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A B S T R A C T   

The integration of flocs with ultrafiltration (UF) membranes is a promising method to alleviate membrane fouling 
and reduce land use; however, the floc charge and related pollutant distribution mechanism in the floc-based 
layer, which are key issues in further improving membrane performance, have been given little attention up 
to this point. Herein, the UF membrane performance in the presence of differently charged floc layers and the 
corresponding humic acids (HA) distribution were investigated. The results indicated that the floc charge played 
an important role in UF membrane behavior due to the different HA distribution mechanisms. Owing to the 
electrostatic adsorption, most negatively charged HA molecules were relatively uniformly adsorbed inside the 
positively charged floc layer (pH < 8.5), and fewer HA molecules reached the membrane surface. The HA 
removal efficiency was as high as 92.5 � 1.5% at a pH of 6, and the final J/J0 was 0.73. It has been shown that 
pore adsorption or blocking was mainly alleviated, and the proportion of the irreversible fouling was only 6.0 �
2.4% at a pH of 6. In contrast, fewer HA molecules were intercepted inside the negatively charged floc layer (pH 
> 8.5), and they were mostly distributed at the top and bottom of the cake layer due to electrostatic repulsion. 
The HA removal efficiency significantly decreased to 32.4 � 1.2%, while the final J/J0 increased to 0.78 at a pH 
of 9.5. Further experiments demonstrated that the cake-layer resistance was considerably alleviated, and the 
proportion of the reversible fouling was remarkably reduced to 49.5 � 3.2% at a pH of 9.5. In addition, 
membrane fouling caused by large–molecular weight (MW) HA was easily alleviated by the positively charged 
floc layer, while that caused by small-MW HA was easily alleviated by the negatively charged one. These findings 
have significant potential applications in practical membrane-based treatments of drinking water.   

1. Introduction 

Today, ultrafiltration (UF) is widely used in the treatment of drinking 
water, owing to its stable effluent quality, addition of few chemicals, and 
low energy consumption [1,2]; however, the wide application of UF is 
inhibited by membrane fouling, in which the gradual blockage of 
membrane pores and the formation of a cake layer during filtration have 
been demonstrated. Previous studies have demonstrated that membrane 
fouling increases the production costs and decreases the process reli-
ability, leading to limitations in the sustainable application of 

membranes in water treatment [3,4]. 
Various pretreatment technologies have been used to effectively 

alleviate membrane fouling, such as coagulation [5,6], adsorption [7], 
and oxidation [8]. To date, coagulation is still considered the most 
common and economical pretreatment in water treatment plants due to 
its high removal efficiency of pollutants and simple operation [9,10]. 
Small particles still remain after sedimentation for the traditional UF 
process (coagulation–sedimentation–UF), however, resulting in severe 
UF membrane fouling by a dense cake layer [11,12]. Direct filtration, in 
which the sedimentation section is removed, plays an important role in 
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the treatment of drinking water; however, the sludge discharge is large, 
and the risk of rapid microbial growth in the membrane tank is high 
[13]. Recently, the integrated process has been given much attention to 
overcome these shortcomings and further reduce land usage [14–16]. 

In the integrated process, adsorbents are pre-deposited onto the 
membrane surface before filtration to form a “dynamic protection 
layer”, leading to excellent performance in both pollutant removal and 
the reduction of membrane fouling [17,18]. On one hand, the loose 
dynamic protection layer cannot cause serious membrane fouling. On 
the other hand, the layer can adsorb pollutants [19] and effectively 
reject them as a pre-filter [20]. To date, various pre-deposited adsor-
bents have been investigated, such as powdered activated carbon [21], 
carbon nanotubes [22], heated aluminum oxide particles [23], and 
quartz sand [16]; however, a number of problems have become apparent 
concerning the granular adsorbents used currently, such as high running 
cost, high chance of membrane surface damage, and low in situ chemical 
cleaning efficiency. Loose hydrolyzed flocs have been used to overcome 
these disadvantages and have exhibited excellent performance, 
including the removal of heavy metals [24], algae [25], and natural 
organic matter (NOM) [17], even with raw water [26]. To date, previous 
studies have mainly focused on the formation and performance of the 
floc dynamic protection layer. Little attention has been given to the 
influence of the floc charge and pollutant distribution mechanisms in the 
floc protection layers with different charge properties, which are key 
issues in further improving the UF membrane performance. 

UF membranes and NOM have been demonstrated to always be 
negatively charged in natural water (pH > 4) due to the adsorption of 
negatively charged ions on membrane surfaces [27] and deprotonated 
functional groups [28], respectively. The charge properties of flocs, 
however, are easily influenced by the pH of a solution due to the 
different hydrolyzed products [29,30]. The interaction mechanism be-
tween NOM and the floc protection layer varies under different pH 
conditions. As a result, the distribution of NOM in the floc protection 
layer varies due to flocs with different charge properties. Thus, different 
membrane behavior will be induced by different floc cake-layer 
structures. 

Humic substances (HS), which exist extensively in natural water, are 
important components of NOM. The concentration of HS ranges from a 
few to several hundred mg/L. The molecular weight (MW) distribution 
of HS is wide, ranging from a few thousand to several hundred thousand 
Daltons. Straw-colored HS can cause various environmental and health 
problems [31]: (1) they can serve as the precursors of chlorinated 
disinfection by-products, increasing the risk of drinking water disin-
fection [32]; (2) they can interact with heavy metals and pesticides, 
inducing corresponding high concentrations and enhancing their 
transport in water [33]; (3) they can provide a food source for undesired 
bacteria in water [34]; and (4) severe UF membrane fouling is always 
induced by HS during the treatment of drinking water [35–37]. Herein, 
HS were used, and positively or negatively charged flocs were 
pre-deposited onto the membrane surface under different pH conditions 
to fully understand the membrane behavior induced by the floc charge 
and the related pollutant distribution mechanisms in the floc dynamic 
protection layer. The HS were fractionated based on MW and were 
further used to investigate the effect of different MW distributions. 

2. Experimental methods 

2.1. Materials 

All chemical reagents used were of analytical grade, except when 
specified. AlCl3⋅6H2O, FeCl3⋅6H2O, HCl, NaOH, and NaHCO3 were ob-
tained from Sinopharm Chemical Reagent Co., Ltd (China). Humic acid 
sodium salt (HA, Sigma-Aldrich, USA) was used, as it is often used to 
represent HS [38]. A stock solution of HA (10 g/L) was prepared with 
ultrapure water (Milli-Q, Millipore; 18.2 MΩ cm at 25 �C) and stored at 
4 �C in a refrigerator. 

2.2. UF process 

A fresh flat sheet polyvinylidene fluoride UF membrane (100 kDa) 
was used for each experiment and was obtained from Ande Membrane 
Separation Technology & Engineering (Beijing) Co., Ltd., China. Be-
forehand, all fresh membranes were immersed into ultrapure water for 
12 h to remove impurities. All membranes were pre-filtered with 300 mL 
ultrapure water to keep the initial membrane flux constant. The stirred 
cell (Millipore, Amicon 8400) was driven by nitrogen gas, and the 
pressure was maintained at 0.1 MPa during filtration. The membrane 
specific-flux (J/J0) as a function of time was used to characterize the 
development of membrane fouling, where J0 represented the initial 
membrane flux. 

In the tests, a stock solution of AlCl3⋅6H2O or FeCl3⋅6H2O was diluted 
using ultrapure water in the stirred cell along with 0.1 M NaHCO3 as a 
buffer. The final solution pH was maintained by the prior addition of a 
predetermined amount of 1 M NaOH or 1 M HCl [39]. Rapid mixing 
(300 rpm) lasted for 1 min, and slow mixing (100 rpm) lasted for an 
additional 14 min. After the stirrer was carefully removed, the stirred 
cell was kept static for 20 min to allow the flocs to precipitate better on 
the UF membrane surface. Finally, the stock solution of HA was slowly 
added into the aforementioned solution to obtain an initial total organic 
carbon (TOC) amount of 5.7 mg/L (equivalent to 20 mg/L HA) and was 
allowed to dissolve completely by maintaining the UF cell as-is for 
another 20 min 10 mM NaCl was added as the background electrolyte, 
and all the experiments were repeated three times. 

2.3. Fouling resistance determination 

The fouling resistance was evaluated according to Darcy’s law and 
the resistance-in-series model [40]: 

Rt ¼ΔP=μJt; (1)  

Rm¼ΔP=μ Jm; (2)  

RmþRir ¼ ΔP=μ Jmþir; (3)  

Rt ¼Rm þ Rf ¼ Rm þ Rir þ Rr; (4)  

where ΔP is the transmembrane pressure (Pa); μ is the dynamic viscosity 
(Pa⋅s); Rt is the total membrane resistance (m� 1); Jt is the membrane 
permeate flux (m3/m2⋅s) when filtering ultrapure water with a fouled 
membrane; Rm is the intrinsic membrane resistance (m� 1); Jm is the 
membrane permeate flux (m3/m2⋅s) when filtering ultrapure water with 
a fresh membrane; Rir is the irreversible membrane fouling resistance 
(m� 1), which is mainly attributed to membrane pore adsorption or 
blocking; Jmþir is the membrane permeate flux (m3/m2⋅s) when filtering 
ultrapure water with a fouled membrane after the cake layer was 
removed (wiping the fouled membrane surface gently with a sponge and 
ultrapure water to remove the cake layer [16]); Rf is the total membrane 
fouling resistance (m� 1); and Rr is the reversible membrane fouling 
resistance (m� 1), which is mainly attributed to cake layer formation 
[18]. 

Rm, Rt, and Rm þ Rir were directly calculated using Equations (1)–(3), 
respectively. Subsequently, Rf, Rir, and Rr were further calculated using 
Equation (4). 

2.4. Fractionation of HA by MW 

The stock solution of HA was graded into three fractions based on 
MW by the UF method: small-MW HA (<3 kDa), medium-MW HA (3–30 
kDa), and large-MW HA (>30 kDa). The fractioned HA was also used as 
a pollutant in the UF process, and the initial TOC was maintained at 5.7 
mg/L. 

For the fractionation procedure, a stirred cell (Millipore, Amicon 
8400) and two different Millipore UF membranes were used [41,42]. 
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The characteristics of the UF membranes are listed in Table S1. Be-
forehand, to remove impurities, the fresh membranes were also soaked 
in ultrapure water for 12 h and pre-filtered with 300 mL ultrapure water. 
During fractionation, the UF process can be divided into two steps. First, 
180 mL of the HA stock solution was placed in the stirred cell. 150 mL 
was filtered through a 30 kDa UF membrane (No. 1) at 0.1 MPa and 
collected as the effluent. The remaining 30 mL was collected as the 
concentrate and considered a fraction of the large-MW HA. Second, a 3 
kDa UF membrane (No. 2) was used, and the 150 mL effluent obtained in 
step one was placed in the stirred cell. 125 mL of the effluent was filtered 
through at 0.1 MPa and collected as a fraction of the small-MW HA. The 
remaining 25 mL was collected as a fraction of the medium-MW HA. The 
volume ratio of the influent to effluent was 6:5, and the corresponding 
HA concentrations were measured using a TOC analyzer (TOC-VCPH, 
Shimadzu, Japan). 

2.5. Measurement of the HA distribution in the floc protection layer 

The distribution of HA on the surface and undersurface of the floc 
protection layer was analyzed using a time-of-flight secondary ion mass 
spectrometer (ToF-SIMS, ION-TOF GmbH, Germany). The fouled 
membrane was directly measured for the surface distribution. For the 
undersurface distribution, the fouled membrane was measured after the 
freeze-dried cake layer was peeled off. An area of 500 � 500 μm was 
analyzed using the surface scanning mode of the ToF-SIMS. Owing to the 
insulating nature of the membrane, charge compensation was applied in 
the form of an electron flood gun. The positive secondary ion data were 
collected, and the normalized intensity of the HA to the flocs (i.e., Al) 
was calculated. The fouled membrane was further analyzed using an 
energy dispersive spectrometer (EDS, EDAX Inc. USA) to further inves-
tigate the distribution of HA with depth in the floc protection layer. The 
cross-section of the cake layer was line-scanned throughout the depth of 
the cake layer, and intensity data for element C (a representation of HA) 
were collected. 

2.6. Other measurements 

The zeta potential values of the HA, flocs, and UF membrane surface 
were determined using a nanoparticle sizing and zeta potential analyzer 
(Delsa Nano C, Beckman Coulter Ltd, USA), and the pH of the solutions 
was measured using a pH meter (Orion, USA). A data logger was used to 
analyze the membrane-specific flux decline. The removal efficiency of 
the HA was calculated from the specific peak area using a gel permeation 
chromatographer (GPC, Agilent Technologies, USA), while the 
morphology of the membrane surface was obtained by a scanning 

electron microscope (SEM, JEOL Ltd., Tokyo, Japan). The average pore 
size of the floc dynamic protection layer was further analyzed using 
ImageJ software. The particle size of the flocs was measured using a 
laser particle size analyzer (Mastersizer 2000, Malvern, UK). 

3. Results 

3.1. Effect of the positive floc protection layer on UF membrane 
performance 

The charge properties of the membrane surface, Al- and Fe-based 
flocs, and HA under different pH conditions were analyzed (Fig. S1). 
Both the UF membrane and HA were always negatively charged at a pH 
from 5 to 11, which was similar to what was observed in previous studies 
[43,44]. The isoelectric point was at approximate pH values of 8.5 and 
7.5 for Al-based and Fe-based flocs, respectively, which was also 
consistent with previous studies [45]. 

To investigate the membrane fouling induced by HA in the presence 
of a positively charged floc protection layer, we conducted experiments 
at a pH of 6. The results indicated that membrane fouling was reduced 
by the Al- and Fe-based positively charged floc protection layer (Fig. 1). 
The final membrane-specific flux (50 min, the same as below) induced 
by 5.7 mg/L HA (TOC) at a pH of 6 was 0.62 in the absence of the floc 
layer. When the Al-based floc protection layer formed by 0.1, 0.3, 0.6, 
and 0.9 mM AlCl3⋅6H2O was pre-deposited, the final membrane-specific 
fluxes increased to 0.65, 0.73, 0.67, and 0.66, respectively (Fig. 1a). The 
final membrane-specific flux for the Fe-based floc protection layer 
increased to 0.63, 0.66, 0.65, and 0.64, respectively (Fig. 1b). Fig. 1 
(insert) also clearly shows that a critical dose existed. As doses of Al- or 
Fe-based salts increased, the membrane-specific flux initially increased 
and subsequently decreased (the membrane performed better at 0.3 
mM). Furthermore, membrane fouling was better alleviated by the Al- 
based floc protection layer than by the Fe-based one. As Fig. 1 shows, 
the final membrane-specific flux was 0.07 higher with the floc protec-
tion layer formed by 0.3 mM AlCl3⋅6H2O than with the floc protection 
layer formed by 0.3 mM FeCl3⋅6H2O. 

3.2. Effect of the negative floc protection layer on UF membrane 
performance 

As the pH increased, the flocs became negatively charged. Further 
experiments were conducted at a pH of 9.5 to investigate membrane 
fouling in the presence of the negatively charged floc protection layer. 
Fig. 2 shows that the membrane flux was significantly improved by the 
Al- and Fe-based negatively charged floc protection layers. The final 

Fig. 1. Membrane-specific flux decline caused by HA with floc protection layers formed by different dosages of (a) AlCl3⋅6H2O; (b) FeCl3⋅6H2O at a pH of 6. Inserts 
are the final J/J0 as a function of dosage. 
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membrane-specific flux was 0.61 in the absence of a floc protection 
layer. When an Al-based floc protection layer produced by 0.1, 0.3, 0.6, 
and 0.9 mM AlCl3⋅6H2O was pre-deposited, the final membrane-specific 
fluxes increased to 0.72, 0.78, 0.77, and 0.70, respectively (Fig. 2a). The 
final membrane-specific fluxes for the Fe-based floc protection layer 
increased to 0.66, 0.70, 0.68, and 0.67, respectively (Fig. 2b). Fig. 2 
(insert) clearly shows that there was also a critical dosage and that the 
UF membrane performed better at 0.3 mM. Moreover, the Al-based floc 
protection layer performed much better than the Fe-based one did. The 
final membrane-specific flux was 0.08 higher for the floc protection 
layer induced by 0.3 mM AlCl3⋅6H2O than that for the floc protection 
layer induced by 0.3 mM FeCl3⋅6H2O (Fig. 2). 

3.3. Effect of the solution pH on the performance of the floc protection 
layer 

As Figs. 1 and 2 show, the characteristics of membrane performance 
varied in the presence of differently charged floc protection layers; thus, 
the detailed effect of the floc charge was further investigated. Because 
the charge properties of the flocs were easily influenced by the solution 
pH (Fig. S1), experiments were further conducted under different pH 
conditions. Owing to the better UF membrane performance, the Al- 
based floc protection layer formed by 0.3 mM AlCl3⋅6H2O was used. 
For comparison, the UF membrane performance induced by HA in the 
absence of a floc protection layer was also investigated. 

The results indicated that, in the absence of a floc protection layer, 
the characteristics of membrane fouling (final J/J0 ¼ 0.62) and HA 

Fig. 2. Membrane-specific flux decline caused by HA with floc protection layers formed by different dosages of (a) AlCl3⋅6H2O; (b) FeCl3⋅6H2O at a pH of 9.5. Inserts 
are the final J/J0 as a function of dosage. 

Fig. 3. (a) HA removal efficiencies under different pH conditions with positively or negatively charged floc protection layers formed by 0.3 mM AlCl3⋅6H2O. 
Membrane-specific flux decline caused by HA under different pH conditions with (b) positively charged and (c) negatively charged floc protection layers formed by 
0.3 mM AlCl3⋅6H2O. 
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removal efficiency (25.1%) were approximately the same with the 
variation in solution pH (Fig. S2). In the presence of the Al-based floc 
protection layer, however, the removal efficiency was largely influenced 
by the solution pH. The lower the solution pH, the higher the removal 
efficiency was. The corresponding removal efficiency decreased from 
92.5 � 1.5% at a pH of 6–86.1 � 1.6% at a pH of 8 in the presence of 
positively charged floc protection layers. It decreased from 73.6 � 2.3% 
at a pH of 9 to 3.3 � 1.7% at a pH of 10 in the presence of negatively 
charged floc protection layers. The removal efficiency of HA was clearly 
much higher in the presence of positively charged floc protection layers 
than in the presence of negatively charged ones. The removal efficiency 
at a pH of 6 was 89.2% higher than that at a pH of 10 (Fig. 3a). 

Due to the different HA removal efficiencies, the characteristics of 
membrane fouling also varied under different pH conditions. The 
membrane-specific flux gradually decreased from 0.73 at a pH of 6 to 
0.66 at a pH of 8 when the floc protection layer was positively charged 
(Fig. 3b). As the pH was increased further, the floc protection layers 
became negatively charged. The membrane-specific flux initially 
increased from 0.72 at a pH of 9 to 0.78 at a pH of 9.5 and subsequently 
decreased to 0.76 at a pH of 10 (Fig. 3c). In comparison with the posi-
tively charged floc protection layer (pH < 8.5), membrane fouling was 
better alleviated by the negatively charged layer (pH > 8.5). The final 
membrane-specific flux at a pH of 9.5 was 0.12 higher than that at a pH 

Fig. 4. Removal efficiencies of different-MW HA with or without floc protec-
tion layers. 

Fig. 5. Membrane-specific flux decline caused by different-MW HA with or without floc protection layers formed by 0.3 mM AlCl3⋅6H2O: (a) small-MW (<3 kDa) HA; 
(b) medium-MW (3–30 kDa) HA; and (c) large-MW (>30 kDa) HA. 

Fig. 6. Particle size of Al-based flocs formed by 0.3 mM AlCl3⋅6H2O under 
different pH conditions. 
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of 8 (Fig. 3b and c). 

3.4. Effect of HA MW distribution on the performance of the floc 
protection layer 

Due to a wide MW distribution, the effect of the HA MW on mem-
brane performance was further investigated. Fouling experiments were 
conducted using the fractionated HA in the presence of a floc protection 
layer formed by 0.3 mM AlCl3⋅6H2O at a pH of 6 (positively charged) 
and a pH of 9.5 (negatively charged) due to the better UF membrane 
performance. For comparison, the membrane performance was also 
investigated in the absence of a floc protection layer. The removal effi-
ciencies of HA with different MW distributions were observed to vary. 
Fig. 4 shows that large-MW HA molecules were easily removed with or 

without a floc protection layer. In the absence of a floc protection layer, 
the removal efficiency of the small-MW (<3 kDa) HA was 6.9 � 1.5% 
and that of the large-MW (>30 kDa) HA was 20.6 � 3.3%. In the pres-
ence of the Al-based floc protection layer, the removal efficiency of the 
small-MW HA was 93.5 � 2.8% at a pH of 6 and 24.6 � 1.6% at a pH of 
9.5, whereas that of the large-MW HA increased to 97.9 � 1.2% at a pH 
of 6 and 57.9 � 2.0% at a pH of 9.5. 

Owing to the different HA removal efficiencies, the characteristics of 
membrane fouling also varied. As Fig. 5 shows, only a slight difference in 
membrane fouling induced by different-MW HA was observed in the 
absence of a floc protection layer. The final membrane-specific flux was 
0.66 (small-MW HA), 0.65 (medium-MW HA), and 0.64 (large-MW HA); 
however, in the presence of floc protection layers, the membrane flux 
varied with different-MW HA (Fig. 5). For small- and medium-MW HA 

Fig. 7. ToF-SIMS images of HA and Al-based flocs formed by 0.3 mM AlCl3⋅6H2O on the surface and undersurface of the cake layer. (a) < 3 kDa HA at a pH of 6; (b) 
< 3 kDa HA at a pH of 9.5; (c) > 30 kDa HA at a pH of 6; (d) > 30 kDa HA at a pH of 9.5. (e) Normalized intensity of HA to Al on the surface and undersurface of the 
cake layer under different conditions. 
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molecules, the membrane flux was less influenced by floc protection 
layers at a pH of 6; however, the membrane flux was substantially 
improved by the floc protection layers at a pH of 9.5. The final 
membrane-specific flux increased to 0.78 (small-MW HA) and 0.70 
(medium-MW HA) (Fig. 5a and b). For large-MW HA molecules, how-
ever, the membrane fouling was significantly alleviated by floc protec-
tion layers at a pH of 6. The corresponding final membrane-specific flux 
increased to 0.75 (Fig. 5c). 

4. Discussion 

Pore adsorption, pore blocking, and cake layer formation are three 
main known membrane fouling mechanisms during UF [3]. Due to the 
wide MW distribution of HA, severe membrane fouling was caused by 
HA for the UF membrane (30 nm). Fig. S3 shows that a dense cake layer 
was formed by HA molecules on the membrane surface in the absence of 
a floc protection layer. The membrane fouling was alleviated by the 
dynamic Al- and Fe-based floc protection layers at pH values of both 6 
and 9.5 (Figs. 1 and 2). Fig. S4 shows that Al- and Fe-based flocs both 

formed homogeneous deposition layers on the membrane surface at pH 
values of 6 and 9.5; however, the compactness of the Fe-based flocs was 
larger, and a denser layer was formed (Figs. S4b and S4d), leading to 
smaller improvements to the membrane flux. As the floc dose increased, 
more HA molecules were adsorbed or rejected by the thicker floc pro-
tection layer, resulting in larger improvements to the membrane flux. As 
the dosage further increased, however, the membrane flux decreased, 
mainly due to the membrane fouling induced by the thick floc protection 
layer alone [39]. 

The characteristics of the flocs were easily influenced by the solution 
pH. The distribution of HA in the floc protection layers varied under 
different pH conditions, resulting in different membrane performance 
levels. In low-pH conditions (pH < 8.5), the Al-based floc protection 
layer was positively charged (Fig. S1), and the particle size of the flocs 
was much smaller. The average d50 of the Al-based flocs was 150.4 �
29.2 μm at a pH of 6 (Fig. 6), resulting in a relatively dense floc layer 
(average pore diameter: 8.4 � 0.6 nm (Fig. S4a)). The ToF-SIMS (Fig. 7a, 
c, and 7e) indicated that the normalized intensity of HA to Al on the 
surface and undersurface of the cake layer was lower compared with 

Fig. 8. SEM-EDS line-scanning of element C in the cross-section of the cake layer induced by HA with an Al-based floc protection layer. (a) < 3 kDa HA at a pH of 6; 
(b) < 3 kDa HA at a pH of 9.5; (c) > 30 kDa HA at a pH of 6; (d) > 30 kDa HA at a pH of 9.5. 

Fig. 9. Rir/Rf and Rr/Rf induced by (a) HA with or without a floc protection layer formed by 0.3 mM AlCl3⋅6H2O; (b) different-MW HA without a floc protec-
tion layer. 
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that in high pH conditions. HA molecules were observed to be largely 
distributed inside the floc protection layer rather than outside. The SEM- 
EDS line-scanning of element C in the cross-section of the cake layer 
further showed that the intensity of element C was relatively constant as 
a function of depth, indicating that HA molecules were relatively uni-
formly distributed inside the floc protection layer (Fig. 8a and c). The 
distribution of HA in the cake layer further demonstrated that most HA 
molecules were relatively uniformly adsorbed by the positively charged 
floc protection layer due to electrostatic adsorption, leading to a high 
removal efficiency. As fewer HA molecules reached the membrane sur-
face, the chance of pore adsorption or blocking was low. Fig. 9a shows 
that the ratio of Rir/Rf was reduced to only 6.0 � 2.4% in the presence of 
a positively charged Al-based floc protection layer at a pH of 6; however, 
although pore adsorption or blocking was alleviated, the resistance of 
the cake layer was high due to the dense floc layer with the majority of 
the HA molecules adsorbed inside. As cake layer formation played a key 
role in membrane fouling caused by HA (Rr accounted for 85.3 � 4.3% of 
Rf in the absence of the floc protection layer (Fig. 9a)), the improvement 
of the membrane flux by positively charged floc protection layers was 
relatively low. As the pH increased from 6 to 8, the floc protection layer 
was less positively charged. Fewer HA molecules were adsorbed, and the 
membrane flux decreased. 

In high pH conditions (pH > 8.5), the Al-based floc protection layer 
was negatively charged (Fig. S1). The floc protection layer formed by 
large particle–size flocs (average d50: 663.7 � 47.3 μm at a pH of 9.5 
(Fig. 6)) was loose (average pore diameter: 15.7 � 0.3 nm at a pH of 9.5 
(Fig. S4c)). The ToF-SIMS (Fig. 7b, d, and 7e) showed that the normal-
ized intensity of HA to Al on the surface and undersurface of the cake 
layer was higher in comparison with that in low-pH conditions, indi-
cating that more HA molecules were distributed outside the floc pro-
tection layer. The SEM-EDS line-scanning (Fig. 8b and d) also showed 
that the intensity of element C initially decreased and subsequently 
increased as a function of depth, indicating that HA molecules were 
mostly distributed at the top and bottom of the cake layer. The distri-
bution of HA demonstrated that HA was less frequently intercepted in-
side the negatively charged floc protection layer but was more often 
repulsed outside due to electrostatic repulsion. As a result, the removal 
efficiency of HA was low, but the floc layer was loose with a few HA 
molecules intercepted inside. Additionally, the negatively charged floc 
protection layer electrostatically repulsed the UF membrane surface. 
Consequently, the resistance of the cake layer decreased significantly. 
The ratio of Rr/Rf decreased to 49.5 � 3.2% in the presence of the Al- 
based floc protection layer at a pH of 9.5 (Fig. 9a). The improvement 
of the membrane flux was relatively high. As the pH increased from 9 to 

9.5, the floc protection layer was more negatively charged, fewer HA 
molecules were rejected, and the membrane flux increased. The 
abnormal decrease in the membrane flux at a pH of 10 was due to the 
sharp decrease in the quantity of Al-based flocs [45]. 

For HA with different MW distributions, the particle size of the HA 
molecules varied. Although the distribution of different-MW HA in the 
floc protection layer was similar (Figs. 7 and 8), large-MW HA molecules 
were more often rejected by the floc layer, resulting in a high removal 
efficiency. Owing to the UF membrane pore diameter (100 kDa, 30 nm), 
the chance of pore blocking was higher for large-MW HA compared with 
small- and medium-MW HA. The cake layer caused by small- and 
medium-MW HA was much denser, however, and the resistance of the 
cake layer accounted for a large proportion of membrane fouling 
(Fig. 9b). As a result, membrane fouling induced by large-MW HA was 
better alleviated by a positively charged floc protection layer due to the 
reduction of pore blocking to a large extent. Additionally, membrane 
fouling induced by small- and medium-MW HA was better alleviated by 
a negatively charged layer due to the reduction in the cake-layer resis-
tance to a large extent. 

It is clear that the distribution of HA molecules in the floc dynamic 
protection layers of different charge properties varied, leading to 
different membrane behavior. Most HA molecules for the positively 
charged floc protection layer (pH < 8.5) were uniformly distributed 
inside the floc layer, resulting in high removal efficiency and a low 
chance of pore adsorption or blocking. Few HA molecules for the 
negatively charged floc protection layer (pH > 8.5) were intercepted 
inside the floc layer but were mostly distributed at the top and bottom of 
the floc layer, leading to low removal efficiency and low cake-layer 
resistance. Detailed membrane fouling mechanisms are shown in 
Fig. 10, which depicts that the positively charged floc dynamic protec-
tion layer performed better than the negatively charged one because of 
the much higher removal efficiency of NOM. Actually, the typical pH of 
natural water varies from 6 to 9 [46], indicating a strong potential 
application in practical membrane-based treatments of drinking water. 

5. Conclusions 

In the integrated process utilized herein, the floc dynamic protection 
layer performed excellently in alleviating membrane fouling and 
removing pollutants. The influence of the floc charge on UF membrane 
behavior and the related HA distribution mechanisms in the floc dy-
namic protection layer were investigated to further improve the UF 
membrane performance. We observed that the distribution of HA mol-
ecules in floc protection layers with different charge properties varied, 

Fig. 10. Schematic diagram of the UF membrane fouling mechanism with the floc dynamic protection layers of different charge properties.  
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and different membrane performance levels were induced. For posi-
tively charged floc protection layers (pH < 8.5), most HA molecules 
were relatively uniformly distributed inside the floc layer because of 
electrostatic adsorption. The removal efficiency was high, and the 
chance of pore adsorption or blocking was mainly reduced. For nega-
tively charged floc protection layers (pH > 8.5), most HA molecules 
were distributed at the top and bottom of the floc layer owing to elec-
trostatic repulsion. The removal efficiency was low, and the resistance of 
the cake layer was mainly alleviated. In addition, a similar distribution 
of different-MW HA in the floc protection layer was observed. Mem-
brane fouling caused by large-MW HA was easily alleviated by the 
positively charged floc protection layer, while that caused by small- and 
medium-MW HA was easily alleviated by the negatively charged layer. 
These findings should provide potential guidance for practical 
membrane-based treatments of drinking water. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

CRediT authorship contribution statement 

Siqi Wu: Validation, Investigation, Data curation, Formal analysis, 
Writing - original draft. Xin Hua: Methodology, Writing - review & 
editing. Rui Miao: Writing - review & editing. Baiwen Ma: Conceptu-
alization, Project administration, Supervision, Writing - review & edit-
ing. Chengzhi Hu: Methodology, Resources. Huijuan Liu: Resources. 
Jiuhui Qu: Conceptualization. 

Acknowledgments 

This study was supported by the National Natural Science Founda-
tion for Young Scientists of China (51608514), Funds for International 
Cooperation and Exchange of the National Natural Science Foundation 
of China (51820105011), Chinese Academy of Sciences (QYZDY-SSW- 
DQC004), and National Key R&D Program of China (2016YFC0400802). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.memsci.2020.118260. 

References 

[1] W.L. Ang, A.W. Mohammad, N. Hilal, C.P. Leo, A review on the applicability of 
integrated/hybrid membrane processes in water treatment and desalination plants, 
Desalination 363 (2015) 2–18. 

[2] S. Suwal, A. Doyen, L. Bazinet, Characterization of protein, peptide and amino acid 
fouling on ion-exchange and filtration membranes: review of current and recently 
developed methods, J. Membr. Sci. 496 (2015) 267–283. 

[3] E. Aoustin, A.I. Sch€afer, A.G. Fane, T.D. Waite, Ultrafiltration of natural organic 
matter, Separ. Purif. Technol. 22–23 (2001) 63–78. 

[4] Y.S. Polyakov, A.L. Zydney, Ultrafiltration membrane performance: effects of pore 
blockage/constriction, J. Membr. Sci. 434 (2013) 106–120. 

[5] D. Dolar, K. Ko�suti�c, T. Strmecky, Hybrid processes for treatment of landfill 
leachate: coagulation/UF/NF-RO and adsorption/UF/NF-RO, Separ. Purif. 
Technol. 168 (2016) 39–46. 

[6] N.M. Peleato, R.L. Legge, R.C. Andrews, Characterization of UF foulants and 
fouling mechanisms when applying low in-line coagulant pre-treatment, Water 
Res. 126 (2017) 1–11. 

[7] I. Hilbrandt, H. Shemer, A.S. Ruhl, R. Semiat, M. Jekel, Comparing fine particulate 
iron hydroxide adsorbents for the removal of phosphate in a hybrid adsorption/ 
ultrafiltration system, Separ. Purif. Technol. 221 (2019) 23–28. 

[8] X. Cheng, D. Wu, H. Liang, X. Zhu, X. Tang, Z. Gan, J. Xing, X. Luo, G. Li, Effect of 
sulfate radical-based oxidation pretreatments for mitigating ceramic UF membrane 
fouling caused by algal extracellular organic matter, Water Res. 145 (2018) 39–49. 

[9] G. Masmoudi, E. Ellouze, R. Ben Amar, Hybrid coagulation/membrane process 
treatment applied to the treatment of industrial dyeing effluent, Desalin. Water 
Treat. 57 (2016) 6781–6791. 

[10] K.Y.J. Choi, B.A. Dempsey, In-line coagulation with low-pressure membrane 
filtration, Water Res. 38 (2004) 4271–4281. 

[11] A. Matilainen, E.T. Gjessing, T. Lahtinen, L. Hed, A. Bhatnagar, M. Sillanp€a€a, 
Chemosphere an overview of the methods used in the characterization of natural 
organic matter (NOM) in relation to drinking water treatment, Chemosphere 83 
(2011) 1431–1442. 

[12] J.G. Jacangelo, J. DeMarco, D.M. Owen, S.J. Randtke, Selected processes for 
removing NOM: an overview, J. Am. Water Works Assoc. 87 (1995) 64–77. 

[13] R. Baker, Membrane Technology and Applications, John Wiley & Sons, 2012. 
[14] J. Kim, Z. Cai, M.M. Benjamin, NOM fouling mechanisms in a hybrid adsorption/ 

membrane system, J. Membr. Sci. 349 (2010) 35–43. 
[15] B. Malczewska, M.M. Benjamin, Efficacy of hybrid adsorption/membrane 

pretreatment for low pressure membrane, Water Res. 99 (2016) 263–271. 
[16] W. Yu, N.J.D. Graham, Performance of an integrated granular media - 

ultrafiltration membrane process for drinking water treatment, J. Membr. Sci. 492 
(2015) 164–172. 

[17] B. Ma, W. Li, R. Liu, G. Liu, J. Sun, H. Liu, J. Qu, W. van der Meer, Multiple 
dynamic Al-based floc layers on ultrafiltration membrane surfaces for humic acid 
and reservoir water fouling reduction, Water Res. 139 (2018) 291–300. 

[18] S. Shao, Y. Feng, H. Yu, J. Li, G. Li, H. Liang, Presence of an adsorbent cake layer 
improves the performance of gravity-driven membrane (GDM) filtration system, 
Water Res. 108 (2017) 240–249. 

[19] G.S. Ajmani, H.H. Cho, T.E. Abbott Chalew, K.J. Schwab, J.G. Jacangelo, H. Huang, 
Static and dynamic removal of aquatic natural organic matter by carbon 
nanotubes, Water Res. 59 (2014) 262–270. 

[20] Z. Cai, C. Wee, M.M. Benjamin, Fouling mechanisms in low-pressure membrane 
filtration in the presence of an adsorbent cake layer, J. Membr. Sci. 433 (2013) 
32–38. 

[21] J. Kim, Z. Cai, M.M. Benjamin, Effects of adsorbents on membrane fouling by 
natural organic matter, J. Membr. Sci. 310 (2008) 356–364. 

[22] G.S. Ajmani, D. Goodwin, K. Marsh, D.H. Fairbrother, K.J. Schwab, J.G. Jacangelo, 
H. Huang, Modification of low pressure membranes with carbon nanotube layers 
for fouling control, Water Res. 46 (2012) 5645–5654. 

[23] B. Malczewska, J. Liu, M.M. Benjamin, Virtual elimination of MF and UF fouling by 
adsorptive pre-coat filtration, J. Membr. Sci. 479 (2015) 159–164. 

[24] B. Ma, X. Wang, R. Liu, W.A. Jefferson, H. Lan, H. Liu, J. Qu, Synergistic process 
using Fe hydrolytic flocs and ultrafiltration membrane for enhanced antimony(V) 
removal, J. Membr. Sci. 537 (2017) 93–100. 

[25] B. Ma, J. Qi, X. Wang, M. Ma, S. Miao, W. Li, R. Liu, H. Liu, J. Qu, Moderate 
KMnO4-Fe(II) pre-oxidation for alleviating ultrafiltration membrane fouling by 
algae during drinking water treatment, Water Res. 142 (2018) 96–104. 

[26] B. Ma, W. Xue, W. Li, C. Hu, H. Liu, J. Qu, Integrated Fe-based floc-membrane 
process for alleviating ultrafiltration membrane fouling by humic acid and 
reservoir water, J. Membr. Sci. 563 (2018) 873–881. 

[27] A.E. Childress, M. Elimelech, Effect of solution chemistry on the surface charge of 
polymeric reverse osmosis and nanofiltration membranes, J. Membr. Sci. 119 
(1996) 253–268. 

[28] S.A. Green, F.M.M. Morel, N.V. Blough, Investigation of the electrostatic properties 
of humic substances by fluorescence quenching, Environ. Sci. Technol. 26 (1992) 
294–302. 

[29] H. Sun, R. Jiao, H. Xu, G. An, D. Wang, The influence of particle size and 
concentration combined with pH on coagulation mechanisms, J. Environ. Sci. 82 
(2019) 39–46. 

[30] E.A. L�opez-Maldonado, M.T. Oropeza-Guzman, J.L. Jurado-Baizaval, A. Ochoa- 
Ter�an, Coagulation-flocculation mechanisms in wastewater treatment plants 
through zeta potential measurements, J. Hazard Mater. 279 (2014) 1–10. 

[31] E.M. Thurman, R.L. Malcolm, Preparative isolation of aquatic humic substances, 
Environ. Sci. Technol. 15 (1981) 463–466. 

[32] X. Wang, Y. Mao, S. Tang, H. Yang, Y.F. Xie, Disinfection byproducts in drinking 
water and regulatory compliance: a critical review, Front. Environ. Sci. Eng. 9 
(2015) 3–15. 

[33] D. Schmitt, E. Saravia, F.H. Frimel, W. Schuessle, NOM-facilitated transport of 
metal ions in aquifers: importance of complex-dissociation kinetics and colloid 
formation, Water Res. 37 (2003) 3541–3550. 

[34] R. Bai, X. Zhang, Polypyrrole-coated granules for humic acid removal, J. Colloid 
Interface Sci. 243 (2001) 52–60. 

[35] C. Combe, E. Molis, P. Lucas, R. Riley, M.M. Clark, The effect of CA membrane 
properties on adsorptive fouling by humic acid, J. Membr. Sci. 154 (1999) 73–87. 

[36] M. M€antt€ari, L. Puro, J. Nuortila-Jokinen, M. Nystr€om, Fouling effects of 
polysaccharides and humic acid in nanofiltration, J. Membr. Sci. 165 (2000) 1–17. 

[37] C.R. Jones, L. Kimberly, O’Melia, Protein and humic acid adsorption onto 
hydrophilic membrane surfaces: effects of pH and ionic strength, J. Membr. Sci. 
165 (2000) 31–46. 

[38] W. Yuan, A.L. Zydney, Humic acid fouling during ultrafiltration, Environ. Sci. 
Technol. 34 (2000) 5043–5050. 

[39] B. Ma, X. Wang, C. Hu, W.A. Jefferson, H. Liu, J. Qu, Antifouling by pre-deposited 
Al hydrolytic flocs on ultrafiltration membrane in the presence of humic acid and 
bovine serum albumin, J. Membr. Sci. 538 (2017) 34–40. 

[40] S. Zhang, Y. Yang, S. Takizawa, L. an Hou, Removal of dissolved organic matter 
and control of membrane fouling by a hybrid ferrihydrite-ultrafiltration membrane 
system, Sci. Total Environ. 631–632 (2018) 560–569. 

[41] A.D. Revchuk, I.H. Suffet, Ultrafiltration separation of aquatic natural organic 
matter: chemical probes for quality assurance, Water Res. 43 (2009) 3685–3692. 

[42] E.C. Ged, T.H. Boyer, Molecular weight distribution of phosphorus fraction of 
aquatic dissolved organic matter, Chemosphere 91 (2013) 921–927. 

S. Wu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.memsci.2020.118260
https://doi.org/10.1016/j.memsci.2020.118260
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref1
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref1
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref1
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref2
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref2
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref2
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref3
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref3
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref4
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref4
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref5
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref5
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref5
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref6
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref6
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref6
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref7
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref7
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref7
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref8
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref8
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref8
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref9
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref9
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref9
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref10
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref10
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref11
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref11
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref11
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref11
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref12
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref12
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref13
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref14
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref14
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref15
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref15
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref16
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref16
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref16
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref17
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref17
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref17
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref18
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref18
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref18
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref19
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref19
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref19
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref20
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref20
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref20
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref21
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref21
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref22
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref22
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref22
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref23
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref23
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref24
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref24
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref24
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref25
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref25
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref25
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref26
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref26
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref26
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref27
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref27
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref27
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref28
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref28
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref28
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref29
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref29
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref29
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref30
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref30
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref30
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref31
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref31
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref32
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref32
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref32
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref33
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref33
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref33
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref34
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref34
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref35
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref35
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref36
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref36
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref37
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref37
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref37
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref38
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref38
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref39
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref39
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref39
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref40
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref40
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref40
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref41
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref41
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref42
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref42


Journal of Membrane Science 609 (2020) 118260

10

[43] H. Chang, F. Qu, B. Liu, H. Yu, K. Li, S. Shao, G. Li, H. Liang, Hydraulic 
irreversibility of ultrafiltration membrane fouling by humic acid: effects of 
membrane properties and backwash water composition, J. Membr. Sci. 493 (2015) 
723–733. 

[44] M. Zhou, F. Meng, Aluminum-induced changes in properties and fouling propensity 
of DOM solutions revealed by UV-vis absorbance spectral parameters, Water Res. 
93 (2016) 153–162. 

[45] J. Duan, J. Gregory, Coagulation by hydrolyzing metal salts, Adv. Colloid Interface 
Sci. 100– 102 (2003) 475–502. 

[46] V. Deluchat, J.C. Bollinger, B. Serpaud, C. Caullet, Divalent cations speciation with 
three phosphonate ligands in the pH-range of natural waters, Talanta 44 (1997) 
897–907. 

S. Wu et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0376-7388(20)30838-3/sref43
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref43
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref43
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref43
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref44
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref44
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref44
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref45
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref45
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref46
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref46
http://refhub.elsevier.com/S0376-7388(20)30838-3/sref46

	Influence of floc charge and related distribution mechanisms of humic substances on ultrafiltration membrane behavior
	1 Introduction
	2 Experimental methods
	2.1 Materials
	2.2 UF process
	2.3 Fouling resistance determination
	2.4 Fractionation of HA by MW
	2.5 Measurement of the HA distribution in the floc protection layer
	2.6 Other measurements

	3 Results
	3.1 Effect of the positive floc protection layer on UF membrane performance
	3.2 Effect of the negative floc protection layer on UF membrane performance
	3.3 Effect of the solution pH on the performance of the floc protection layer
	3.4 Effect of HA MW distribution on the performance of the floc protection layer

	4 Discussion
	5 Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A Supplementary data
	References


