation is the main fouling mechanism owing to
the nano-scale membrane pore size (Yu et al., 2015). Therefore, the chance of subsequent pollutants directly reaching
the membrane surface is dramatically reduced because of the
strong adsorption/rejection ability of the protection layer,
which is beneficial for further alleviating membrane fouling
(Ma et al., 2017).
Previous studies have demonstrated that severe UF membrane fouling is easily induced by the natural organic matter
(NOM) commonly occurring in waters, resulting in a dense
cake layer being formed on the membrane surface (Zularisam
et al., 2006). Although different membrane behaviors are
observed because of the diverse physical and chemical properties of these substances (Lee and Elimelech, 2006; Zazouli
et al., 2010), all of them are negatively charged in traditional
water treatment (Giasuddin et al., 2007; Jermann et al., 2007;
Ding et al., 2019). For the membranes, it is interesting that
the membrane surface is also negatively charged when the
solution pH is higher than 4, because of the adsorption of
negatively charged ions in waters due to the typical amphoteric nature of the surfaces (Childress and Elimelech, 1996).
For hydrolyzed flocs, however, the corresponding surface
charge is easily influenced by the hydrolysis products, which
is mainly determined by solution pH (Duan and Gregory,
2003). It was shown that the flocs are always positively
charged under acidic conditions (Sun et al., 2019), while
becoming negatively charged under alkaline conditions
 pez-Maldonado et al., 2014). Owing to electrostatic
(Lo
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repulsion between the membrane surface/floc charge and
NOM (Lee and Elimelech, 2006), different UF membrane
fouling performance can be induced, particularly in the
presence of the small-molecular-weight (MW) NOM. For the
integrated UF membrane process, however, most previous
studies related to membrane performance have been focused
on adsorbent types (Ajmani et al., 2012; Kim et al., 2008),
pollutant types (Zhang et al., 2003; Ma et al., 2018b), and other
pre-treatment technologies (Yu et al., 2015; Ma et al., 2018a),
while little attention has been paid to the “loose floc dynamic
protection layer”, particularly the influence of charge.
It is well known that Fe- and Al-based salts are commonly
used as coagulants in water treatment because of their strong
adsorption ability toward pollutants (Ma et al., 2019;
Mutilainen et al., 2010; Verma et al., 2012; Wang et al., 2018).
Here, Fe-based flocs were pre-deposited onto the UF membrane surface in the presence of humic substances (HS)
because of the large density and low metal concentration in
effluent (Eilbeck and Mattack, 1987; Zhao et al., 2009). The
objective of this work is to: (1) investigate the UF membrane
performance with the positively and negatively charged floc
dynamic protection layers; (2) clarify the relationship between
solution pH and UF membrane performance; and (3) reveal the
UF membrane fouling alleviation mechanisms, particularly
the influence of the HS MW distribution.

1.

Materials and methods

1.1.

Materials

All chemical reagents used in this work were of analytical
grade, except when specified. FeCl3$6H2O, NaHCO3, HCl, and
NaOH were obtained from Sinopharm Chemical Regent Co.,
Ltd (China). Humic acid sodium salt (HA, Aldrich, USA) was
used to represent humic substances, as is typically in such
studies. All stock solutions were prepared by deionized (DI)
water (Millipore, Milli-Q, USA) and were stored in the refrigerator at 4  C.

1.2.

UF membrane process

A polyvinylidene fluoride flat sheet UF membrane was used
with average membrane pore size of 30 nm (manufacturer
provided). The specific molecular weight cut-off (MWCO) was
100 kDa (Tianjin Motimo Membrane Tech. Co., Ltd, China). To
remove impurities, all membranes were immersed in DI water
for 1 day prior to use. Then, the fresh membranes were firstly
filtrated with 300 mL DI water to keep the membrane flux
constant. The Millipore UF stirred cell (Amicon 8400, Millipore,
USA) used in this study was driven by nitrogen and was
maintained at 0.1 MPa during filtration.
For the tests, the FeCl3$6H2O stock solution was diluted by
DI water to the desired concentration with 3 mL 0.1 mol/L
NaHCO3 as a buffer. The final solution pH was determined by
prior addition of a corresponding amount of 0.1 mol/L HCl or
NaOH (Ma et al., 2019). During the tests, the rapid mixing at
300 r/min lasted for 1 min, while the slow mixing at 100 r/min
lasted for 14 min. Afterward, the stirrer was taken out carefully, and the stirred UF cell was kept static to allow Fe-based
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flocs to settle naturally for 20 min, forming a loose floc cake
layer (the dynamic protection layer) on the UF membrane
surface. Finally, the HA stock solution was added slowly,
allowing it to dissolve completely by keeping the stirred cell
static for another 30 min (Ma et al., 2017). The variation of
membrane flux as a function of time was automatically
recorded by a data logger. J0 was the initial membrane flux
(74.1 ± 1.8 L m2 hr1), and J/J0 was used to represent the UF
membrane fouling behavior as a function of time.
In addition, UF membranes with MWCO of 3 k and 30 kDa
were used to grade the HA molecules, and the UF fraction
method (Aiken, 1984; Lin et al., 1999) was used to investigate
the influence of different MW HA distributions on the UF
membrane performance. In this work, the concentration of
HA was 5.7 mg/L HA, which was calculated as dissolved
organic carbon (DOC) and measured by a total organic carbon
analyzer (TOC-VCPH, SHIMADZU, Japan). All experiments were
conducted three times.

1.3.

Fe-based floc characteristics measurement

A 1 L beaker with a flocculator device was used in the jar tests
without HA. To allow flocs to grow, rapid mixing of 300 r/min
was maintained for 1 min, followed by decreasing the speed to
slow mixing at 100 r/min for another 14 min. A laser particle
size analyzer (Mastersizer 2000 Malvern, UK) was used to
measure the floc properties during the coagulation process,
including floc size and the corresponding fractal dimension
(Df). The floc size was automatically recorded every 30 s, and
the Df was measured by using small angle-light scattering
(Jarvis et al., 2005; Yu et al., 2012). In addition, it has been
demonstrated that Fe hydrolytic flocs are the dominant iron
species around neutral pH conditions (Eilbeck and Mattack,
1987), and therefore, the concentration of Fe-based flocs was
almost equal to that of the Fe-based coagulants used.

1.4.

Measurement of UF membrane fouling resistance

The UF membrane fouling resistance was evaluated based on
Darcy’s law and the resistance-in-series model (Shao et al.,
2017; Yu et al., 2019):
Rt ¼ Rm þ Rf ¼ Rm þ Rir þ Rr
where Rt (m1) is the total UF membrane resistance, Rm
(m1) is the intrinsic UF membrane resistance, Rf (m1) is the
fouling resistance, Rir (m1) is the irreversible fouling resistance, and Rr (m1) is the reversible fouling resistance. Rm, Rt,
and Rm þ Rir were calculated by filtering DI water using the
fresh membrane, fouled membrane, and fouled membrane
from which the cake layer was removed, respectively. Then,
Rf, Rir, and Rr were further calculated accordingly.

1.5.

Other measurement methods

The solution pH was measured by an Orion pH meter (3 star,
Orion, USA). Zeta potentials were analyzed by a Malvern
Zetasizer (2000, Malvern, UK). The variation of HA concentration and the MW distributions were measured by gel
permeation chromatography (GPC, 50, Agilent Technologies,

USA). UF membrane surface morphology before and after
fouling was obtained by scanning electron microscopy (SEM,
JEOL Ltd., Tokyo, Japan), and the average pore size on the
membrane surface was analyzed by Image J software (Ajmani
et al., 2012). The roughness of the fouled membrane surface
was further measured by atomic force microscopy (AFM,
Nanoscope, IIIa, Multimode, Bruker, Germany) (Weis et al.,
2005).

2.

Results and discussion

2.1.
Effect of negative floc dynamic protection layer on
membrane performance
As seen from Fig. 1a, both the UF membrane and HA were
negatively charged when the solution pH was higher than 5.
However, Fe-based flocs were positively charged when the
solution pH was lower than 7, while they were negatively
charged when the solution pH was higher than 7 because of
the diverse iron species hydrolyzed under different solution
pH conditions (Eilbeck and Mattack, 1987). Therefore, a negatively charged floc dynamic protection layer was firstly
formed at pH 9 due to the electrostatic repulsion toward the
negatively charged HA, aiming to investigate the influence on
UF membrane performance.
As seen from Fig. 1b, the average size of Fe-based flocs was
800.7 ± 28.9 mm at pH 9, which was much larger than the UF
membrane pore size (30 nm). Thus, a loose floc layer was
easily formed onto the membrane surface. Although the UF
membrane, Fe-based flocs, and HA molecules were negatively charged at pH 9, the larger the dosage of flocs, the
thicker the cake layer and the more HA molecules were
removed. It was shown that the removal efficiency of HA
increased from 27.6% without flocs to 47.7%, 55.1%, 68.6%,
and 71.6% with 0.1, 0.3, 0.6, and 0.9 mmol/L flocs, respectively.
As HA was gradually removed, the peak value was reduced
from 10,672 Da (HA alone) to 9433 Da in the presence of
0.9 mmol/LM Fe-based flocs.
Although more HA was removed with increasing floc
dosage, different UF membrane fouling behaviors were
observed. As seen from Fig. 1c, serious UF membrane fouling
was induced by HA alone, and the specific J/J0 was 0.61 after
running for 50 min (same below). With the floc dynamic protection layer, HA molecules were easily adsorbed/rejected
during filtration, reducing the chance of HA molecules getting
to the UF membrane surface. Thus, the membrane fouling was
alleviated, and the specific J/J0 increased to 0.65 (0.1 mmol/L)
and 0.7 (0.3 mmol/L). However, the more flocs were predeposited, the thicker the dynamic protection layer was,
resulting in a greater fouling resistance. Therefore, the UF
membrane fouling was then aggravated, and the specific J/J0
was reduced to 0.67 (0.6 mmol/L) and 0.64 (0.9 mmol/L),
respectively (Fig. 1d).

2.2.
Effect of positive floc dynamic protection layer on
membrane performance
To further investigate the influence of the charge characteristics of the floc dynamic protection layer on the UF
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Fig. 1 e (a) Zeta potential of 0.3 mmol/L FeCl3·6H2O as a function of solution pH; (b) floc size and Df with 0.3 mmol/L
FeCl3·6H2O at pH 9; (c) variation of HA concentration and peak value of HA MW before and after filtration; (d) UF membrane
fouling with different floc dosages as a function of time at pH 9.

Fig. 2 e (a) Floc size and Df with 0.3 mmol/L FeCl3·6H2O at pH 6; (b) variation of HA concentration and peak value of HA MW
before and after filtration; (c) UF membrane fouling with different floc dosages as a function of time at pH 6.
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membrane performance, positively charged Fe-based flocs
were pre-deposited onto the UF membrane surface. As seen
from Fig. 2a, the average floc size was 433.6 ± 20.3 mm at pH 6,
which was smaller than that at pH 9 (Fig. 1b). With the
positively charged floc layer, however, the larger the floc
dosage, the higher the chance of adsorbing/rejecting the
negatively charged HA molecules, resulting in a higher
removal efficiency compared to a negatively charged floc
dynamic layer (Fig. 1c). As seen from Fig. 2b, the specific
removal efficiencies significantly increased from 27.6%
without flocs to 61.5%, 71.9%, 84.4%, and 86.9% in the presence of 0.1, 0.3, 0.6, and 0.9 mmol/L flocs, respectively. With
HA gradually removed, the peak value of the HA MW distribution was reduced from 10,672 Da (HA alone) to 8823 Da
(0.9 mmol/L flocs).
Similar to the negatively charged floc dynamic protection
layer, the UF membrane fouling behavior was still alleviated at
first, and then became aggravated. As seen from Fig. 2c,
serious UF membrane fouling was also induced by HA alone at
pH 6, and the J/J0 was 0.62 after running for 50 min. With the
positively charged Fe-based floc layer, most HA molecules
were adsorbed/rejected, and the UF membrane fouling was
alleviated. The specific J/J0 increased to 0.64 and 0.67 with 0.1
and 0.3 mmol/L flocs, respectively. Further increasing the floc
dosage, a thicker dynamic cake layer was formed. Therefore,
the UF membrane fouling was gradually aggravated with 0.6
and 0.9 mmol/L flocs, and the specific TMP values were 0.65
and 0.63, respectively. In comparison to pH 9, although the
removal efficiency of HA was much higher at pH 6 (Figs. 1c and
2b), the variation of corresponding specific membrane flux
was almost the same (Figs. 1d and 2c), indicating the excellent

performance of the floc dynamic cake layer (e.g., looseness,
strong adsorption capacity).

2.3.
layer

Effect of solution pH on floc dynamic protection

As seen from Figs. 1 and 2, it is apparent that the floc dynamic
protection layer was influenced by solution pH. Actually,
many previous studies have demonstrated that pH plays an
important role in floc characteristics (Eilbeck; Mattack, 1987;
Duan and Gregory, 2003; Dong et al., 2015). Thus, further experiments were conducted as a function of solution pH with
0.3 mmol/L FeCl3$6H2O (same below). With increasing solution pH, the floc size increased and the surface charge became
negative (Figs. 1 and 2). Therefore, HA molecules passed
through the protection layer and even the UF membrane pores
during filtration. Thus, the removal efficiency for HA
decreased with increasing pH, being 71.9%, 65.6%, 59.1%, and
55.1% at pH 6, 7, 8, and 9, respectively. The corresponding peak
value variation of the HA MW was also reduced from 10,672 Da
(HA alone) to 9327 Da at pH 6 (Fig. 3a). Owing to fewer HA
molecules being adsorbed with increasing pH, the UF membrane fouling was continuously alleviated (Fig. 3b). The specific J/J0 values were 0.64, 0.66, 0.67, 0.7 at pH 6, 7, 8, and 9,
respectively.
During the filtration, reversible fouling was the main
fouling mechanism because of the looseness of flocs, and the
corresponding proportion of fouling resistance was even
higher than 80% (Fig. 3c). In comparison to pH 9, HA molecules
were more easily adsorbed by the floc dynamic protection
layer at pH 6 due to the positive charge (Fig. 1a) and small size

Fig. 3 e (a) UF membrane fouling performance and (b) HA removal efficiency under different pH conditions; (c) proportion of
UF membrane fouling resistance. Other experimental conditions: 0.3 mmol/L FeCl3·6H2O.
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of flocs (Fig. 2a), leading to fewer HA molecules passing
through the membrane pores. Thus, the proportion of irreversible fouling was 12.4% ± 3.1% at pH 6, while increasing to
23.6% ± 2.7% at pH 9.
To further understand the UF membrane behaviors, the
characteristics of the floc dynamic protection layer were
investigated in detail, which could be ascribed to the
following reasons. Firstly, the higher the solution pH, the
more negative the flocs (Fig. 1a) and the larger the floc size. As
seen from Figs. 1b, 2a, 4a, and 4b, the average floc size
increased with increasing solution pH. The specific average
size of flocs was 579.8 ± 25.1 mm and 661.4 ± 28.8 mm at pH 7
and 8, respectively. Secondly, the smaller the floc size, the
denser the floc cake layer. As seen from Figs. 4c and 4d, the
average pore size of the floc dynamic protection layer was
12.5 ± 0.9 nm and 17.3 ± 1.6 nm at pH 6 and 8, respectively. In
addition, the roughness of the floc layer was 190.7 ± 15.4 nm at
pH 6 (Fig. 4e), and declined to 83.9 ± 28.2 nm at pH 8 (Fig. 4f).
Previous studies have demonstrated that pollutants are
preferentially accumulated in the “valleys” of a rough
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membrane (Vrijenhoek et al., 2001; Weis et al., 2005). Therefore, the lower the solution pH, the stronger the removal efficiency toward HA and the denser the cake layer. As a result,
more severe UF membrane fouling was induced under lower
pH conditions.

2.4.
Effect of HA MW distribution on membrane
performance
To further investigate the influence of the HA MW distribution
on UF membrane fouling, HA molecules were graded to small
(<3 kDa, same below) and large (>30 kDa, same below) molecule fractions. For HA molecules alone, the UF membrane
showed low removal efficiency at only 6.8% ± 1.3% for small
MW HA molecules and 23.9% ± 2.7% for large MW HA molecules. With Fe-based flocs (0.3 mmol/L) pre-deposited, more
HA molecules were adsorbed/rejected, and the corresponding
removal efficiency increased, especially at pH 6. As seen from
Fig. 5a, the removal efficiency of the small MW HA was
40.2% ± 5.7% and 13.2% ± 2.4% at pH 6 and 9, respectively. For

Fig. 4 e Floc size and Df at (a) pH 7 and (b) pH 8; morphology of membrane surface with flocs at (c) pH 6 and (d) pH 8; Surface
roughness of floc layer at (e) pH 6 and (f) pH 8. Other experimental conditions: 0.3 mmol/L FeCl3·6H2O.
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Fig. 5 e (a) Removal efficiency of different MW HA without/with pre-deposited flocs; UF membrane fouling performance in
the presence of (b) small and (c) large MW HA molecules under different pH conditions; Other experimental conditions:
0.3 mmol/L FeCl3·6H2O.

large MW HA molecules, however, the corresponding removal
efficiency significantly increased to 60.1% ± 4.6% and
30.3% ± 5.1%, respectively.
With HA molecules adsorbed by the floc dynamic protection layer, different UF membrane fouling behaviors were
observed. For the small MW HA molecules, most HA molecules easily passed through the membrane pores during
filtration, and UF membrane fouling was induced (Fig. 5b). The
specific J/J0 was reduced to 0.66 with 5.7 mg/L HA after running
for 50 min. Owing to their small size, the small MW HA molecules were easily adsorbed/trapped within the floc layer.
Thus, the chance of forming a dense cake layer was higher for
the small MW HA molecules at pH 6 than that at pH 9, which
was mainly ascribed to the positively charged flocs and small
average surface pore size of the floc layer. Therefore, more
severe UF membrane fouling was induced at pH 6 than that at
pH 9. The specific J/J0 was 0.52 at pH 6, while it increased to
0.71 at pH 9.
Although similar UF membrane fouling performance was
also observed with large HA molecules (J/J0 ¼ 0.64), different
UF membrane fouling behaviors were observed in the presence of the floc layer. Owing to the positive charge and small
pore size of the floc layer at pH 6, most large MW molecules
will be adsorbed/rejected on top of the floc layer, reducing
their chance of getting to the membrane surface, and a relatively loose floc layer formed. However, owing to the large
average size of floc layer and negative charge, more HA molecules were trapped within the floc protection layer, resulting

in a high chance of forming a dense cake layer and severe UF
membrane fouling. As seen from Fig. 5c, the specific J/J0 was
0.7 at pH 6, while it was 0.6 at pH 9.

2.5.
UF membrane fouling mechanism and its
application potential
In view of the foregoing observations, UF membrane fouling
can be induced by HA in the absence of flocs because of poreblocking and dense cake layer formation over time (Ma et al.,
2017). With a negatively charged floc dynamic layer (high solution pH conditions) formed on the membrane surface, UF
membrane fouling was alleviated. However, the removal efficiency was low, increasing the risk of effluent water deterioration. With a positively charged floc layer (low solution pH
conditions) formed on the UF membrane surface, more HA
molecules were removed by the floc layer, resulting in the
higher HA removal efficiency compared to the pre-deposited
negatively charged flocs. However, similar UF membrane performance was observed for the positive floc layer and the
negative floc layer because of the excellent floc layer characteristics, particularly the looseness and strong adsorption capacity. Additionally, owing to the large floc size under high
solution pH conditions, HA molecules easily passed through the
floc dynamic protection layer, particularly the small HA molecules. With decreasing solution pH, small and positively
charged flocs were gradually formed, and more HA molecules
were easily adsorbed/rejected, leading to excellent effluent
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Fig. 6 e Schematic diagram of the role of the floc dynamic protection layer in alleviating UF membrane fouling.

quality. However, the HA MW distribution also played an
important role in membrane fouling behavior. For the small
MW HA molecules, the chance of forming a loose cake layer
was high due to HA molecules unblocked within the negatively
charged floc layer, while it was high with a positively charged
floc layer for the large MW HA molecules (rejected on top of the
floc layer). On the contrary, a relatively dense floc cake layer
was formed, and severe UF membrane fouling was induced. A
schematic diagram of the UF membrane fouling performance
with floc dynamic protection layer is shown in Fig. 6.
Although different UF membrane performance was induced
with positively and negatively charged flocs, the floc dynamic
protection layer played an important role in alleviating UF
membrane fouling, particularly the effect of the positively charge
floc layer on effluent quality. In actual use, this floc dynamic
protection layer can be easily formed/regulated with continuous
aeration at the bottom of the membrane tank or rotation with a
flocculator. In comparison to granular adsorbents, the flocs hydrolyzed by coagulants have large advantage for the integrated
technology, such as high looseness and strong adsorption ability.
Therefore, this innovation is of significance to the improvement
of UF membrane technology in drinking water plants, particularly for further reducing the land usage required. It should be
noted that the adsorption capacity of the floc layer play an
important role in membrane performance, which will be influenced by the floc injection frequency and solution pH. In addition, both capacities of adsorption and rejection work
simultaneously during the filtration, and the rejection capacity
always exist even when the adsorption capacity is achieved.
Moreover, further research should be also focused on the
development of microorganisms and the in situ chemical cleaning because of the existence of flocs after long time operation.

3.

Conclusions

To investigate the role of the floc dynamic protection layer
in alleviating UF membrane fouling, Fe-based flocs were

pre-deposited onto the UF membrane surface in the presence
of HA. It was found that the floc dynamic protection layer
played an important role in alleviating UF membrane fouling
due to most HA molecules being adsorbed/rejected during the
filtration. The larger the floc dosage, the higher the removal
efficiency of HA and the lower the chance of HA getting to the
membrane surface. In comparison to the negatively charged
floc dynamic protection layer, a positively charged floc dynamic protection layer was always formed under acidic conditions, and higher removal efficiency of HA was induced
because of the stronger electrostatic attraction, smaller floc
size, and greater roughness of the floc layer. Owing to the
looseness and strong adsorption capacity of the floc dynamic
protection layer, similar UF membrane fouling behavior was
observed, even with the presence of adsorbed HA.
The HA MW distribution also played an important role in
membrane fouling behavior. For the small MW HA molecules, a
loose cake layer was easily formed with a negatively charged floc
dynamic protection layer due to the unblocked HA molecules
within the floc layer. For the large MW HA molecules, however, a
loose cake layer was easily formed with a positively charged floc
dynamic protection layer. On the contrary, a relatively dense floc
cake layer was formed, and severe membrane fouling was
induced. This finding is of significance to the improvement of UF
membrane technology in drinking water plants.
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