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ABSTRACT

Iron/aluminum mixed flocs were pre-deposited onto an ultrafiltration (UF) membrane
surface to test their antifouling properties in the presence of humic acid (HA). Membranes
modified with higher aluminum mole ratios in the mixture were more effective in control-
ling membrane fouling. Relatively strong adhesion was observed between the mixed flocs
and the UF membrane used. The differences in the structure of the deposited layer were an
important contributing factor for antifouling properties, which was significantly influenced
by solution pH. Scanning electron microscopy showed that dense deposition layers were
formed by small flocs at pH 6.0, while loose deposition layers were formed by large flocs at
pH 8.0. Atomic force microscopy showed that the surface roughness of the deposition layer
was much larger at pH 6.0 than that at pH 8.0. The corresponding positive charge of the
mixed flocs was also higher at pH 6.0, resulting in stronger adsorption ability to the nega-
tively charged HA molecules. These factors reduced the amount of HA getting to the mem-
brane surface and thus helped increase membrane flux at lower pH values. In addition, HA
molecules with various molecular weights were removed much faster at pH 6.0 than at pH
8.0.

Keywords: Ultrafiltration; Humic acid; Fouling reduction; Iron/aluminum mixed flocs;
Pre-deposition

1. Introduction

Humic substances (HS) can form during the
decomposition of plant/animal biomass in natural sys-
tems and are some of the most abundant materials on
earth. The typical molecular weight (MW) of HS
ranges from a few hundred to tens of thousands of
daltons, depending on their different sources [1]. HS

exist commonly in natural waters [2] and always
cause serious environmental and health problems. The
main problems are that HS can cause undesirable
color and taste, and also serve as food for bacterial
growth [3]. Previous studies have also demonstrated
that HS can react with chlorine during water
treatment to form disinfection by-products, such as tri-
halomethanes [4,5]. Additionally, serious microfiltra-
tion (MF)/ultrafiltration (UF) membrane fouling can

*Corresponding author.

1944-3994/1944-3986 � 2016 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 26022–26030

Novemberwww.deswater.com

doi: 10.1080/19443994.2016.1159991

mailto:mine_901020@163.com
mailto:zhangxuehong@x263.com
mailto:bwma@rcees.ac.cn
mailto:hjliu@rcees.ac.cn
mailto:jhqu@rcees.ac.cn
http://dx.doi.org/10.1080/19443994.2016.1159991


be induced by HS during filtration [1,6]. Conse-
quently, the removal of HS has been widely investi-
gated to minimize their impact on environmental and
human health.

UF membranes have been increasingly used in
water treatment, due to their superior and stable per-
meate quality even with varied feedwater [7]. In the
past 20 years, the installed capacity of UF systems has
grown rapidly [8]. However, membrane fouling is
inevitable, and is still the main limitation for broader
application of membrane technology [9,10]. In order to
reduce membrane fouling, coagulation is often used
before a membrane system. Up to now, three tech-
nologies have been investigated to combine adsorption
and membrane filtration: (1) pre-coagulation, in which
there is a sedimentation tank after coagulation and the
coagulants are pre-deposited before membrane filtra-
tion; (2) direct coagulation, in which feedwater is
applied directly to a membrane system after coagula-
tion; (3) pre-deposition, in which an adsorbent layer is
pre-deposited onto a membrane surface before filtra-
tion of the solution [10,11]. The first two processes
have been successfully used in many full-scale treat-
ments, while the last has only been tested at labora-
tory-scale [12–14]. Compared with the pre-coagulation
process, the pre-deposition process has a large advan-
tage in terms of reducing land use because a sedimen-
tation tank is unnecessary. When an adsorbent layer is
pre-deposited onto the membrane surface, better per-
formance has been achieved than that of the direct
coagulation process to some extent. A potential reason
is that pollutants cannot easily get to the membrane
surface, owing to the pre-deposited layer. In addition,
the pre-deposition process has been shown to have
excellent results in comparison to the other two pro-
cesses, and some researchers have even demonstrated
much better organics removal and membrane fouling
control [11,15].

So far, many different adsorbents have been pre-
deposited onto membrane surfaces to test their
antifouling properties, such as carbon nanotubes [13],
powdered activated carbon (PAC) [16], heated iron
oxide particles [17], heated aluminum oxide particles
[18], nanoscale zerovalent iron [19], and so on.
Although they have shown better performance in
reducing membrane fouling, PAC can cause severe
membrane damage, while the other adsorbents men-
tioned above are expensive. It is well known that iron
salts and aluminum salts are widely used as coagu-
lants in water treatment due to their strong abilities in
removing pollutants and cheap price [20–23]. Com-
pared with the adsorbents mentioned above, UF mem-
branes pre-layered with iron/aluminum flocs
performed even better in removing pollutants [13,19].

In our previous study, it was found that pre-deposited
iron flocs or aluminum flocs performed better in
organic matter removal and membrane fouling con-
trol, especially aluminum flocs alone [14]. However,
the settling rate of aluminum flocs was relatively slow,
which would cause difficulty for sludge discharge in
practical operation. Furthermore, although the overall
performance of the pre-deposition process has been
explored in some detail as indicated above, the mecha-
nism of its effect on membrane fouling has not been
fully investigated or established.

Herein, this research focused on the effect of pre-
deposited iron/aluminum mixed flocs on membrane
fouling reduction, with the aim of understanding the
membrane fouling characteristics induced by HS in
the presence of a pre-deposited iron/aluminum mixed
hydrolyzed precipitate layer. As part of this study we
also identified factors responsible for determining the
antifouling properties of iron/aluminum mixed flocs.
Moreover, the fouling control mechanisms are also
elucidated in detail.

2. Materials and methods

2.1. Materials

All chemicals were analytical reagent grade, and
deionized (DI) water (Millipore, Milli-Q) was used to
prepare stock solutions. Humic acid sodium salt (HA,
Aldrich, USA), a representative of HS, was dissolved
in DI water with a concentration of 10 g/L. HA solu-
tion was stored in a prewashed glass bottle in the
dark at 4˚C and was brought to room temperature
immediately prior to use. Ferric chloride hydrate
(0.02 M) and aluminum chloride hydrate (0.02 M)
were freshly prepared before the experiments.

2.2. Ultrafiltration experiments

A polyvinylidene fluoride (PVDF, Ande membrane
separation technology & engineering (Beijing) Co.,
Ltd, China) flat sheet UF membrane (100 kDa) was
used in the experiments. All membranes used were
placed in DI water for 24 h to remove impurities
before use. Fresh membranes were filtered with
300 mL DI water to keep the membrane flux constant.
The stirred cell (Millipore, Amicon 8400) was driven
by nitrogen gas, maintained at a stable pressure of
0.1 MPa. J/J0 was monitored in the stirred cell experi-
ments to determine the flux variation, and J0 was the
initial membrane flux.

For the tests, the ferric chloride and/or aluminum
chloride stock solutions were diluted in 300 mL DI
water, in the UF stirred cell, with 0.1 M NaHCO3
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(3 mL) as a buffer. During the test, the final solution
pH was maintained by prior addition of a predeter-
mined amount of 0.1 M HCl or NaOH. Rapid mixing
(300 rpm) lasted for 1 min while slow mixing
(100 rpm) lasted for 14 min to allow floc growth to
occur. The stirrer was carefully taken out and the UF
cell was kept static for 20 min to allow flocs to deposit
on the membrane surface. Afterward, 20 mg/L HA
was prepared by adding the corresponding stock solu-
tion into the feedwater and the stirred UF cell was
kept static for another 30 min to allow the HA to dis-
solve completely in the feed.

2.3. Jar tests

A 1.2 L beaker with a flocculator device (ZR4-2,
Zhongrun, China) was used in the jar test, which
enabled the mixing speed and duration to be preset.
The jar test was used to provide comparative informa-
tion regarding the coagulation processes under differ-
ent pH conditions. During the coagulation and
flocculation process, the dynamic floc size and the
fractal dimension (Df) were measured by a laser
diffraction instrument (Mastersizer 2000, Malvern,
UK). The rapid mixing speed of 300 rpm was main-
tained for 1 min, and then reduced to 100 rpm for
14 min to allow floc growth to occur. The suspension
was analyzed by circulating the solution through the
optical unit of the Mastersizer and was sent back into
the jar by a peristaltic pump on the return tube. Size
measurements were taken every 30 s for the duration
of the jar test and recorded by computer. This method
has been successfully applied by other researchers
[24,25], and previous studies have extensively
described the determination of fractal dimension of
flocs using small angle-light scattering [26,27].

2.4. Other analytical methods

pH was measured by an Orion benchtop pH
meter; membrane flux was recorded by a data logger.
Samples after 1 min rapid mixing in the jar tests were
immediately taken for zeta potential measurements by
a zeta meter (Delsa Nano C, Beckman Coulter Ltd,
USA). The HA concentration and corresponding peak
value of the MW distribution were analyzed by gel
permeation chromatography (GPC, Agilent Technolo-
gies, USA; detector: UV254; TSK gel: G3000PWXL; tem-
perature: 25˚C). Images of the pre-layered membrane
surface were obtained using scanning electron micro-
scopy (SEM), which was carried out with a JSM-7401F
Field Emission instrument equipped with a cold Field
Emission Gun in SEI mode at 3 kV accelerating

voltage (JEOL Ltd, Tokyo, Japan). The roughness of
the membrane surface was measured by an atomic
force microscopy (AFM, Nanoscope, IIIa, Multimode)
[28].

3. Results and discussion

3.1. Effect of flocs on the filtration properties of HA

To investigate the effect of iron and/or aluminum
hydrolyzed precipitate layer on antifouling properties,
20 mg/L HA was filtered with the pre-deposited
membrane. The concentration curves of HA obtained
during each fouling run are compared with the origi-
nal HA concentration in Fig. 1. The results showed
that the iron flocs alone (0.3 mM) performed worse,
for which the removal efficiency of HA was only
about 28.3%. With increasing aluminum mole ratio in
the mixture, the residual HA concentration decreased
gradually. The removal efficiency of HA was found to
be 44.8, 63.7, and 77.8% for the iron/aluminum mole
ratios of 4:1, 1:1 and 1:4, respectively. The maximum
removal efficiency for HA was observed to be 86.5%
when 0.3 mM aluminum flocs were used alone. It was
clearly shown that HA molecules were mainly
removed by aluminum flocs during the filtration.

With the removal of HA, the peak value of the
MW distribution of HA also varied [19]. The peak
value of the MW distribution of HA alone was
11,826 Da, while that was gradually reduced to
7,803 Da in the presence of 0.3 mM aluminum flocs. In
comparison to iron flocs alone or iron/aluminum
mixed flocs, aluminum flocs alone performed better.
However, the iron/aluminum mixed flocs (mole ratio:
1:4, the same below) were chosen as the pre-deposited
layer. The main reason was that the HA removal
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Fig. 1. Concentration and peak value of MW distribution
of HA before and after filtration in the presence of flocs at
pH 7.0.
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efficiency was similar to that of aluminum flocs alone,
but the settling rate was faster.

3.2. Iron/aluminum mixed floc adhesion to membrane

Periodic backwashing is a commonly used method
for cleaning porous MF/UF membranes. Iron/alu-
minum mixed flocs must have strong adhesion to the
membrane surface to prevent their removal during
backwashing. Thus, it is necessary to investigate the
ability of the mixed flocs to adhere to the UF mem-
brane used. Here, the iron/aluminum mixed flocs lay-
ered membrane that had been fouled by 20 mg/L HA
was backwashed by pushing 10 mL of permeate col-
lected during the filtration run, at a roughly constant
flowrate through the fouled modified membrane from
the PVDF side. Images of the membrane surface were
taken before and after backwashing. Fig. 2 shows that
relatively strong adhesion was observed between the
iron/aluminum mixed flocs and the PVDF UF mem-
brane used. The modified UF membrane looked simi-
lar before and after the backwash. However, some
flocs still detached from the membrane surface after
backwashing. In addition, the efficiency of the flux
recovering was 89 ± 5% because of the pre-layered
iron/aluminum hydrolyzed precipitate layer. There-
fore, further research will be focused on enhancing the
adhesion properties of the iron/aluminum mixed flocs
to the membrane surface and improving the back-
washing efficiency.

3.3. Effect of solution pH on membrane fouling

Solution pH always plays an important role in the
particle size and natural characteristics of iron flocs

and aluminum flocs [29,30]. To investigate the mem-
brane performance in detail, fouling experiments were
performed at pH 6.0, 7.0 and 8.0 in the system. The
HA concentration after filtration and the curves of
membrane specific flux decline are presented in Fig. 3.
The results showed that HA molecules were almost
completely removed by iron/aluminum mixed flocs at
pH 6.0. The corresponding removal efficiency of HA
at pH 6.0 was 98.1%, while it was reduced to 77.8%
and 52.3% at pH 7.0 and 8.0, respectively. In addition,
the corresponding peak values of HA MW distribution
were 6,365 Da (pH 6.0), 9,878 Da (pH 7.0), and
11,257 Da (pH 8.0).

Owing to the smaller MW of HA molecules (a few
hundred daltons to tens of thousands of daltons) [1],
UF membrane pores could be easily blocked by HA
molecules, resulting in serious membrane fouling
[1,6]. The final J/J0 (running time: 600 s, the same
below) caused by 20 mg/L HA alone was 0.23 at pH
7.0. Most HA molecules were removed by the iron/
aluminum mixed flocs, resulting in less chance of HA
getting to the membrane surface. Thus, membrane
specific flux was significantly increased by the modifi-
cation with iron/aluminum mixed flocs. The final J/J0
was 0.79, 0.73, and 0.67 at pH 6.0, 7.0, and 8.0, respec-
tively. In fact, flocs alone could not cause any serious
membrane specific flux decline (data not shown) due
to the characteristics of flocs under different pH val-
ues [14]. Compared with the membrane specific flux
decline at pH 7.0 and 8.0, less decline was observed at
pH 6.0 because of the higher removal efficiency of
HA. Moreover, the peak value of the MW distribution
of HA was reduced to 6,365 Da after filtration
(Fig. 3(a)), due to the higher removal efficiency of HA
at pH 6.0.

Fig. 2. Images of iron/aluminum mixed flocs layered membrane before (a) and after (b) backwashing with 10 mL permeate
at pH 7.0. Other experimental conditions during the fouling runs: Mmixed flocs = 0.3 mM and Miron/Maluminum = 1:4.

Y. Xie et al. / Desalination and Water Treatment 57 (2016) 26022–26030 26025



3.4. SEM and AFM imaging of mixed flocs layered
membrane

To further understand the antifouling properties,
SEM images were taken of membranes coated with
the 1:4 mol ratio of mixed iron/aluminum flocs at pH
6.0 and 8.0 (Fig. 4). In comparison to the membrane
coated with the iron/aluminum mixed flocs at pH 6.0
(Fig. 4(a)), the membrane surface morphology at pH
8.0 was much looser (Fig. 4(b)). Thus, fewer HA

molecules could get to the membrane surface and less
serious fouling was caused at pH 6.0. In addition, the
thickness of the hydrolyzed layer was investigated at
different pH values (Fig. 4(c) and (d)). It was shown
that the thickness of the hydrolyzed layer was 3.45
± 0.02 μm at pH 6.0, while it was 3.84 ± 0.02 μm at pH
8.0. Although the thickness of the hydrolyzed layer
was lower at pH 6.0, the modified UF membrane per-
formed better in removing HA. It seemed that the
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Fig. 4. Morphology of the membrane when iron/alum mixed flocs were pre-deposited under different pH conditions: (a
and b) membrane surface at pH 6.0 and 8.0; (c and d) cross section at pH 6.0 and 8.0. Other experimental conditions
during the fouling runs: Mmixed flocs = 0.3 mM and Miron/Maluminum = 1:4.
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thickness of the hydrolyzed layer had little contribu-
tion to performance.

Compared with SEM, AFM is able to provide more
information on the morphology of membrane surfaces
in other aspects [28]. As shown in Fig. 5, the AFM pre-
sented a three-dimensional image of the membrane
surface pre-layered with the iron/aluminum mixed
flocs. A darker color represents a higher depth on the
membrane surface, indicating greater roughness. The
specific roughness of the modified membrane surface
was 317.9 ± 43.2 nm at pH 6.0, while it was only 166.3
± 27.5 nm at pH 8.0. Previous studies have demon-
strated that pollutants were preferentially accumulated
in the “valley” of a rough membrane [28,31,32], which
is shown as the dark area in Fig. 5. As a result, more
HA molecules could be removed by the membranes
coated with the dense and rough deposition layer at
pH 6.0.

3.5. Particle size of flocs and the corresponding fractal
dimension

Characteristics of flocs play an important role on
the performance of a cake layer [24,33–35]. To further
understand the different membrane surface morpholo-
gies formed (Fig. 4), the properties of the iron/alu-
minum mixed flocs were investigated in detail (Fig. 6).
It was found that a rapid rise in the median size (d50)
of flocs at pH 6.0, 7.0, and 8.0 occurred during the
early flocculation period (<3 min). The d50 values of
the flocs reached a maximum value after approxi-
mately 4 min (Fig. 6(a)). However, the d50 value of the
iron/aluminum mixed flocs at pH 6.0 was much smal-
ler than those at pH 7.0 and 8.0. The d50 values were
about 45.4 ± 16.2 μm, 443.5 ± 19.6 μm, and 531.2
± 31.7 μm for the iron/aluminum mixed flocs formed
at pH 6.0, 7.0, and 8.0, respectively. Furthermore, the

fractal dimension of flocs formed at pH 6.0 was 1.14
± 0.05, which was much smaller than those at pH 7.0
(2.54 ± 0.03) and 8.0 (2.61 ± 0.07).

It is well known that flocs with larger fractal
dimension will more easily form a compact cake layer
after filtration [24,36]. However, Fig. 4 shows that the
deposition layer was more compact at pH 6.0, for
which the fractal dimension was smaller (1.14 ± 0.05).
In comparison to the fractal dimension, it seemed that
the particle size of flocs was the main factor dominat-
ing the properties of the deposition layer. A possible
reason was that the particle size of flocs varied greatly
with the forming pH, especially between pH 6.0 and
7.0.

3.6. Variation of zeta potential

Zeta potential was analyzed to show the adsorption
ability of the mixed flocs toward HA molecules (Fig. 7).
At pH 6.0, the zeta potential of the mixed flocs was 4.65
± 1.02 mV, while it was reduced to 2.05 ± 0.51 mV and
1.19 ± 0.35 mV at pH 7.0 and 8.0, respectively. It has
been shown that HA is negatively charged between pH
6.0 and 8.0 [37], with values of −0.43 ± 0.08 mV, −0.83
± 0.05 mV, and −1.74 ± 0.16 mV. After coagulating with
HA molecules, the corresponding zeta potentials
decreased to −7.17 ± 0.56 mV, −1.85 ± 0.33 mV, and
−1.23 ± 0.42 mV. The zeta potential indicated that more
HA molecules were adsorbed at lower pH values due
to the higher positive charge of the mixed flocs.

3.7. Removal efficiency of HA molecules of different MW

To highlight the differences in HA removal, the
MW results for permeate samples under different pH
conditions are shown in Fig. 8. Owing to the large
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Fig. 5. Surface roughness of membrane coated with the iron/aluminum mixed flocs: (a) pH 6.0 and (b) pH 8.0. Other
experimental conditions during the fouling runs: Mmixed flocs = 0.3 mM and Miron/Maluminum = 1:4.
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removal efficiency of HA at pH 6.0, HA molecules
over a range of MW were also removed to a large
extent. The results showed that the removal efficiency
of large MW HA (>30 kDa) was 98.7 ± 0.8% at pH 6.0,
while the removal efficiency of small MW HA
(<3 kDa) was as high as 83.6 ± 1.7% at the same pH
value. With increasing solution pH, the removal effi-
ciencies of large MW HA (>30 kDa) decreased to 81.3
± 2.5% and 57.6 ± 1.1% at pH 7.0 and 8.0, while the
removal efficiencies of small MW HA (<3 kDa) were
reduced to 67.3 ± 3.1% and 49.6 ± 3.7% at pH 7.0 and
8.0, respectively.

It has been shown that a homogeneous layer can
more easily remove large MW organic matter, because
some regions of the underlying membrane could be
exposed in the presence of a heterogeneous layer
[13,19]. Therefore, large MW HA (>30 kDa) were

removed first during filtration, especially at pH 6.0.
However, the removal efficiency of the small MW HA
(<3 kDa) was also high at pH 6.0. With rising solution
pH, the surface roughness of the deposition layer and
the positive charge of flocs decreased, resulting in less
HA molecules being removed. Moreover, the larger
particle size of flocs, which caused a loose deposition
layer, was also responsible for the lower removal
efficiency of HA at pH 8.0.

4. Conclusions

Pre-deposition can mitigate membrane fouling by
decreasing the chance of pollutants getting to the
membrane surface. This study investigated the ability
of a pre-layered membrane coated with iron/alu-
minum mixed flocs to reduce the fouling caused by
HA. The overall findings of the study are as follows:
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(1) Pre-layered membranes prepared by deposition
of iron/aluminum mixed flocs have the ability
to resist membrane fouling, especially with
higher mole ratios of aluminum flocs in the
mixture. Relatively strong adhesion was
observed between the mixed flocs and the UF
membrane used. HA molecules could be
removed to a large extent and the correspond-
ing peak value of the MW distribution of HA
was reduced.

(2) Solution pH played an important role for the
pre-layered membranes, which performed bet-
ter under lower pH conditions. In comparison
to fractal dimension, the particle size of the
mixed flocs significantly influenced the mem-
brane fouling properties. Additionally, the sur-
face roughness of the deposition layer was
greater and the positive charge of the mixed
flocs was higher at lower pH values, resulting
in more HA molecules being removed.

(3) Large MW HA molecules (>30 kDa) were rela-
tively easily removed compared to the small
MW HA molecules (<3 kDa) due to the dense
and uniform deposition layer. Furthermore,
small MW HA molecules could also be sub-
stantially removed at pH 6.0.
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