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ABSTRACT

The Extended Derjaguin–Landau–Verwey–Overbeek approach was used to investigate the
mechanism of membrane fouling control with potassium permanganate (KMnO4)
pre-oxidation in an ultrafiltration (UF) system. The polymeric membrane, made of polyvinyli-
dene fluoride (PVDF), was selected as membrane material in the investigation. Results demon-
strated that KMnO4 pre-oxidation increased the hydrophilicities of both membrane material
and organic colloid and that the absolute value of calculated total interaction energy decreased
by 33.5 and 33.6%, respectively, indicating the amelioration of membrane fouling. The results
of transmembrane pressure and membrane resistance confirmed the mitigation of membrane
fouling. It was found that the average pore size of the membrane material was decreased
when UF system was subjected to KMnO4. The characteristics of influent organic colloids were
changed due to KMnO4 pre-oxidation.

Keywords: Ultrafiltration; Potassium permanganate; Pre-oxidation; XDLVO approach;
Contact angle; Membrane fouling

1. Introduction

Membrane technology has been widely used in the
environmental protection [1], pharmaceutical indus-
tries [2], and water treatment [3,4]. Ultrafiltration (UF)
technique has attracted considerable attention due to
its capacity to produce pathogen-free filtrate in drink-
ing water supplies [5–8], more effective in reducing
pathogenic risk than the conventional sand filtration
method [9,10]. Nevertheless, membrane fouling is a
serious impediment to using UF as a substitute for
conventional drinking water treatment processes.

Natural organic matters (NOMs) have been regarded
as major contributors to membrane fouling [11,12].
The inevitable NOM in the feed water to a UF system
is the main cause of membrane fouling. The develop-
ment of effective methods to remove or transform
NOM is essential for the broader application of mem-
brane technology in water treatment systems [13]. The
pretreatment of feed water is often used for the
removal of NOM to alleviate membrane fouling [14].
Pre-oxidation, an effective pretreatment method, has
been widely used to remove or change the properties
of NOM [15–18]. Previous studies have demonstrated
that the pre-oxidation of feed water significantly miti-
gates membrane fouling, which is primarily attributed
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to changes of NOM molecular characteristics [19,20].
H2O2/UV pre-oxidation of raw water significantly
reduces membrane fouling by transforming hydropho-
bic NOM into hydrophilic fractions [21]. Potassium
permanganate (KMnO4) has been widely used in pre-
oxidation process to remove the precursors of disinfec-
tion by-products in water. Pre-oxidation of UF feed
water using KMnO4 has alleviated membrane fouling
[10,20]; in addition, the control mechanisms of mem-
brane fouling have been investigated when the feed
water is pre-oxidized with KMnO4. However, how
KMnO4 pre-oxidation affects the characteristics of
membrane material, such an important index as the
contact angle, is yet not clear.

In aqueous solutions, NOM usually bonds
together to form colloidal aggregates of tens or
hundreds of nanometers in size. The attachment
of a colloidal particle to a surface can be described
using the Extended Derjaguin–Landau–Verwey–Over-
beek (XDLVO) theory [21,22]. The XDLVO approach
has been used to predict the interaction energy
caused by organic colloids attached to the membrane
surface [23]. Positive interaction force represents a
repulsive action to reject membrane fouling, while a
negative one causes an attraction to aggravate fouling
[24]. Previous studies have shown that the interaction
energy is strongly correlated with membrane resis-
tance, indicating that the XDLVO approach can effec-
tively predict membrane fouling [25]. However, there
are few literatures on the investigations, using
XDLVO approach, on membrane fouling and especial
membrane material characteristics when UF system is
subjected to KMnO4 pre-oxidation.

In this study, the XDLVO theory was applied to
predict membrane fouling to explore the effect mecha-
nisms of KMnO4 pre-oxidation of feed water, includ-
ing its influence on the characteristics of aqueous
colloids and the contact angle of membrane material.

2. Material and methods

2.1. XDLVO approach for interaction energy calculation

The XDLVO theory takes the following three
interactions into consideration (as membrane fouling
contributors): van der Waals (LW) interaction, electro-
static (EL) interaction, and short-ranged acidic–basic
(AB) interaction. It describes the total interaction
energy, or adhesion energy, between a colloid and a
membrane surface as the sum of LW, AB, and EL
interaction.

UXDLVO
mlc ¼ ULW

mlc þUEL
mlc þUAB

mlc (1)

where UXDLVO is the total interaction energy between
a membrane surface and a colloid immersed in water,
ULW is the LW interaction term, UEL is the EL interac-
tion term, and UAB is the AB interaction term. The
subscripts ““m”, “l” and “c” correspond to the mem-
brane, the bulk feed solution, and the colloid, respec-
tively. The interaction energy is calculated according
to the surface energy γLW, γ+, γ−, and γAB correspond-
ing to Lifshitz–van der Waals, electron acceptor,
electron donor, and acid–base, respectively [26].

The LW interaction energy between a membrane
surface and a colloid in an aqueous environment can
be expressed as follows [22]:

ULW
mlc yð Þ ¼ 2pDGLW

y0

y20ac
y

(2)

where y0 is the minimum equilibrium cutoff distance
(y0 = 0.158 ± 0.009 nm); y is the separation distance
between the flat plate (membrane) and the sphere
(colloid), expressed in nm; ac is the radius of the spheri-
cal colloid, expressed in nm; and DGLW

y0
is the LW

adhesion energy per unit, expressed in mJ/m2.
The AB interaction energy between a membrane

surface and a colloid can be expressed as follows [22]:

UAB
mlc ¼ 2packDG

AB
y0

exp
y0 � y

k

h i
(3)

where λ is the characteristic decay length of AB
interaction in water (λ = 0.6 nm) and DGAB

y0
is the AB

adhesion energy per unit, expressed in mJ/m2.
The EL interaction energy between a membrane

surface and a colloid in an aqueous environment is
expressed as follows [22]:

UEL
mlc yð Þ ¼ pe0erac 2fcfm ln

1þ e�jy

1� e�jy

� ��

þ f2c þ f2m
� �

ln 1� e�2jy
� �� (4)

where 0r is the dielectric permittivity of the suspend-
ing fluid (0r = 6.95 × 10−10 C2 J−1 m−1); κ is the inverse
Debye screening length (κ = 0.104 nm−1); and ζc and
ζm, expressed in mV, are the surface potentials of a
membrane and a colloid, respectively.

When the separation between two surfaces is close
to the minimum equilibrium cutoff distance, the
LW/AB adhesion energy per unit can be expressed as
below [25]:

DGLW
y0

¼ 2
ffiffiffiffiffiffiffiffi
cLWl

q
�

ffiffiffiffiffiffiffiffi
cLWm

q� � ffiffiffiffiffiffiffiffi
cLWc

q
�

ffiffiffiffiffiffiffiffi
cLWl

q� �
(5)
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DGAB
y0

¼ 2
ffiffiffiffiffi
cþl

q ffiffiffiffiffi
c�m

p þ ffiffiffiffiffi
c�c

p � ffiffiffiffiffi
c�l

p� �

þ 2
ffiffiffiffiffi
c�l

p ffiffiffiffiffi
cþm

p þ ffiffiffiffiffi
cþc

p �
ffiffiffiffiffi
cþl

q� �

� 2
ffiffiffiffiffiffiffiffiffiffi
cþmc�c

p þ ffiffiffiffiffiffiffiffiffiffi
c�mcþc

p� �
(6)

where cLW, cþ, and c�are the surface tension parame-
ters, expressed in mJ/m2;

Surface energy can be calculated using the contact
angle parameter and the acid–base approach. The con-
tact angle of a liquid on a solid surface can be
expressed as follows [17]:

cTOT ¼ cAB þ cLW (7)

cAB ¼ 2
ffiffiffiffiffiffiffiffiffiffi
cþc�

p
(8)

cLWL þ 2
ffiffiffiffiffiffiffiffiffiffi
cþL c

�
L

q� �
1þ cos hð Þ

¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWS cLWL

q
þ

ffiffiffiffiffiffiffiffiffiffi
cþS c

�
L

q
þ

ffiffiffiffiffiffiffiffiffiffi
c�S c

þ
L

q� �
(9)

where θ is the contact angle. The surface tension
parameters (cLWS , cþS , and c�S ) of a solid can be obtained
by determining the contact angles between the solid
and three probe liquids with well-known surface ten-
sion properties (cLWL , cþL , and c�L ). γ

TOT is total surface
tension; γAB is AB components of surface tension. In this
study, the UF membrane surface was treated as a solid,
for the purpose of attaining surface energy parameters.

2.2. Feed water

The feed water in this study was obtained from the
sand filter effluent of a waterworks in Nanjing, which
receives raw water from the Yangtze River. The key
characteristics of water quality are given in Table 1.

2.3. UF membrane

Hollow-fiber UF membrane, made of polyvinyli-
dene fluoride (PVDF), was provided by Litree Purifying
Technology Co., Ltd. (SuZhou, China), for use in this

study. Detailed characteristics of the membrane are
summarized in Table 2.

2.4. Detection methods

2.4.1. Turbidity

Turbidity was measured using a Turbidimeter
(2100 N, Hach, USA).

2.4.2. Ultraviolet absorbance (UV254)

Samples were pre-filtered through a 0.45-μm mem-
brane (Millipore, USA) to remove particles prior to
UV absorbance measurements and stored at 4˚C until
further analysis. Ultraviolet (UV) absorbance at a
wavelength of 254 nm (UV254) was then measured
using a UV/VIS spectrophotometer (EV300, Thermo
Fisher, USA).

2.4.3. Dissolved organic carbon (DOC)

Dissolved organic carbon (DOC) was determined
using a TOC analyzer (1030W, OI, USA). The samples
were measured in five duplicates. The reported value
was the average of the duplicate values, provided the
relative percent difference between duplicate samples
and calibration check standards was ≤ ± 5%. DOC was
operationally defined as the organic carbon concentration
of a sample filtered through a 0.45-μmmembrane filter.

2.4.4. Colloid size

The average size of organic aggregates was deter-
mined using a dynamic light scattering measurement
(Zeta sizer Nano ZS90, Malven Instruments Ltd, UK).

Table 1
Characteristics of feed water quality

Parameters pH Turbidity (NTU) DOC (mg L−1) UV254 (cm
−1) Colloid size (nm) Zeta potential (mV)

7.1 0.78 2.38 0.036 614.6 −11.8

Table 2
Characteristics of UF membrane

Average molecular weight cutoff (Da) 50,000
Internal diameter (mm) 1.00
External diameter (mm) 1.66
Fiber length (m) 0.500
Effective surface area (m2) 0.133
Filter type Inside-out

13406 Z. Wang et al. / Desalination and Water Treatment 57 (2016) 13404–13414



2.4.5. Zeta potential

The zeta potential of the membrane surface was
determined using a streaming potential analyzer
(DelsaNano C/Solid Surface, Beckman, Germany).
Zeta potential of the membrane surface was calculated
from measured streaming potential, using the
Helmholtz-Smoluchowski equation with the Fair-
brother and Mastin substitution [19]. Zeta potential of
the colloid particles was determined using a Nano
particle size analyzer (Zetasizer Nano ZS90, Malven
Instruments Ltd, UK).

2.4.6. Contact angle

The sessile drop method was used to measure the
contact angle [27]. Contact angle measurement was
performed using a standard contact angle goniometer
(DSA100, KRUSS, Germany), an instrument that has
image analysis attachments, including a video camera,
monitor, and image analysis software. To determine
the surface tension components of solid surfaces, two
of the three probe liquids should be polar and the
third should be nonpolar. In this experiment, we
selected the following probe liquids: polar ultrapure
water (Milli-Q system; Millipore Corp., USA), polar
glycerol, and nonpolar diiodomethane. The glycerol
and diiodomethane were of analytical grade (TCI,
Shanghai, China).

2.4.7. Hydrophilic and hydrophobic components

The resins of Superlite DAX-8 (Supelco, USA),
Amberlite XAD-4 (Rohm and Hass, Germany) and
Amberlite IRA-958 (Rohm and Haas, Germany) were
used to fractionate NOM into four groups [28]:
hydrophobic fractions (HPO, DAX-8 adsorbable),
transphilic fractions (TPI, XAD-4 adsorbable), nega-
tively charged hydrophilic fractions (C-HPI, IRA-958
adsorbable), and neutral hydrophilic organic fractions

(N-HPI, neither adsorbable). The resins were washed
with methanol and deionized water prior to use in
fractionation. The pH of water sample was adjusted to
2.0, prior to feeding into the DAX-8 absorption column
(at a rate of 5 mL/min), the XAD-4 resin (at
15 mL/min), and Amberlite IRA-958 (at 10 mL/min).
The absorbed organic fractions were then eluted from
the resins of DAX-8, XAD-4, and IRA-958 using
0.1 mol/L NaOH, 1 mol/L NaOH, and 1 mol/L NaCl,
respectively.

2.5. Pre-oxidation process

In this experiment, the UF system was used to
investigate the effect of KMnO4 pre-oxidation on
membrane fouling. The bench-scale UF system is
shown schematically in Fig. 1. Feed water was
pumped using a peristaltic pump and mixed with
KMnO4, and then, the mixed water was filtered
through a UF module. The transmembrane pressure
(TMP) was recorded automatically using a pressure
gauge.

In the pre-oxidation process, KMnO4 may influence
the characteristics of colloid both in feed water and
membrane material, which may affect membrane foul-
ing performance. To investigate the influence of
KMnO4 on membrane material and organic colloids,
three parallel experiments therefore were performed
as follows:

(1) Feed water without pre-oxidation was filtered
by UF system using virgin membrane;

(2) Feed water without pre-oxidation was filtered
by UF system using treated membrane. In this
study, the treated membrane was attained by
being soaked in potassium permanganate solu-
tion (0.4 mg L−1) for 3 months;

(3) Feed water was firstly mixed with KMnO4 at
an optimized dose of 0.4 mg L−1. The contact

water tank

water
produce
pump

pressure
gauge

valve

UF
module

waste
reservoir

water feed pumpreaction tank

peristaltic
pump

feed water tank

KMnO4 pressure
gauge

backwash
pump

stirring device

Fig. 1. Schematic diagram of KMnO4/UF.
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time of pre-oxidation was 10 min. And then,
the mixed water was filtered by UF system
using virgin membrane.

2.6. Membrane fouling experiment

Prior to the experiment, membranes were soaked
in the pure water overnight and then were filtered
using the pure water to achieve a stable permeate
flux.

Pure water permeation flux: Ultrapure water
(Milli-Q system, Millipore Corp., USA) was filtered
through UF system under a fixed transmembrane
pressure (TMP, −12 kPa) at 24 ± 0.5˚C, and the pure
water permeation flux was recorded when the UF sys-
tem was operated stably for 20 min.

TMP: Initial TMP (P0) was measured by the filtra-
tion of pure water. After 2 h of pure water filtration,
the feed water was pumped into the UF system, in
which the permeate flux was fixed at 40 L m2 h−1

using a peristaltic pump. The UF system was operated
for 16 h. TMP of feed water sample (P1) was com-
pared with the initial TMP (P0), which reflects the
resistance of the UF system due to membrane fouling.
The feed water, in the presence or the absence of
KMnO4 pretreatment, was introduced into the UF
system, so as to investigate the TMP variations.

Membrane resistance: The resistance-in-series
model was used to determine resistance according to
the reported methods [27,28]:

J ¼ DP
lR

(10)

where J is the permeate flux (L m2 h−1), ΔP is the
transmembrane pressure (Pa), μ is the viscosity of
permeate (Pa s), and R is the total (overall) filtration
resistance (m−1).

In the case of filtration, the following equation was
used [29]:

R ¼ RmþRf ¼ RmþRrevþRirr (11)

where Rm is the intrinsic membrane resistance (m−1),
determined by the experimental data relating to R in
the filtration of pure water, and Rf is the total fouling
resistance, which includes the physically reversible
fouling resistance (Rrev, m−1) and the physically
irreversible fouling resistance (Rirr, m

−1) [27].
The value of experimental resistance, R1, is

determined from the experimental data at the end of
filtration. The value of experimental resistance, R2, is

determined from the experimental data at the
commencement of next filtration cycle after hydraulic
cleaning. We obtain the formula for calculating
resistance of Rirr and Rrev:

Rirr ¼ R2 � Rm (12)

Rrev ¼ R1 � R2 (13)

From Eq. (10), we can obtain the formula for calcu-
lating resistance:

R ¼ DP
Jl

(14)

where μ is 1.005 × 10−3 N S m−2 at the atmospheric
temperature.

2.7. Analytical methods

To ensure the reliability of results, the experiment
was performed in five parallels, so five replicate mea-
surements of each sample were performed and the
average value was determined (p < 0.05).

3. Results and discussion

3.1. Effect of KMnO4 pre-oxidation on intrinsic membrane
characteristics

3.1.1. Changes of contact angle and surface energy of
membrane material

To understand how KMnO4 pre-oxidation influ-
ences the intrinsic characteristics of membrane mate-
rial so as to affect membrane fouling, the XDLVO
approach was introduced to analyze the interaction
energy profiles in the membrane material. Some
parameters of virgin membrane and treated mem-
brane, such as the contact angle and zeta potential, for
calculating the interaction energy, are shown in
Table 3. The calculated surface energy of membrane
material is shown in Table 4.

As shown in Table 3, the contact angle between
membrane surface and the probe liquid has been
changed when membrane system was subjected to
KMnO4, which was attained by membrane being
soaked in potassium permanganate solution
(0.4 mg L−1) for 3 months. The contact angle between
ultrapure water and treated membrane was decreased
compared with that of virgin membrane. Although the
contact angle of treated membrane is still above 65˚,
reflecting the hydrophobic features of membrane

13408 Z. Wang et al. / Desalination and Water Treatment 57 (2016) 13404–13414



material [30], the reduction of contact angle between
polar ultrapure water or glycerol and membrane indi-
cates the decrease of hydrophobicity of membrane
material. The contact angle between nonpolar diiodo-
methane and membrane was increased, indicating the
increasing polarity of membrane material. Such
changes of contact angle are in favor of mitigating
membrane fouling [31].

As shown in Table 4, the treated membrane exhib-
ited a lower cLW value, indicating that the treated
membrane presents more polar properties than virgin
membrane [32]. The treated membrane also had a
higher electron-acceptor component, corresponding to
a high γAB value, when compared to virgin membrane.
It has been proven that organic colloids with a weak
electron-donor capability may interact unfavorably
with surfaces that possess electron-acceptor functional-
ity, thus reducing potentially attractive acid–base
interaction [27]. Although the total surface energy had
a smaller change, KMnO4 pre-oxidation has changed
the characteristics of membrane, i.e. the decrease of
hydrophobicity, which alleviates membrane fouling as
described in previous studies [33,34]. This is also in
accordance with the result of contact angle.

3.1.2. Pure water permeation flux and resistance of
membrane

The influence of KMnO4 oxidation on the pure
water permeation flux was further explored. Two
membranes (virgin and treated) were investigated in
parallel, and the results are shown in Table 5. As for
the treated membrane, the pure water permeation flux
increased, indicating that the increasing water perme-
ability of UF due to the reduced hydrophobicity of
membrane [35].

A comparison of membrane resistance (Rirr and
Rrev noted as the percentage of the total membrane
resistance on Y-axis), which was attained by filtering
feed water without KMnO4 pre-oxidation, is shown in
Fig. 2. As can be seen, the membrane resistance was
decreased in the UF system using the treated mem-
brane. The reduction of irreversible fouling is more
remarkable due to the changes of membrane charac-
teristics. Previous research has shown that the pore
size of membrane was diminished when it was soaked
in potassium permanganate solution [10]. The influent
of membrane system has residual KMnO4 so as to
affect the characteristics of membrane material, such
as weakening the support of membrane pores [36].
This may cause less pore blockage of colloid, resulting
in a remarkable reduction of irreversible fouling, while
more colloids are intercepted on membrane surface to
increase reversible fouling [37]. Some studies have
indicated that functional groups on membrane surface
have been changed when the membrane is subjected
to oxidative solution, which includes the oxidation of
unsaturated double bond to a single bond or higher
level of hydroxyl group/C–H bond, indicating an
increase in polarity or hydrophilicity of membrane
material [10,27]. This may result in a higher interac-
tion energy and a slighter membrane fouling [32].

3.2. Effect of KMnO4 pre-oxidation on colloids

3.2.1. Changes of characteristics and surface energy of
colloids in feed water

The characteristics of organic colloids in feed water
with and without pre-oxidation are shown in Table 6.
The contact angle between ultrapure water or glycerol
and colloids was decreased, while that of

Table 3
Parameters of virgin membrane and treated membrane

Contact angle (˚)

Zeta potential (mV)Ultrapure water Glycerol Diiodomethane

Virgin membrane 75.4 ± 4.2 59.3 ± 0.9 39.1 ± 1.1 −30.2
Treated membrane 66.8 ± 3.9 49.8 ± 0.7 48.9 ± 1.8 −43.4

Table 4
The surface energy of virgin and treated membrane material
(mJ/m2)

Surface energy cLW cþ c� γAB γTOT

Virgin membrane 40.045 0.855 5.073 4.164 44.209
Treated membrane 34.886 2.664 8.730 11.700 44.530

Table 5
Pure water permeation flux of membrane

Membrane Pure water permeation flux (L m2 h−1)

Virgin membrane 38.5
Treated membrane 45.8
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diiodomethane was increased via KMnO4 pre-
oxidation. It indicates the increasing hydrophilicity
and polarity of the colloids due to pre-oxidation,
which may alleviate membrane fouling [27]. After
KMnO4 pre-oxidation, the value of colloid zeta poten-
tial was decreased due to the increased level of depro-
tonation [38], which may cause a higher repulsive
force between colloids. Meanwhile, the negative
charges on colloidal particles are increased by KMnO4

pre-oxidation, and the organic coat that covers the col-
loid is also destroyed, causing a decrease in particle
zeta potential [38]. The zeta potential of particles can
influence membrane fouling [39], which is dependent
on the total interaction energy. According to XDLVO
theory, particle zeta potential only affects EL interac-
tion energy. Previous studies have indicated that EL
interaction is not a key factor in influencing the total
interaction energy [34]. It is concluded that the influ-
ence of particle size on membrane fouling is greater
than that of zeta potential [27]. The average colloidal
size in the feed water was decreased after KMnO4

pre-oxidation, fragmenting the macromolecules in the
NOM into lower molecular weight organics [19]. The
attachment of organic matter to membrane surface is
the main cause of fouling. The macromolecular com-
pounds as well as their colloidal aggregates usually
have larger particle size, which contributes to signifi-
cant organic fouling during low-pressure membrane
filtration [27,40].

The calculated surface energy of colloids with and
without KMnO4 pre-oxidation is shown in Table 7.
The value of cLW decreased and γAB increased after
pre-oxidation, indicating that the oxidized colloid
presents more hydrophilic than that without pre-
oxidation [41]. Contributions of three interaction ener-
gies to total interaction energy are consistent with
previous studies [42,43]. After pre-oxidation, values of
LW, AB, and total interaction energy decreased 33.4,
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Fig. 2. The proportion of membrane resistance: (a) virgin
membrane; (b) treated membrane (resistance unit:
×1012 m−1).

Table 6
Water quality indexes and colloid parameters in raw feed water and pre-oxidated water

Indexes pH NTU DOC (mg L−1) UV254 (cm
−1) SUVA (L m−1 mg−1)

Raw feed water 7.1 0.88 2.78 0.036 1.295
Pre-oxidated water 7.3 0.48 2.49 0.032 1.285

Colloid parameters Contact angle (˚) Zeta potential (mV) Colloid size (nm)

Ultrapure water Glycerol Diiodomethane
Raw feed water 36.5 ± 2.4 53.9 ± 1.1 26.9 ± 0.7 −11.8 614.6
Pre-oxidated water 27.4 ± 2.3 40.3 ± 0.5 45.8 ± 0.5 −13.3 487.8
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33.6, and 33.6%, respectively. AB interaction energy
denotes a significance of hydrogen bonding between
two interfaces in aqueous. This result indicates that
hydrogen bonding level is different in the feed water
with and without KMnO4 pre-oxidation. AB interac-
tion energy is the major contributor to the total
energy, indicating that hydrogen bonding plays a key
role in holding the colloid aggregation together [44].
The reduction of AB interaction energy and total
interaction energy can reduce colloids aggregation,
leading to the mitigation of membrane fouling.

3.2.2. Effect on hydrophilic and hydrophobic fractions of
NOM

NOM are fractionated into four fractions by water
sample passing through a series of resins. The dis-
tribution of organic fraction in different water samples
are shown in Fig. 3. As illustrated in Fig. 3, KMnO4

pre-oxidation played an important role in the removal

of DOC, mainly removing strongly hydrophobic
organic compounds (HPO). The removal rate of
hydrophobic fraction was therefore greater than that
of hydrophilic fraction in UF system. The HPI/HPO
ratio was increased after KMnO4 pre-oxidation, indi-
cating the increasing hydrophilicity of colloid in
water. According to previous research, the absolute
value of interaction energy of four fractions follows
the following order: HPO > N-HPI > TPI > C-HPI. The
removal of HPO can effectively reduce the interaction
energy between colloid and membrane to mitigate
membrane fouling [45].

3.2.3. Membrane resistance variation

To investigate the influence of KMnO4 pre-oxida-
tion on TMP, the raw feed water and pre-oxidized
feed water were filtered by UF system using virgin
membrane. The result (shown in Fig. 4) indicates that
the pre-oxidation of feed water using KMnO4 miti-
gates membrane fouling. It was also observed several
significant variations of the TMP during filtration of
the pre-oxidated water. TMP increased in the initial
period and subsequently had a slower rate of increase

Table 7
The colloid surface energy and interaction energy between membrane and colloids in feed water with and without
pre-oxidation (mJ/m2)

Surface energy cLW cþ c� γAB γTOT

Raw feed water 45.452 0.110 50.428 4.717 50.169
Pre-oxidated water 36.581 0.886 50.044 13.320 49.901

Interaction energy DGLW DGAB DGEL DGDLVO –
Raw feed water −6.8778 −9.4687 0.0006 −16.3459 –
Pre-oxidated water −4.5763 −6.2828 0.0003 −10.8588 –
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during the filtration. The increase of TMP at the initial
stage is probably due to the adsorption of pollutants
into the membrane pores [46], while its slower
increase during the subsequent period demonstrates
the formation of a loose filter cake during the course
of filtration [47].

The proportion of membrane resistance is shown
in Fig. 5. The total resistance increased more slowly,
and a significant reduction of reversible resistance was
found in the KMnO4/UF system. The influence of
KMnO4 pre-oxidation on membrane fouling is consid-
ered as follows: one is the removal of organic foulants
to mitigate membrane fouling; the other is the in situ
formation of particulate manganese dioxide (MnO2)

[48]. MnO2, as an intermediate, is incorporated into
cake layer, bridging the colloids on the surface of
membrane, which leads to the reduction of reversible
fouling [16,19]. A portion of NOM is dislodged due to
pre-oxidation, resulting in less foulants into membrane
pore so as to reduce irreversible fouling. However, the
macromolecular organic matter being oxidized to
micromolecular fraction increases the probability of
organic substance into membrane pore so as to cause
irreversible fouling. It results in the unapparent reduc-
tion of irreversible fouling.

It has been found that the reversible membrane
fouling is relevant to AB interaction energy [27]. The
result (shown in Table 7) indicates that the Lewis-acid
and Lewis-base of water samples are changed due to
pre-oxidation, which affects the value of the AB
interaction. The reduction of AB interaction accounts
for the lower TMP as well as the slower increasing
rate of membrane fouling.

4. Conclusion

The result of this investigation demonstrated that
KMnO4 pre-oxidation of UF feed water was effective
in migrating membrane fouling. KMnO4 pre-oxidation
effectively removed the hydrophobic fraction of NOM
in water to mitigate membrane fouling. The result also
showed that the TMP increased more slowly after
KMnO4 pre-oxidation, mainly due to the reduction of
Rrev. The contact angle of membrane material was
decreased when it was subjected to KMnO4, resulting
in a decrease in the interaction energy so as to
mitigate membrane fouling. The pure water perme-
ation flux of membrane was increased after KMnO4

pre-oxidation.

Acknowledgements

Financial support was received from the National
Natural Science Foundation of China (Project
51438006), Fundamental Research Funds for the Central
Universities (Project 2014B07714) and a Project Funded
by the Priority Academic Program Development of
Jiangsu Higher Education Institutions.

References

[1] M. Elimelech, W.A. Phillip, The future of seawater
desalination: Energy, technology, and the environ-
ment, Science 333 (2011) 712–717.

[2] M.M. Pendergast, E.M.V. Hoek, A review of water
treatment membrane nanotechnologies, Energy Envi-
ron. Sci. 4 (2011) 1946–1971.

0%

5%

10%

15%

20%

25%

5min 30min 90min
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Time

P
er

ce
nt

T
ot

al
 m

em
br

an
e 

re
si

st
an

ce
Rirr
Rrev
R

0%

5%

10%

15%

20%

25%

5min 30min 90min
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Time

P
er

ce
nt

T
ot

al
 m

em
br

an
e 

re
si

st
an

ce

Rirr
Rrev
R

(a)

(a)

Fig. 5. The proportion of membrane resistance: (a) only UF
system; (b) KMnO4/UF system (resistance: ×10–12 m−1).

13412 Z. Wang et al. / Desalination and Water Treatment 57 (2016) 13404–13414



[3] F. Zaviska, P. Drogui, A. Grasmick, A. Azais,
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