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ABSTRACT

In this work, we investigated the fouling behaviour of polyvinylidene fluoride (PVDF)
ultrafiltration (UF) membranes. PVDF UF membranes prepared by the phase separation
method were used to filter four sample solutions, namely bovine serum albumin (BSA),
sodium alginate (SA), humic acid (HA) and secondary wastewater effluent organic matter
(EfOM). Fouling experiments were carried out in a dead-end filtration set-up. Besides, the
removal rate of dissolved organic carbon, the distribution of molecular weight and the per-
meability of feed water were inspected through direct comparison of the surface morphology
of an uncontaminated and a contaminated membrane. The different fouling behaviours of
BSA, SA, HA and EfOM were noted. It was found that the flux of the BSA-fouled membrane
declined sharply at the initial filtration stage, but a more significant flux decline occurred for
the SA-fouled membrane at the later filtration stage. For the HA-fouled membrane, a gradual
flux decline was observed throughout the whole filtration stage. In three samples, HA gener-
ated the smallest flux decline rate and BSA produced the largest rate. Moreover, the fact that
it took a very short time to approach about 50% flux reduction indicated that membrane
fouling mainly occurred in the initial filtration stage. It was also found that the gel-layer
structure on the membrane surface was strongly associated with the fouling behaviour of the
membrane.
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1. Introduction

With increasing water source pollution and water
quality requirements [1–3], membrane technology is
extensively used in particular in advanced wastewater
reclamation and drinking water reuse. However,
the main obstacle for efficient application of the

membrane technique is membrane fouling, which can
cause a decrease in membrane flux and performance,
leading to reduced productivity, deterioration of
permeate quality, increased energy consumption and
treatment cost, as well as shorter membrane lifespan
[4–6]. Therefore, it is essential to learn more about the
reasons for membrane fouling.
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A considerable number of studies on membrane
fouling have focused on identifying advantage fou-
lants that could cause membrane fouling [7–9]. In the
early 1970s, Rebhun et al. reported that the mass
percentages of carbohydrate, protein and humus
substances in city sewage secondary effluent were 12,
22 and 40–50%, respectively [10]. Moreover, in waste-
water treatment and advanced water reclamation, it
has been confirmed that dissolved organic matters,
such as polysaccharides, proteins and natural organic
matter, were the major foulants for membrane fouling
[4,11,12]. Consequently, to understand better the
effects of foulant types on membrane fouling, many
existing studies used bovine serum albumin (BSA),
sodium alginate (SA) and humic acid (HA) as
surrogates for protein, polysaccharides and humus
substances to analyse the mechanisms of membrane
fouling [13,14]. Of course, many studies also concen-
trated on the membrane fouling by actual wastewater
[7,8,15]. However, there is no consensus on the effect
of foulant type on membrane fouling behaviour.
Kimura [16] reported that the hydrophilic fraction of
the organic matter was responsible for the irreversible
fouling regardless of the type of membrane or organic
matter. This result was confirmed by Her et al., who
regarded hydrophilicity and polysaccharide-like
substances as possible foulants for membrane fouling
[12,17]. In contrast, other researchers reported that
membrane fouling was attributed to high hydrophobic
fractions (humic substances) in wastewater [18–20].
Protein has also been regarded as one of the main fou-
lants for membrane fouling [7]. Susanto [21] showed
that the synergistic effect between polysaccharide and
protein resulted in a stronger reduction in flux than
individual solutes under the same conditions [21].
It was also reported that the synergy between
hydrophobic and hydrophilic natural organic matter
attributed membrane fouling [13]. However, no
significant synergistic effect was observed in the
experimental results with the HA/SA mixtures [8].
All of these inconsistent findings may have resulted
from differences in membrane properties, raw water
quality, experimental artefacts and extraction
procedures. Consequently, it is important to investi-
gate further the effects of foulant type on membrane
fouling under specific conditions.

In this study, one of the most commonly used
membranes, polyvinylidene fluoride (PVDF) ultrafil-
tration (UF) [22], was prepared by the phase separa-
tion method and membrane fouling experiments were
carried out with BSA, SA, HA and secondary waste-
water effluent (effluent organic matter (EfOM)). The
surface morphology of clean and fouled membranes
was investigated by atomic force microscope (AFM).

The dissolved organic carbon (DOC) removal rate and
molecular weight distribution of feed water and per-
meate were also used to reveal the fouling behaviour
of the membrane. The aim was to provide a visual
insight into the fouling behaviour of BSA, SA, HA
and EfOM to provide a theoretical basis for the pre-
vention and control of membrane fouling.

2. Materials and methods

2.1. Foulants

BSA (Mw=67kDa, Shanghai blue season biological
Co. Ltd., Shanghai, China), SA (Shanghai Guangfu
Reagent Co., Shanghai, China) and HA (Shanghai
Guangfu Reagent Co., Shanghai, China) (all in powder
form) were used to represent the protein, polysaccha-
ride and humus substances in wastewater. The BSA
and SA stock solutions (2 g/L) were prepared by dis-
solving the foulant in deionized (DI) water with no
pH adjustment. The HA stock solution (2 g/L) was
prepared by dissolving 2 g HA in 0.1mol/L (100ml)
NaOH solution and metering the volume with DI
water, which was carried out after vigorous agitation
for 24 h. Next, the SA and HA solutions were filtered
with a 0.45lm microfiltration membrane to remove
particles and insoluble matter. All the stock solutions
were stored in sterilized glass bottles at 4˚C. Prior to a
fouling test, the DOC concentration of each stock solu-
tion should be diluted to 6.4mg/L, which is equal to
the DOC concentration in EfOM.

The EfOM from the fourth sewage treatment plant
in Xi’an (China) was used as the actual wastewater. It
was filtered with a 0.45 lm microfiltration membrane
and stored at 4˚C before use.

2.2. Preparation of PVDF UF membranes

The flat-sheet PVDF UF membranes used in this
study were home-prepared by the phase separation
method as described previously [23]. Briefly, the
preparation process was as follows: PVDF (Solef
1015; Solvay Advanced Polymers Co., USA) and
PVDF (Sichuan Jiafeng Chemical Reagent Co., China)
(blend ratios 16/4 (wt/wt)) were dissolved in
dimethylacetamide (80wt%; Tianjin Fucheng Chemi-
cal Reagent Co., China) and mixed for 24 h at 60˚C
under vigorous stirring. The polymer solution was
allowed to stand for 1 day to allow air bubbles to
escape. The resulting homogeneous polymer solution
was uniformly spread onto a glass plate using a cast-
ing knife with a gap of 100lm. Next, the glass plate
with the cast solution was immersed immediately
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into a DI water bath set at a temperature of 60˚C.
The formed solid membranes were immersed in DI
to remove residual solvent for 5–7days. To minimize
the presence of water in the polymer, PVDF and
other additives were dried at the desired temperature
in a vacuum oven.

2.3. Membrane filtration set-up and filtration experiments

A laboratory-scale dead-end membrane filtration
set-up was used for the filtration experiments as
described previously [24]. The filtration set-up is
shown in Fig. 1. A membrane sample with an effective
filtration area of 28 cm2 was set up on the bottom of a
stirred dead-end cell. The stirred cell was also used as
a reservoir to hold the feed solution. A compressed
N2 cylinder was used to provide pressure for the
membrane sample. The pressure was kept constant
during the filtration time by a pressure gauge. An
electronic balance was connected with the data regis-
ter (computer) to continuously monitor the permeate
flux online. The membrane water flux was calculated
according to Eq. (1):

J ¼ V

A � t ð1Þ

where J is the membrane flux (in L/m2h), V is the
permeate fluid volume (in L), A is the effective mem-
brane area (in m2) and t is filtration time (in h).

One clean membrane was used for each fouling fil-
tration. The filtration protocol for BSA, SA, HA and
EfOM was as follows. The membrane was first pre-
compacted with DI water under 0.15MPa until the
membrane permeate flux reached a stable value. Then,
the transmembrane pressure was reduced to 0.1MPa
and the membrane was stabilized with DI water for
30min to reach a stable permeate flux, which was
evaluated in terms of the pure water flux of
membrane (J0). The aim of these steps was to ensure

that permeate flux changes during fouling filtrations
were solely attributed to the foulants, not to any struc-
tural changes caused by membrane compaction and
swelling [25]. Finally, the feed solution with desired
DOC was filtered through the membrane under
0.1MPa for 2 h. The changes in permeate flux were
monitored continuously throughout all fouling experi-
ments and the corresponding flux decline curves were
used to assess the membrane fouling trend. All foul-
ing experiments were conducted at 20˚C and at least
four replicates of the fouling experiments were carried
out for each type of foulant.

2.4. Analytical technology

The DOC was used to reflect the concentration of
dissolved organic matter in different wastewater sam-
ples and was determined using a total organic carbon
(TOC) analyser (TOC-L, CPN, Shimadzu Japan). A
Hitachi high-performance liquid chromatograph (LC-
2000, Japan) equipped with a gel column (Waters
Ultrahydrogel 250) was used to analyse the molecular
weight distribution of each sample using ultraviolet
light as detector. Poly(styrenesulfonate) samples with
molecular weights of 77, 17 and 4.3 kDa, and acetone
dissolved in Milli-Q water were used as standards for
calibration. The mobile phase was 0.05mol/L sodium
acetate solution. The flow rate was 0.6ml/L and a
sample injection volume of 25 lL was used. The sur-
face morphology of clean and fouled membranes was
analysed using a Multimode 8.0 AFM (Bruker,
Germany) with NanoScope V controller (Bruker) and
manufacturer-supplied software. All measurements
were performed under contact mode in air. A silicon
nitride SNL-10 (Bruker) probe with a spring constant
of 0.24N/m was used in this study. The scan area
was 5� 5 lm.

3. Results and discussion

3.1. Changes in membrane morphology

Fig. 2 shows AFM images of clean and fouled
membranes. The clean membrane displayed a homo-
geneous porous surface structure. For each fouled
membrane, a cake layer was formed on the mem-
brane surface. However, the surface morphologies of
BSA-, SA-, HA- and EfOM-fouled membranes dif-
fered. Compared with other fouled membranes, the
gel layer on the HA membrane surface appeared to
be looser and more porous. For the SA-fouled mem-
brane, the membrane surface was relatively less por-
ous, but seemed to be slightly looser. The EfOM-
fouled-membrane surface had not been completelyFig. 1. Schematic of membrane filtration set-up.
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covered by foulants and although there were obvious
pores on the membrane surface, its gel layer looked
more compact than those for HA- and SA-fouled
membranes. For the BSA-fouled membrane, most of
the surface pores were covered by foulants and its
gel layer seemed to be more compact. The above
conclusions could be further confirmed by the sur-
face roughness of the fouled membranes.

The average roughness of membranes fouled by
BSA, HA, SA and EfOM was 45.5, 70.1, 65.3 and
61.7 nm, respectively. It is clear that there was a close
relationship between surface roughness and the struc-
ture of the gel layer—the more compact the gel layer,
the lower its surface roughness. However, it should
be noted that the surface roughness of a clean mem-
brane was merely 15.3 nm, which is far smaller than
that of all fouled membranes. The increase in surface
roughness of fouled membranes may be attributed to
the accumulation of large macromolecular foulants on
their surface [26].

3.2. Molecular weight distribution of feed solution and
permeate analysis

The molecular weight distributions of the feed
solutions and permeates of SA, HA and EfOM are
shown in Fig. 3. The chromatogram of BSA samples is
not included because of its fixed molecular weight
(Mw=67 kDa). It can be seen from Fig. 3 that most Mw

of samples are lower than 10 kDa and the Mw distri-
bution of HA, SA and EfOM is very similar. There is
an evident decline in peak intensity of 0.5–4.0 kDa in
the EfOM permeate. Compared with the feed
solutions of SA and HA, the intensity of the peak of
4.1–4.2 kDa declined significantly in the respective
permeates. On the whole, the filtration experiments
did not cause significant changes in the Mw distribu-
tion of EfOM, SA and HA, and excluding a few
macromolecular foulants, removal of small molecular
substances in wastewater by UF membranes is
difficult. This is well explained by the studies of
Wang et al. who found that substances in the large
Mw range could be rejected in significant amounts by
membranes and accumulate on membrane surfaces,
which in turn cause membrane fouling [27].

Fig. 3. Molecular weight distribution of feed solution and
permeate for SA, HA and EfOM foulants.

Fig. 2. AFM images of clean and fouled membrane. The
scan area = 5� 5 lm. Fouling filtration time= 2h.
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In contrast, the substances in the relatively smaller
Mw range could penetrate through pores and the gel
layer [28]. However, we could observe that most of
the organic materials in the secondary wastewater
effluent were small molecular substances.

3.3. Membrane fouling experiments

Fig. 4 presents the variation in the flux during the
fouling period. To avoid the concentration effect, each
kind of feed solution was diluted to the same DOC
level of 6.4mg/L. The results clearly show that the
flux decline rate and extent of HA-fouled membrane
were at a minimum over the whole fouling period
compared with other fouled membranes. For SA-,
BSA- and EfOM-fouled membranes, there is a signifi-
cant flux decline rate and extent in the initial filtration
stage, while the flux decline rate and extent of SA-,
BSA- and EfOM-fouled membranes in the later
filtration stage are very gradual. Further, in the initial
filtration stage, the flux decline rate and extent of the
three kinds of fouled membranes follow the order
EfOM<SA<BSA. These discrepancies may be attrib-
uted to the difference between membrane–foulant
interactions, which was considered as the major factor
to control membrane fouling [29]. However, in the
later filtration stage, the flux decline rate and the
extent of the SA-fouled membrane were more severe
than those of BSA-fouled membranes. The flux pro-
files of BSA- and EfOM-fouled membranes were
equivalent. These changes could be attributed to the
variation in the leading position of membrane–foulant
and foulant–foulant interactions at different filtration
stages. That is, in the initial filtration stage, the
deposition of foulants on the membrane surface was
controlled by the interaction between the bulk

foulants and the membrane surface. With the
accumulation of foulants on the membrane surface,
the fouling behaviour is controlled by the interactions
between bulk foulants and the foulants deposited on
the membrane surface [30]. Thus, for EfOM-, SA- and
BSA-fouled membranes, there were significant differ-
ences between their flux decline order in the initial
and later filtration stages. On the other hand, it is
worth noting that the flux of the BSA-fouled mem-
brane declined by almost 70% in less than 10min of
filtration, which is much higher than the flux decline
extent of HA-, SA- and EfOM-fouled membranes at
the same filtration stage. This phenomenon could be
explained by the differences in molecular weight dis-
tribution of BSA, SA, HA and EfOM (Fig. 3). Most
molecular weights of SA, HA and EfOM were lower
than 10 kDa, whereas that of BSA was 67 kDa. Macro-
molecular BSA resulted in the fast blocking of mem-
brane pores and even in higher flux decline rate and
extent.

Combined with the analysis of AFM images in
section 3.1, it appears that the membrane fouling
behaviour was closely associated with the structure of
the gel layer on the fouled-membrane surface. The gel
layer on the HA-fouled membrane was seen to be
looser and more porous, and the flux decline rate and
extent of HA-fouled membrane were not significant;
on the other hand, for the BSA- and SA-fouled mem-
branes, these properties were almost the opposite.

Comparing the flux decline profiles of BSA-, SA-,
HA- and EfOM-fouled membranes, it is easy to see
that the flux decline profile of the EfOM-fouled mem-
brane was not completely identical with that of any of
the BSA-, SA- or HA-fouled membranes, indicating
that it is difficult to simulate the fouling behaviour of
complex actual wastewater by a single model foulant.

Furthermore, the extent of flux decline of the BSA-,
SA-, HA- and EfOM-fouled membranes was more than
50% during the 0–40min filtration period, and the flux
decline rate became very gradual in the later filtration
stage (less than 10%). It was clearly shown that mem-
brane fouling was more likely to occur in the initial
rather than in the later filtration stage. This phenome-
non is consistent with the previous observation that the
membrane flux decline rate and extent are dominantly
governed by the interaction between membrane and
foulants in the initial membrane filtration stage [29].

3.4. DOC removal rate analysis

The DOC values of the feed solution and permeate
were collected at different filtration times and are
depicted in Fig. 5. It was surprising to find that the
DOC removal rate of the HA-fouled membrane

0 20 40 60 80 100 120
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200
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Filtration time (min)

 EfOM
 SA
 HA
 BSA

Fig. 4. Variation of the flux during the fouling period.
Other experiments conditions: DOC of BSA, SA, HA and
EfOM=6.4mg/L, and applied pressure = 0.1MPa.

R. Miao et al. / Desalination and Water Treatment 52 (2014) 5061–5067 5065



reached 80%, whereas that for the BSA-fouled
membrane was less than 10%. This phenomenon did
not correspond well to the flux decline profiles of HA-
and BSA-fouled membranes. A possible explanation
would be the large differences between the molecular
structures of BSA and HA. The HA molecules could
cross-link with each other to form a porous and mesh
gel layer. The cross-linked molecular structure would
be well rejected by the membrane, and the porous
and mesh gel layer would result in a gentle flux
decline rate. In contrast, the ellipsoidal-shaped BSA
[31] could not cross-link and would pass more easily
through the membrane surface, resulting in a low
DOC removal rate. However, the molecular weight of
BSA is 67 kDa, which could cause severe pore plug-
ging in the initial stage of fouling and a sharp flux
decline. Further research needs to confirm this conclu-
sion. It is worth noting that the DOC of the permeate
increased slightly with filtration time. The increases in
DOC of all permeate samples might be mainly caused
by concentration polarization in the membrane sur-
face. Moreover, the DOC removal rate of secondary
wastewater effluent by the UF membrane was less
than 10%. This phenomenon was readily reflected in
the changes in the molecular weight distribution of
the feed solution and permeate of EfOM.

4. Conclusions

To reveal the fouling behaviour of PVDF UF mem-
branes by SA, HA, BSA and EfOM, a series of labora-
tory-scale fouling experiments were conducted and
the performance of feed solution, permeate, clean and
fouled membranes was investigated. Based on this
study, the following conclusions can be drawn.

(1) AFM images indicated a significant effect of the
foulant type on the surface morphology of the
gel layer. In addition, the fouled-membrane
surface roughness was closely related to the
structure of the gel layer. This phenomenon
was more obvious in BSA- and HA-fouled
membranes. For the HA-fouled membrane, a
porous and loose gel layer formed on the sur-
face, which resulted in higher surface rough-
ness. For the BSA-fouled membrane, the gel
layer on the membrane surface was more com-
pact and the surface roughness was lower.

(2) In molecular weight distribution analyses, it
was found that the largest proportion in the
SA, HA and EfOM feed solution was taken by
molecular weights below 10 kDa, which was far
below the molecular weight of BSA
(Mw=67 kDa). Filtration experiments did not
cause significant changes in the molecular
weight distribution of these solutions. It was
also found that the UF membranes used in this
study have barely any removal efficiency for
small molecular substances.

(3) The results of fouling experiments showed that
the fouling behaviours of BSA-, SA-, HA- and
EfOM-fouled membranes were different. None
of the single foulants (BSA, SA and HA) could
completely simulate the fouling behaviour of
complex actual wastewater (EfOM). Further-
more, membrane fouling mainly occurred in
the initial filtration stage, that is, membrane
flux decline rate and extent were dominantly
governed by the interactions between mem-
brane and foulants. Combined with the AFM
images, it was clear that there was a strong
correlation between flux decline rate and the
structure of the gel layer on fouled membranes.
In addition, membrane fouling was mainly
caused by macromolecular foulants, which was
well reflected by the molecular weight
differences of the feed solution and permeate.

(4) The DOC removal rate showed that small mole-
cule foulants in wastewater are difficult to
remove by the UF membrane. However, further
research is needed to confirm the phenomenon
that the DOC removal rate of HA is the highest
and the flux decline rate of the HA-fouled
membrane is the lowest.
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