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ABSTRACT

The fouling behavior of nanofiltration (NF) membranes by proteins bovine serum album
(BSA), lysozyme (LYS), and humic acids (HA), as well as their mixtures was studied in a
cross flow bench-scale cell. The similarities and differences of the effects of pH on single
and mixed organic foulant systems were compared by analyzing the size distribution and
zeta potential of foulants in the feed, and in conjunction with the characterization of fouled
NF membranes, respectively. Results showed that the fouling behaviors of both single and
the mixed systems were significantly correlative with solution pH, moreover BSA/LYS
combined with HA appeared more aggravated fouling behavior than single foulant within
the test pH range. For solution pH, this can affect interactions of foulants–foulants and fou-
lants–membrane by changing zeta potential of them. Also, therefore, zeta potential value
could be used to predict the fouling behavior of NF. Considering the experimental results,
more severe fouling behavior by not only single (HA, BSA, and LYS), but mixed systems
(BSA +HA and LYS +HA) occurred at acidic and neutral solution pH.
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1. Introduction

Nanofiltration (NF) as an effective purification and
separation technology is widely and increasingly used
to produce pure water and separation multivalent dis-
solve inorganic salt from brackish water or wastewater
[1–6]. NF membrane fouling, which may decrease
water production and desalination during filtration
and increase operating costs caused by frequent plant

shutdowns for in situ membrane cleaning, is a
problem that requires immediate attention [7,8].

NF membrane fouling involves inorganic salt foul-
ing or scaling, natural organic matter (NOM) fouling,
biofouling, and fouling by colloidal particle [9–12].
NOM, such as organic acids and proteins in water
and wastewater, is identified as the major factor in
dominating NF membrane fouling. Moreover, a
number of studies about the fouling behavior and
mechanism of organic foulants on the membrane are
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available, and the consensus among these reports have
shown that fouling aggravation occurs with the forma-
tion of the fouling gel/cake on the membrane [13–15].
Contreras et al. [16] have investigated the effect of
functional groups of single protein on foulant absorp-
tion and fouling cake formation on NF and reverse
osmosis membrane. In addition, NF membranes’ sur-
face with different charge is also related to organic
fouling behavior. Their studies emphasized that elec-
trostatic force between the foulant and membrane sur-
face functional groups has a domination role on
fouling potential [17–19]. Existing literatures illus-
trated that the zeta potential of the organic foulants as
characterization of electrostatic force can be influenced
by solution pH [20,21]. For example, Jones et al. [22]
investigated the effect of solution pH on single humic
acids (HA) foulant, and the results indicated that the
decreasing of solution pH can weaken the zeta poten-
tial of HA and lead to increasing fouling rate, which
was attributed to the lack of electrostatic repulsion
between the molecules. Additionally, the fouling
behavior of single bovine serum albumin (BSA) pro-
tein on the microfiltration (MF) and ultrafiltration
membranes has also been studied, and their conclu-
sions indicate that the most severe fouling behavior
occurs near the isoelectric point (IEP) of BSA [23].

In real wastewater, the typical feed solution for NF
membrane usually contains different foulants, and the
fouling mechanisms are more complex due to not just
the interaction between foulants and membrane, but
also the interaction between variant foulants. Rela-
tively, few studies have reported interactions between
different organic foulants with respect to influence of
zeta potential. Palacio et al. [24] studied that effect of
mixed BSA and lysozyme (LYS) composition on MF
fouling showed that mixtures with amounts of BSA
decreasing fouled more slowly than observed with
either of the pure proteins, which may be attributed to
electrostatic interactions between the BSA and LYS.
On the contrary, a majority of investigations on foul-
ing by mixed foulants addressed that the fouling by
the mixture of BSA and alginate revealed more severe
compared to that induced by BSA and alginate alone
[25,26]. Wang et al. [27,28], in a study of the zeta
potential of two types of proteins, describe that experi-
enced more severe flux decline by the mixed proteins
occurred within the IEPs of the two proteins. There-
fore, characterization of such organic inter-foulant-
compound interactions, including the zeta potential
value of single/mixed organic foulant is important for
understanding of membrane fouling mechanisms and
anticipating the fouling degree on NF membrane.

This study aims to investigate the regular
zeta potential of foulants that affect the single- or

mixed-fouling system of NF membrane. HA and
proteins are identified as the major organic matters in
water and wastewater and considered to be wide-
spread in membrane fouling, as well as their mixed
foulants. The BSA and LYS are used as oppositely
charged macromolecules, whereas HA is used as an
example of smaller organic molecule comparing with
the proteins. This study also aims to identify the simi-
larities and differences of the effect of zeta potential
on single- and mixed-fouling mechanisms by compar-
ing the permeate flux loss of the fouled NF
membranes, characterizing the aggregation and zeta
potential of foulants by dynamic light scattering
(DLS), and characterizing the virgin and fouled mem-
branes by atomic force microscopy (AFM) and Fourier
Transform infrared spectroscopy (FT-IR). The zeta
potential values of the foulants are used as the indices
of the fouling behavior of NF membrane and degree
at constant operation pressure.

2. Materials and methods

2.1. Model organic foulants

HA (Sigma-Aldrich 53,680) was dissolved into ultra-
pure water as stock solutions (1 g L−1) adjusted to pH
9.05 with NaOH, given the low acidic property of HA.
Each HA foulant solution was prepared by diluting the
required amount of foulant solution to experimental
mass concentration. BSA (Sigma–Aldrich A1933, ≥98%
purity) and LYS (Sigma–Aldrich L6876, ≥90% purity)
were used as model protein foulants and stored at 4˚C
in the dark. All reagents and chemicals were of analyti-
cal grade with purity over 99%, unless otherwise speci-
fied. Ultrapure water (Milli-Q, resistivity of 18.2 MΩ)
was used to prepare the working solutions.

2.2. NF membrane

The membrane investigated in this study was a
highly antifouling, thin-film composite NF (GL by GE
Osmonics, Inc., US). The test membranes were placed
in ultrapure water, which was replaced every week.
The membrane had a molecular weight cut-off of
150–300 Da, and the rejection of 2,000 mg L−1 MgSO4

was above 96% at the operation pressure of 110 psi.
The contact angle of the GL membrane was 30.1˚. The
GL membrane had a smooth surface with average
roughness (Ra) = ~13.4 nm and root-mean-square
roughness (Rq) = ~16.2 nm.

2.3. Membrane filtration test

NF experiments were performed in a laboratory
scale cross-flow membrane filtration system that
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consists of a membrane cell made of 316 L stainless
steel with an active membrane area of 19.6 cm2. A
gear pump that adjusts the cross-flow velocity
(WT3000-1JB-A; Longer Pump, China) was used to
transport the feed solution. The applied pressure and
cross-flow velocity inside the test cell were adjusted
using a needle valve and monitored using a pressure
transmitter (0–25 bar; SSI Technologies, Inc., China).
Permeate flux was measured with an electronic bal-
ance (Ohaus Instruments Co., Ltd, China), and the
obtained data were recorded by a computer data log-
ging system. During filtration, the permeation and
retention were recycled back to the feed tank at prede-
termined periods to avoid the influence of the concen-
tration variation of organic pollutants on the osmotic
pressure in the feed.

For each filtration, the new membrane was placed
in ultrapure water until loaded into the test cell. The
new membrane was initially compacted in pure water
for 2 h to ensure the stability of permeate flux before
the fouling test. For all experiments, the applied pres-
sure was set at 70 psi and the cross-flow velocity at
0.08 m s−1. Model organic foulant solutions consisted
of dissolved HA, BSA, or LYS alone and equal
amounts of dissolved BSA + or LYS +HA mixed sys-
tem (i.e. the mass ratio of BSA and HA at 1:1 w/w).
And total ionic strength of all feed solution was
10 mM adjusted by NaCl. The zeta potential values of
single and mixed systems were adjusted by changing
the pH using NaOH or HCl solution. Filtration tests
that only contained single or mixed organic fouling
system were continued for approximately 30 h to
obtain the desired decline in the amount of flux at the
end of the test.

2.4. Determination of foulant zeta potential

The zeta potential of single foulant (HA, BSA, and
LYS) or mixed foulants (BSA +HA and LYS +HA) in
the feed solution was measured using a Zetasize
Nano-ZS (Beckman Coulter, Inc., USA). All model
fouling systems were used in the measurements prior
to the filtration experiments, and each condition was
measured in at least two replicates.

2.5. Attenuated total reflection-Fourier Transform infrared
spectroscopy

Attenuated total reflection-Fourier Transform
infrared spectroscopy (ATR-FT-IR) was employed to
identify the functional groups on the virgin and
fouled NF membrane surfaces and to analyze the com-
position of the potential foulants. ATR-FT-IR used

T27-Hyperion-Vector 22 (Bruker, Germany), and scans
were performed at a wavelength of 4,000 and
500 cm−1. Prior to ATR-FT-IR analysis, all membrane
samples were dried in a desiccator to prevent interfer-
ence by feed solution.

2.6. Atomic force microscopy measurements

AFM (Bruker Multimode 8, Germany) was used to
measure the roughness of the virgin and fouled NF
membranes, as well as compare and identify the ten-
dency of different fouled NF membranes according to
tests. All testing samples were measured in tapping
mode in air at room temperature and were conducted
using SiN-type cantilevers (DNP-10, 0.35 N m−1,
Bruker) [29]. The images of all samples were acquired
over areas of 500 × 500 nm.

2.7. Dynamic light scattering measurements

The instrument Dynapro Titan TC (Wyatt Technol-
ogy, US) was used on the light scattering DLS
measurements for single and mixed foulants size
determination and aggregation degree. The solutions
were placed in the sample chamber that was tempera-
ture regulated for measurements at 25˚C. Samples
were filtrated by 0.45-μm filter membrane.

3. Results and discussion

3.1. Effect of pH on single fouling system

The effect of pH on membrane fouling was investi-
gated using single HA, BSA, or LYS system, while
keeping the total feed organic foulant concentration at
20 mg L−1. Fig. 1(a) shows that the effect of pH value
on HA membrane fouling behavior was not signifi-
cant, and the permeate flux did not vary until 15 h of
the experiment. The most fouling behavior occurred at
pH 4.5, and the decline ratio of permeate flux was
approximately 10.0% over 30 h. However, the flux
declines at other pH values were not obvious and less
than 4.9% decline, which may be attributed to the
mass reduction of HA deposited on NF membrane
with increasing of pH [14]. Fig. 1(b) and (c) show the
effect of pH on macromolecule (BSA and LYS) fouling
behavior on the membrane, respectively. The permeate
flux of the NF membrane fouled by single BSA system
decreased by 11.2, 8.4, 5.4, and 4.5%, and that of single
LYS system decreased by 10.7, 15.3, 15.4, and 8.6%,
respectively, within the range of pH 4.5–10.5 over
30 h. The most severe fouling behaviors by BSA or
LYS proteins alone occurred at pH 4.5 or 8.5,
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respectively, moreover the pH values were closed to
isoelectric points of the corresponding BSA and LYS
[15,21].

3.2. Effect of pH on mixed fouling system

The effect of pH on membrane fouling by BSA +
HA and LYS +HA mixed systems was investigated,
while keeping the total foulant concentration at
20 mg L−1 and the concentration ratio of BSA (LYS):
HA at 1:1 w/w. Fig. 2(a) and (b) demonstrate the
effect of pH on BSA +HA and LYS +HA mixture
fouling within pH range of 4.5–10.5. Fig. 2(a) shows

Fig. 1. Effect of solution pH on single system (HA, BSA, or
LYS) in the presence of inorganic salt and total pollutant
concentration of 20 mg L−1. (a) HA-fouled, (b) BSA-fouled,
and (c) LYS-fouled behavior. Test conditions: ionic
strength of 10 mM at 25˚C.

Fig. 2. Effect of solution pH on mixed system in the
presence of inorganic salt and total pollutant concentration
of 20 mg L−1. (a) BSA +HA fouling system and (b)
LYS-HA fouling system. Test conditions: ionic strength of
10 mM at 25˚C.
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that the permeate flux at pH 4.5 and 6.5 evidently
declined at the first stage. The fouling behavior of
BSA +HA at pH 4.5 was the severest among the foul-
ing behavior at other pH values, and the flux declined
by 53.2% over 30 h. The flux also declined by 43.5% at
pH 6.5. However, the fouling behaviors of BSA +HA
at pH 8.5 and 10.5 were the slight, with the flux rate
declined to only 11.1 and 6.3%, respectively. Similar
phenomenon was observed in the fouling behavior of
LYS +HA mixture on the NF membrane, wherein per-
meate flux loss occurred at the initial stage under
acidic condition. However, the severest fouling of
LYS +HA occurred at pH 6.5, and the flux declined
by 52.4% over 30 h of fouling test in Fig. 2(b). The per-
meate flux of LYS +HA declined by 43.8% at pH 4.5,
by contrast, flux losses at pH 8.5 and 10.5 were less
and only 20.4 and 13.8%, respectively. The macro-
molecular polymers formed by BSA/LYS and organic
acid were easily absorbed on the membrane; hence,
the permeate flux declined obviously at acidic and
neutral conditions [17,20].

3.3. AFM characterization of virgin and fouled NF
membrane

Membrane surface roughness was measured based
on AFM images of virgin and the most severe fouling
membranes by single foulant alone, as shown in
Table 1 and Fig. 3. The virgin DL membrane revealed
a relatively smooth and homogenous surface structure,
with Ra of 13.4 nm and Rq of 16.2 nm according to
Fig. 3(a). As the fouling behavior of NF membrane by
HA, BSA, or LYS alone was slight, the severest fouled
membranes by HA at pH 4.5, BSA at pH 4.5, and LYS
pH 8.5 were measured, respectively. The Ra value of
the membrane fouled by HA, BSA, or LYS is 17.2,
17.9, or 21.5 nm, respectively, and Rq of the membrane
fouled by HA, BSA, or LYS was 21.2, 22.1, or 26.5 nm,
respectively. Combination of the above permeate flux
declines discussion, the rougher surface indicates the
more severe fouling behavior.

Figs. 4 and 5 show the AFM images of the
membrane fouled by mixed foulant BSA +HA and

Table 1
Surface roughness parameters of virgin and fouled membrane by single foulant

Virgin membrane HA fouled (pH 4.5) BSA fouled (pH 4.5) LYS fouled (pH 8.5)

Ra (nm) 13.4 17.2 17.9 21.5
Rq (nm) 16.2 21.2 22.1 26.5

Fig. 3. AFM images of (a) virgin membrane, (b) HA-fouled membrane at pH 4.5, (c) BSA-fouled membrane at pH 4.5,
and (d) LYS-fouled membrane at pH 8.5.

Fig. 4. AFM images of BSA +HA-fouled membrane at pH (a) 4.5, (b) 6.5, (c) 8.5, and (d) 10.5.
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LYS +HA, wherein the Ra and Rq values of BSA +HA-
fouled, or of LYS +HA-fouled membrane at variant
pH are depicted in Table 2. For BSA +HA system, Ra

values increased from 17.0 to 25.9 nm with solution
pH lower. Similarly, Ra values enhanced with decreas-
ing of pH at LYS +HA system. However, the most Ra

values occurring at pH 6.5 was 29.5 nm. The increased
roughness of the fouled membrane was due to the
accumulation of mixed organic aggregates on the
membrane surface [30–32].

3.4. Zeta potential of single/mixed system

The interaction of single or mixed fouling system
transformation at different zeta potential values was
investigated. Fig. 6 shows that zeta potential values of
single (HA, BSA, and LYS) and mixed systems (BSA +
HA and LYS +HA) were presented at a pH range of
4.0–11.0. Fig. 6(a) shows that the zeta potential of HA
was negative from –23.6 ± 1.6 mV to –37.4 ± 2.7 mV at a
pH range of 4.1–10.9. Furthermore, the zeta potential
values of BSA and LYS decreased as increasing solution
pH. The IEP of BSA and LYS was at pH 4.7 and 10.1,
respectively, according to the values measured by zeta
potential equipment and reported in the literature
[27,33]. As Fig. 6(b) illustrated, the IEPs of BSA +HA
and LYS +HA mixed matters migrated to acid when
the protein solution mixed with the equal mass concen-
tration of HA in the solution. The IEP of BSA +HA
mixed system appeared at < ~pH 4.0 comparing with
4.7 of BSA, whereas the IEP of LYS +HA mixed system
migrated further and appeared at ~pH 6.5 comparing
with 10.1 of LYS. The zeta potential of BSA +HA

declined from –4.8 ± 2.3 mV to –40.1 ± 0.6 mV, and
that of LYS +HA also declines from 15.4 ± 0.4 mV to
–21.5 ± 0.1 mV with enhancing the solution pH. This
results were attributed to the composition of BSA-HA/
(LYS-HA) aggregations by hydrophobic groups, hydro-
gen bond, or electrostatic interaction [34].

Fig. 5. AFM images of LYS +HA-fouled membrane at pH (a) 4.5, (b) 6.5, (c) 8.5, and (d) 10.5.

Table 2
Comparison of fouled NF membrane surface roughness by
BSA +HA and LYS +HA at variant pH

BSA +HA (pH) LYS +HA (pH)

4.5 6.5 8.5 10.5 4.5 6.5 ‘8.5 10.5

Ra (nm) 25.9 24.8 17.9 17.0 27.5 29.5 21.5 20.5
Rq (nm) 31.4 37.4 22.1 21.5 34.8 34.4 26.5 25.3

Fig. 6. Zeta potential of single and mixed systems as a
function of pH. (a) Single system: HA, BSA, and LYS; and
(b) mixed system: BSA +HA and LYS +HA. Similar mass
concentration was maintained for both single and mixed
systems. At least two replicates were performed for each
pH value.
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3.5. Comparison of zeta potential on single/mixed fouling
system

Table 3 depicts the permeate flux decline ratio of
single and mixed foulant systems at different zeta
potential values over 30 h of filtration, wherein the
mass concentration of solute and hydraulic conditions
was the same. Fig. 7 illustrates that the fouling degree
of single HA system aggravated with zeta potential

value of HA lower. Relatively, the most severe fouling
by BSA and LYS system occurred at 4.2 and 5.1 mV,
respectively, closed to zero potential. This result was
attributed to the more organic molecules deposited on
the membrane with lower zeta potential value, thereby
forming thicker and tighter “cake” on the membrane
[22,27]. However, when zeta potentials of BSA and
LYS were –7.5 and –5.7 mV, respectively, near zero
potential, the permeate flux declines of both BSA and
LYS system were about two thirds of declines by cor-
responding positive charge. Which was attributed that
BSA or LYS aggregates with positive charge adsorbed
more easily on the membrane surface by electrostatic
attraction, considering that polyamide effective rejec-
tion layer of NF membrane was negative charge. Com-
paring two single protein fouling systems, the
results indicated that the permeate flux loss at 30 h
was just 5.0%, when the zeta potential of BSA was
≥–16.4 mV, similarly, when the zeta potential of the
LYS was ≥17.2 mV, the permeate flux loss at 30 h was
only 8.0%. For single fouling system, the electrostatic
force between the molecules held a dominant position,
wherein the lower zeta potential value of the single
system means the more severe permeate flux. For
BSA +HA mixed foulants, the most decreasing of
flux achieved 52.0% and occurred at zeta potential
of –13.5 mV. Within the zeta potential range of –13.5
to –34.5 mV, BSA-HA polymer aggregated by

Table 3
Permeate flux decline and zeta potential of single and mixed systems as a function of pH. Single system: HA, BSA, and
LYS; and mixed system: BSA +HA and LYS +HA. Similar mass concentration was maintained for both single and mixed
systems. At least two replicates were performed for each pH value

pH 4.5 pH 6.5 pH 8.5 pH 10.5

Zeta
potential
(mV)

Permeate
flux
decline (%)

Zeta
potential
(mV)

Permeate
flux
decline (%)

Zeta
potential
(mV)

Permeate
flux
decline (%)

Zeta
potential
(mV)

Permeate
flux
decline (%)

HA –24.7 9.7 –27.0 4.5 –29.3 4.3 –35.8 3.9
BSA 4.2 11.2 –7.5 7.8 –16.4 5.0 –21.1 4.5
LYS 17.2 8.0 11.1 13.8 5.1 17.3 –5.7 8.6
BSA +HA –13.5 52.0 –34.1 42.1 –35.4 10.5 –38 5.8
LYS +HA 15.0 42.4 0.1 52.1 –20.2 20.9 –20.7 12.3

Fig. 7. Effect of zeta potential of single/mixed systems on
permeate flux declines.

Table 4
Size distribution of single protein foulants at variant pH

BSA (pH) LYS (pH)

4.5 6.5 8.5 10.5 4.5 6.5 8.5 10.5

Mean diameter (nm) 8.4 7.3 6.9 5.3 5.5 5.8 7.2 5.9
%Pd 33.3 17.2 29.1 52.9 17.6 62.7 37.4 37.6
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hydrogen bond or hydrophobic group was present,
and aggravates fouling on the NF membrane. Thus,
the decline in permeate flux by BSA +HA was over
40% at 30 h. With the increased pH value above 8.5,
the zeta potential of BSA +HA was superior at
–35.4 mV. The fouling degree alleviated to 8.5%. Simi-
lar fouling behavior occurred at LYS +HA mixed sys-
tem within zeta potential of 15.0 to –20.7 mV. As
Fig. 7 shown, the zeta potential value of LYS-HA at
pH 6.5 was the lowest and only 0.1 mV, indicating

that more LYS-HA polymers formed by hydrogen
bond or hydrophobic group can be absorbed on the
membrane surface. This phenomenon was the severest
fouling with permeate flux loss of over 50%. The zeta
potential value of LYS-HA was 15.0 and –20.2 mV at
pH 4.5 and 8.5, respectively. However, permeate flux
loss at 15.0 mV was twice than that at –20.2 mV. This
result indicated that positively charged LYS-HA
aggregate can absorb more easily on the membrane
than negatively charged one. With the pH value
increased to 10.5, stronger electrostatic repulsive force
between the LYS-HA aggregate monomers can hinder
further polymer formation.

As for the effect of the fouling cake layers on the
membrane fouling behavior, the polymers aggregated,
and membranes fouled by both single and mixed fou-
lants at variant pH values were presented by the DLS
and ATR-FT-IR, respectively. Tables 4 and 5 show the
intensity size distribution and aggregation for both
single protein and mixed foulants measured at differ-
ent pH. For single BSA system, within pH 4.5–10.5,
the size distributions were 8.4–5.3 nm, respectively.
Moreover, the size distribution of mono BSA molecule
was about 3.6 nm. The results suggested that the feed
contained multi-aggregates of two and three BSA par-
ticles below pH 8.5; reversely, the main existence in
the feed was BSA monomer at pH 10.5. For single LYS
system, within pH 4.5–10.5, the major peak in the size
distribution was 5.5–7.2 nm, respectively. Moreover,
the size distribution of mono LYS molecule was about
1.9 nm. Comparing with BSA system, the results illus-
trated that LYS molecules can connect covalently, and
form polymer easily by disulfide bond between LYS.
While BSA (LYS) combined with HA, aggregation of
BSA-HA/LYS-HA can increase 1–2 times than that of
BSA or LYS alone within the range of pH 4.5–10.5. As
the molecular size of HA was the range of 0.3–0.9 nm,
onefold formation, which proteins wrapped with HA,
can hardly form the aggregation according to Table 5.
Therefore, the results indicated that HA can be
attributed to bridging between macro-molecules, e.g.
BSA or LYS.

As shown in Fig. 8(a), the characteristic peaks of
BSA and LYA proteins were at the wavelength of

Table 5
Size distribution of mixed foulants at variant pH

BSA +HA (pH) LYS +HA (pH)

4.5 6.5 8.5 10.5 4.5 6.5 8.5 10.5

Mean diameter (nm) 12.1 12.8 7.3 6.9 9.8 9.6 8.5 5.5
%Pd 84.0 18.3 59.0 44.8 25.0 16.6 11.5 44.8

Fig. 8. ATR-FT-IR spectra of (a) single foulants and (b)
virgin and fouled membranes by mixed system (BSA +HA
and LYS +HA) at different pH values.
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3,313, 2,960, 2,928, 1,653, and 1,537 cm−1. The peaks
identifying HA organic acid at the wavelengths of
1,570, 1,377, and 1,032 cm−1 and the weak peak at
3,400–3,000 cm−1 represented the phenolic or alcohol
hydroxyl groups. The broad peak at the wavelength of
3,360 cm−1 was a complex one because of the overlap-
ping of N–H stretching and carboxylic groups of the
polyamide layer, whereas the relative weak peaks at
2,945 and 2,887 cm−1 can be assigned to the C–H
stretching vibration of aliphatic chain [8]. As shown in
Fig. 8(b), with the spectra in the range of 1,600–
800 cm−1, a relatively weak peak observed at the
wavelength of 873 or 833 cm−1 corresponded to 1,4-
disubstituted benzene. In addition, the spectra exhib-
ited evident absorbance at 1,584, 1,503, and
1,487 cm−1, which were the characteristic for polysul-
fone [35]. The DL membrane had higher intensity for
some peaks; for example, at wavelengths of 1,242,

1151.5, and 1,105 cm−1, most peaks corresponded to
the hydrophilic functional groups of polyamide layer.
After 30 h of filtration by mixed foulants at different
pH values, the fouled NF membranes show that sev-
eral diagnostic peaks disappeared, and some novel
peaks that identified the potential foulants could be
found. For instance, the broad peak N–H stretching
and carboxylic groups at the wavelength of 3,358 cm−1

disappeared when the pH value was lower than 6.5 at
BSA +HA mixed system. Moreover, novel peaks iden-
tifying BSA protein and HA organic acid were
observed at the wavelengths of 1,653 and 1,533 cm−1

and 1,033 and 912 cm−1, respectively. However, the
peak identifying the protein functional groups at the
wavelength of 3,313 cm−1 was yet to be discovered,
because the main foulant forming the “cake” on the
membrane was -[BSA-HA]n- polymer. However, when
the pH value of BSA +HA mixed system was superior

Fig. 9. Description of aggregate formation and fouling behavior of BSA +HA at pH (a) 4.5, (b) 6.5, (c) 8.5, and (d) 10.5.
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at 8.5, stronger peaks appeared at 1,093, 1,033, and
912 cm−1. This result demonstrated that the domi-
nantly formed foulant absorbed on the membrane was
HA, and HA-BSA-HA aggregate monomers in the
feed solution, according to the identified functional
groups on the membrane. Similar results were pre-
sented by the characteristic of NF membrane fouled
by LYS +HA mixed systems at variant pH values, as
shown in Fig. 8(b), which depicted the formation of
-[LYS-HA]n- polymer at the LYS +HA system with a
pH ranging from 4.5 to 6.5. With the pH value shifted
to 8.5, the main fouling formation converted
-[LYS-HA]n- polymer into HA-LYS-HA aggregate
monomers. At pH 10.5, the main foulants formed and
absorbed on the membrane were HA-LYS-HA aggre-
gate monomers or LYS-LYS (HA-HA).

3.6. Proposed mixed fouling mechanism and foulant
structure

Using the model organic foulants, solution pH was
a significant factor on the NF membrane fouling
behavior because of its effect on the aggregate compo-
sition of protein and organic acid. Moreover, the
model fouling systems and fouling membrane at vari-
ant pH were verified by Zetasize Nano-ZS, DLS,
AFM, and ATR-FT-IR analyses, respectively. The foul-
ing mechanisms of BSA (LYS) and HA mixed foulants
at variant pH values were depicted in Figs. 9 and 10.

During the fouling in BSA +HA system, the
organic macromolecules tended to be a curl of clusters
by the interaction of hydrophobic functional group
and hydrogen bond between BSA and HA [36]. There-
fore, more molecular weight and complex space

Fig. 10. Description of aggregate formation and fouling behavior of LYS +HA at pH (a) 4.5, (b) 6.5, (c) 8.5, and (d) 10.5.
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dimension of -[BSA-HA]n- polymer aggregated at low
pH (≤~6.5), following the absorbance of polymer on
the membrane, changing the hydrophilicity and
roughness of the membrane surface, and finally foul-
ing cake formation led to permeate flux decline. In
particular, when the solution pH value was about 4.5,
the electrostatic attractive force between BSA and HA
contributed to the bridged interaction and formation
of tighter polymer in the solution [37]. This result led
to severest flux decline. At pH 6.5, the molecular inter-
action between BSA and HA mainly existed in the
solution; however, electrostatic repulsion between BSA
and HA may weaken this interaction. Thus, the den-
sity of polymer at pH 6.5 was looser than that at pH
4.5. With pH value enhanced to above 8.5, the electro-
static repulsion between BSA and HA may further
enhance and become dominant. Therefore, HA mole-
cules may no longer function as the bridge between
proteins. On the contrary, a part of HA molecules was
absorbed on the BSA macromolecules. Furthermore,
an amount of free HA molecules at the ambient BSA
macromolecules formed a similar barrier layer through
the strong electrostatic repulsive force between BSA
and HA. The polymerized monomers of HA-BSA-HA
with strong negative charge were stable that the
monomers could not aggregate polymer -[BSA-HA]n-
in the solution, according to extended DLVO theory
[38,39]. Moreover, the electrostatic repulsion between
monomer and membrane surface decreased the adhe-
sion of organic foulant on the membrane.

For LYS +HA system, HA molecules can also pri-
marily bridge LYS molecules through the interaction
of hydrophobic group and hydrogen bond. Moreover,
larger molecular and more complex space dimension
of -[LYS-HA]n- polymers including a hydration layer
can provide energy during absorption at low pH
(≤~8.5), following the increased amount of polymer
absorbed on the membrane and finally, fouling cake
formation leading to permeate flux decline [40]. In
particular, when the solution pH was approximately
6.5, the zeta potential value of -[LYS-HA]n- polymer
was about 0.1 mV, and the electrostatic force among
the polymers was the weakest. Thus, polymers with
compact structure in the solution led to rapid foulant
deposition and resulted in severest flux decline
[24,41]. Both monomer and polymer of LYS-HA in the
feed were presented at pH 4.5 and 8.5, when their zeta
potential values are 15.0 and −20.2 mV, respectively.
Electrostatic repulsion in -[LYS-HA]n- polymer may
weaken the compactness of the polymer structure.
Thus, the density of foulant on the membrane at pH
4.5 or 8.5 was looser than that at pH 6.5. With the pH
value enhanced to 10.5, the electrostatic repulsion
between LYS and HA may further enhance and

become major factor. Therefore, HA molecules may no
longer function as the bridge between macro-molecule
proteins. On the contrary, HA molecules form a simi-
lar barrier layer at the ambient LYS molecules by the
strong electrostatic repulsion. Furthermore, the forma-
tion of polymerized monomer HA-LYS-HA with
strong negative charge was stable that the monomers
could not aggregate -[LYS-HA]n- polymer in the solu-
tion. The electrostatic repulsion between monomer
and membrane surface also decreased the adhesion of
organic foulant on the membrane.

4. Conclusion

This study investigated the characteristics of single/
mixed organic foulants on NF membrane and the effect
of solution pH on single or mixed fouling system.

(1) The fouling behavior of the mixed system was
severer than that of the single system under
the same experimental conditions. When the
pH was above 6.5, the organic fouling degree
decreased with increasing solution pH.

(2) The most dramatic fouling in single and mixed
systems appeared near the IEPs (single system:
HA, BSA, and LYS at −24.7, 4.2, and 5.1 mV,
respectively; and mixed system: BSA +HA and
LYS +HA at −13.5 and 0.1 mV, respectively).
When BSA (or LYS) and HA exhibited opposite
charges, the electrostatic attractive force
between BSA (or LYS) and HA can form BSA
(LYS)-HA aggregate monomers. Moreover, the
zeta potential value of aggregate monomers
was low, the hydrogen bond and hydrophobic
interactions of BSA-/LYS-HA were dominant,
and protein and organic acid were polymer
-[BSA-/LYS-HA]n-. When BSA (or LYS) and
HA had weaker-like charges, the hydrogen
bond and hydrophobic group between BSA (or
LYS) and HA can take over and form polymer
-[BSA-/LYS-HA]n-, which mainly existed along
with BSA-/LYS-HA in the feed. When BSA (or
LYS) and HA had higher-like charges, the
stronger electrostatic repulsive force between
BSA (or LYS) and HA can hinder the formation
of BSA (LYS)-HA aggregate monomers, and
BSA (LYS)-HA, BSA (LYS)-BSA (LYS), and
HA-HA were mainly formed.

(3) When analyzing the zeta potential value and
composition of foulants in the feed with a com-
plex system, zeta potential can be considered
as the predictor of fouling behavior, and the
basis to clean the NF membrane.
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