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ABSTRACT

In this study, fouling in the system of reverse osmosis (RO) fed with ultrafiltration prefil-
tered petrochemical secondary effluent was studied by using a laboratory-scale RO setup.
With the micro-analysis of the fouling layer, the residual organic foulants were found to be
the primarily responsible elements for the evolution of irreversible fouling. After character-
ization of the dissolved organic matter in the wastewater with gas chromatograph-mass
spectrometer, it had been identified that aromatic compounds and hydrocarbon compounds
were the major chemicals. With the help of Fourier transformed infrared spectra, the aro-
matics were detected to be the predominant organic foulants found on the membrane sur-
face. According to results of electron-dispersive X-ray microanalysis spectrometry, metal
cations such as Fe3+ and Mg2+ also contributed to irreversible fouling to some extent. This
study identified that reducing adsorption of the organics on the membrane surface is a
more effective way or method to control membrane fouling in the reclamation of the sec-
ondary effluent.

Keywords: Membrane fouling; Petrochemical secondary effluent; Irreversible fouling; GC-MS;
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1. Introduction

An extremely important issue in twenty-first cen-
tury is access to secure, sustainable sources of fresh-
water. Capturing water directly from industrial
wastewater and treating it have been receiving much
attention [1]. Although reverse osmosis (RO) is con-
sidered as the current state-of-the-art water recycling
technology, membrane fouling is still the most impor-
tant obstacle to the efficient application [2] particu-

larly when fouling leads to flux decline which
cleaning cannot restore [3]. Pretreatment techniques,
including active sludge, chemical oxidation, dual-
media filtration, microfiltration, and ultrafiltration
(UF) can potentially remove foulants prior to RO fil-
tration. However, adsorption of the residual organic
matters on the RO membrane surface leads to flux
decline. Adsorption of the organics onto the mem-
brane surface leads to a reduction of the pure water
permeability [4]. In addition, as the organics accumu-
lating on the membrane surface, it acts as nucleation
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sites for sparingly soluble salts or entrapping particu-
lates which further aggravates membrane fouling [5].
Furthermore, the organic foulants will chemically
degrade membrane materials [6]. As a result, water-
permeating flux decreases and in most cases, low-
molecular-weight contaminants removal and salt
rejection decrease seriously [3].

Flux decline are caused by concentration polariza-
tion and membrane fouling [7,8]. Concentration polari-
zation causes flux decline in two possible tracks.
Firstly, concentration polarization boundary layer
induces the increase of the hydraulic resistance and
osmosis pressure. Secondly, the elevated concentration
of solutes near the membrane surface more or less
affects membrane fouling. Membrane fouling is caused
by the foulants in the wastewater that adhere to the
membrane surface. Normally, foulants can be classi-
fied into four categories: the inorganics, the organics,
particulates, and the microbiological organisms [9].
Membrane fouling can be divided into reversible and
irreversible fouling depending on the efficiency of the
chemical cleaning. For reversible fouling, the flux can
be restored through controlling the operating condi-
tions and proper membrane cleaning, while in the
irreversible fouling case, the flux cannot be recovered
by even aggressive cleaning.

The petrochemical industry consumes significant
quantities of freshwater, and consequently, corre-
sponding amounts of wastewater are generated and
discharged. Hence, the reclamation of the petrochemi-
cal secondary effluent has become an increasing con-
cern [10,11]. The dual membrane (UF-RO) process is
capable of reclaiming the industrial secondary effluent
[12]. In the dual membrane process, the effluent fed to
the RO first passes through the UF. Reclaimed water
can be used for cooling, process, and fire extinction in
the factory. To date, however, little systematic studies
have been done to evaluate membrane fouling caused
by a petrochemical secondary effluent. Most of the
fouling studies are conducted with synthetic wastewa-
ter [13–15].

Therefore, the purpose of this work was to identify
primary foulants causing irreversible fouling on the
membrane. The membrane was cleaned by a chemical
agent. Based on the cleaning, irreversible fouling was
mainly governed by organic fouling rather than by
inorganic-scale fouling. Combining the characteristics
of the wastewater and the analysis of the fouling layer
on the membrane, we found that the organic fouling
was mainly caused by the aromatics remaining on the
membrane surface. The aromatics were conjectured to
be phenol, methylphenol, benzeneacetic acid, dibutyl
phthalate, and xylenol.

2. Materials and methods

2.1. Wastewater

The wastewater used in this experiment was UF
pre-filtered secondary effluent collected from a local
petrochemical plant. The treatment of the original
wastewater was performed via a nitrifying-activated
sludge process. The effluent further went through a
biological aerated filter followed by 0.010m quartz
sand filter. The effluent from the sand filter passed
through the submerged inside-out polyvinylidene
fluoride UF equipped with 0.020 μm laminated filter.
To control membrane biofouling, sodium hypochlorite
was added to the UF feed water. The disinfected UF
filtrate taken from the UF filtrate tank was collected in
25 L plastic casks. The concentration of the active chlo-
rine was adjusted by Na2SO3. The adjusted water sam-
ples were directly utilized as RO feed water and
stored at 4˚C in darkness. The charge density (carbox-
ylic and phenolic acidity) of the wastewater was deter-
mined by potentiometric titration [16]. The
concentration of anion and cation were analyzed using
an ion chromatography (883 Basic, Metrohm, Switzer-
land). The organic composition of the wastewater was
analyzed by using gas chromatograph-mass spectrom-
eter (GC-MS) (6890N-5973N, Agilent, USA).

2.2. RO membrane

An aromatic polyamide thin-film composite mem-
brane CPA2 from Nitto Denko Co., Ltd, (Osaka,
Japan) was used in this study. The membrane element
was tested at the standard test condition of 15.5 bar
(225 psi) pressure and 25˚C temperature with a
25.65mM (1,500mg L−1) NaCl feed solution. Average
salt rejection and water recovery were 99.7 and 15%,
respectively. The air–water contact angle of the CPA2
membrane is 35 ± 1.3˚. Zeta-potential was measured to
characterize the charge property of the membrane
because electrokinetic property was an important fac-
tor in pressure-driven membrane water filtration pro-
cess [17]. The zeta-potentials for the membrane
CPA2 at pH 3.0, 7.0, and 10.0 were 22.76, −50.93,
and −51.05mV, respectively. The membrane coupons
were stored in deionized (DI) water at 4˚C with water
replaced regularly prior to experiments.

2.3. Fouling and cleaning experiments

A laboratory-scale crossflow test unit was used
to perform fouling and cleaning experiments. The
unit consists of a round membrane cell, high-pres-
sure pump, electromagnetic mixer, feed tank, and
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temperature control system. More details can be
found from our previous work [18], The bulk
solution was held in a 5.0 L tank and fed to the
membrane cell by a high pressure pump (Jingqiao,
JW-C, Jingxin Pump Manufacturing Co., Ltd,
Huai’an, China). The effective surface area of the
membrane in contact with feed solution was
46.5 cm2. Both permeate and retentate were not recir-
culated into the feed reservoir.

A new membrane specimen was used for each
crossflow experiment. The membrane was first com-
pacted with DI water (foulant-free) at 20.7 bar (300 psi)
until the permeate flux stabilized. Temperature and
feed pH were adjusted and maintained at the required
values. Unless otherwise specified the initial flux and
crossflow velocity were 21.0 μm s−1 and 9.8 × 10−2 m s−1,
respectively. After the feed tank was filled by the efflu-
ent instead of the DI water, fouling experiments were
initiated. The permeate flux was continuously moni-
tored until the flux was approximately stabile.

At the end of fouling experiments, the pure water
flux was measured. Then the fouled membrane was
cleaned by the chemical cleaning solution. Cleaning
was performed for 1.0 h at the normal atmosphere,
25˚C, and crossflow velocity 30.1 × 10−2 m s−1. The
solution was continuously circulated from the feed
tank to the membrane in the cell. At the end of clean-
ing, the chemical cleaning solution in the tank was
disposed. The tank and the membrane cell were rinsed
with DI water to flush out the residual solution.
Finally, the pure water flux was measured to deter-
mine the extent of irreversible flux decline. At this
stage, the operating conditions of the pure water per-
meate flux determination were identical to those
applied during fouling experiments. The experiment
was performed three times.

2.4. Analyses

GC-MS: Samples for GC-MS analysis were pre-
pared by micro solid-phase extraction. A HP-5MS cap-
illary column (30m length × 0.25 mm ID × 0.25 μm film
thicknesses) was employed. Analysis was performed
in a temperature-programmed mode with an initial
temperature of 35˚C held for 8min, followed by a
ramp of 3˚Cmin−1 to 200˚C. The ion-source tempera-
ture was 250˚C, and the carrier gas was high-purity
helium gas. The spectra were searched in National
Institute of Standards and Technology (NIST) library.
Combining with the characteristics of the petrochemi-
cal wastewater, we confirmed the constituents of the
wastewater.

EDX: The elemental composition of the membranes
was analyzed by an electron-dispersive X-ray

microanalysis (EDX) spectrometry (FEI Quanta 200,
Holland). The membrane samples were vacuum dried
at ambient temperature before analysis.

FTIR: The attenuated total reflection-Fourier trans-
form infrared spectroscopy analyses were performed
by using the Nicolet AVATAR 360 FT-IR Spectropho-
tometer. The spectra measurements were performed at
10 different locations, with each spectrum averaged
from 64 scans. FTIR spectrum of the stripped foulant
was also collected in the transmission mode to confirm
the organic composition. The fouled membrane was
cleaned by the chemical agent and then vacuum dried
at ambient temperature. The foulant was stripped off
the cleaned membrane by a razor carefully.

2.5. Calculations

Membrane permeate flux can be estimated as fol-
lowing,

J ¼�P

lR
¼ P��p
lðRmþRlÞ (1)

where P is the operation pressure, Δπ is osmotic
pressure of solution, μ is the water viscosity, R is the
total membrane resistance, Rm is the intrinsic
membrane resistance, Rl is the fouling resistance, and
(ΔP = P − σΔπ) is represented as the transmembrane
pressure (TMP).

The relative flux (RF) and flux recovery (FR) were
defined by Eqs. (2) and (3), respectively,

RF ð%Þ ¼ Jb
Jw

� 100 (2)

FR ð%Þ ¼ Jfw
Jw

� 100 (3)

where Jw, Jb, and Jfw are the pure water flux of virgin
membrane, wastewater flux, and pure water flux of
fouled membrane, respectively.

The irreversible recovery (IR) was defined as Eq. (4),

IR ð%Þ ¼ 100� Jcw
Jw

� 100 (4)

where Jcw is the pure water flux of the chemical clean-
ing membrane.

In this case, 100-RF corresponds to the total flux
decline caused by concentration polarization and foul-
ing. IR corresponds to the irreversible flux decline
based on the efficiency of the chemical cleaning used
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in this study. 100-FR-IR corresponds to the reversible
flux decline caused by reversible adsorption. FR-RF
corresponds to the reversible flux decline caused by
concentration polarization. In addition, 100-IR corre-
sponds to the cleaning efficiency.

The rejection properties of membranes were esti-
mated by equation,

n ¼ 1� Cp

Cf

� �
� 100 (5)

where ξ is the rejection rate, Cp is the permeate con-
centration, and Cf is the feed concentration.

3. Results and discussion

3.1. Characteristics of the secondary petrochemical
wastewater

For a better understanding of the fouling phenom-
enon occurring on membrane surfaces, a rigorous feed
water analysis was carried out. As indicated in Table 1,
the wastewater effluent shows the organic and brack-
ish nature owing to the excellent UF removal of sus-
pended solids. Chemical oxygen demand (COD)
concentration (43mg L−1) suggests that the effluent
contains organic compounds in great concentration
which might be potential foulants on the subsequent
RO membranes. UV254, a good surrogate for aromatic-
ity of the dissolved organic matter, suggests the great
concentration of the aromatics. The turbidity is 0.21 ±
0.1 NTU which is lower than 1.0 NTU recommended

by the membrane manufacturer. Anion and cation
ions include Na+, K+, Ca2+, Mg2+, Cl−, NO�

3 , F
−, PO3�

4 ,
and SO2�

4 . The amounts of the more abundant ions are
Ca2+ (38.84 mg L−1), Na+ (220.83mg L−1), Cl− (266.83
mg L−1), and SO2�

4 (336.60mg L−1). The inorganic com-
pounds foul membrane in two possible growth tracks,
surface crystallization and crystal deposition [7]. In
addition, the organic fouling of RO membrane can be
enhanced by multivalent cations, such as Ca2+, Mg2+,
and Fe3+ [19,20].

Membrane fouling is mainly controlled by the elec-
trostatic interactions between the organic compounds
and the membrane surface (initial fouling) and among
organic molecules (the development of fouling layer).
The acidity of the wastewater effluent was determined
by potentiometric titration and is shown in Fig. 1. The
increase of the acidity from pH 3.0–8.0 is attributed to
the deprotonation of the carboxylic functional groups,
while the increase from pH 8.0–10.0 is attributed to
the deprotonation of the phenolic functional groups.
The increase from pH 3.0–5.0, as well as from pH
8.0–10.0, is more significant. It indicated that the
petrochemical secondary effluent consists of a complex
mixture of organic compounds with various charge
characteristics. To further identify the primary constit-
uents of the wastewater, the dissolved organic matter
in the wastewater was characterized by GC-MS. The
total GC chromatogram is shown in Fig. 2. The mass
spectra were searched in NIST library. According to
the characteristics of the petrochemical wastewater,
aromatic compounds and hydrocarbon compounds
were found to be the major chemicals. The more

Table 1
Quality of the petrochemical secondary effluent

Parameter Average value

pH 7.30 ± 0.5
Turbidity (NTU) 0.21 ± 0.1
Conductivity (μS cm−1) 970 ± 10
Hardness (mg CaCO3 L

−1) 212.17 ± 5.2
COD (mg L−1) 43 ± 3
UV254 nm (ABS) 0.173 ± 0.02
Ca2+ (mg L−1) 38.84 ± 0.57
Na+ (mg L−1) 220.83 ± 6.4
Mg2+ (mg L−1) 11.52 ± 1.05
Fe3+ (mg L−1) 4.76 ± 0.24
Cl− (mg L−1) 266.83 ± 10.3
NO�

3 (mg L−1) 53.69 ± 3.4
SO2�

4 (mg L−1) 336.60 ± 15.2
F− (mg L−1) 1.52 ± 0.02
B− (mg L−1) 0.754 ± 0.09
PO3�

4 (mg L−1) 1.51 ± 0.12 Fig. 1. Acidity of the petrochemical secondary wastewater
as a function of pH.
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abundant organics were benzene (2.93min, 1.03 wt%),
dimethylbenzene (10.81min, 6.26 wt%), phenol (18.13
min, 10.16 wt%), methylphenol (23.18min, 16.85 wt%),
xylenol (27.82 min, 5.96 wt%), benzeneacetic acid
(50.81min, 8.25 wt%), n-octadecane (54.34min, 2.91
wt%), dibutyl phthalate (57.92 min, 12.73 wt%), and
n-hexadecanoic acid (59.00 min, 1.66 wt%). The mass
fractions of all compounds are the relative amount.
Both carboxylic functional groups and phenolic func-
tional groups are present in the wastewater. The result
is in accordance with the acidity of the wastewater.
The aromatics have the hydrophobic structure, ben-
zene ring, which is more prone to be adsorbed on the
membrane surface than the hydrophilic organics. On
the other hand, the fouling is also controlled by the
electrostatic force between the charge group of the
organics (carboxylic group and phenolic functional
groups) and the charged membrane surface. If pH is
less than 3.0, the organic compounds are fully proton-
ated and behave as hydrophobic uncharged molecules.
The charge properties of organic matters diminish
through the neutralization of functional groups
(–COOH, –OH). The organics are more easily
adsorbed on the membrane surface because of the
absence of electrostatic repulsion. At elevated pH (e.g.
10.0), the membrane surface is negatively charged and
some organic compounds (e.g. benzeneacetic acid and
methylphenol) are also negatively charged. The
electrostatic repulsion between membrane surface and
the organics increases due to the deprotonation of the
carboxylic functional groups and phenolic functional
groups of the organics. The increasing electrostatic
repulsion inhibits the foulant from approaching the

membrane surface. As indicated by GC-MS results,
both the phenolic functional groups and the carboxylic
functional groups exist in the wastewater. Neverthe-
less, the carboxylic groups are the predominantly
charged functional groups because the effluent is near
neutral.

3.2. Flux behavior of the CPA2 membrane for tested
wastewaters

Experiments with varying operating conditions
were carried out to investigate whether or not concen-
tration polarization or fouling contributed to flux
decline. The standard experiment conditions were
temperature 25.0 ± 0.1˚C, pH 7.0 ± 0.1, TMP 20 ± 0.1
bar, and crossflow velocity 9.8 × 10−2 ms−1. When the
effect of the single factor on the flux decline was stud-
ied, the other factors were kept at constant.

The extent of irreversible fouling is strongly depen-
dent on the efficiency of chemical cleaning. Hence, the
cleaning efficiency of various agents was studied and
the results are shown in Fig. 3. As described in Fig. 3,
cleaning efficiency was 27.6% after the fouled mem-
brane cleaned by DI water, which implied that the
fouling layer on the membrane surface was largely
irreversible. Conventional cleaning agents, such as
NaOH (pH 11.0), 100mM NaCl, 20mM EDTA, HCl
(pH 3.0), and 10mM SDS, were used to remove the fo-
ulants on the membrane surface. Cleaning solutions
were used at ambient pH except NaOH and HCl.
Alkaline solution (NaOH, pH 11.0) exhibited the best
cleaning performance in permeability recovery. It indi-
cates the fact that the organic fouling is the dominant

Fig. 2. The total GC chromatogram of the dissolved
organic matter.

Fig. 3. Cleaning efficiencies of various cleaning solution.
Conditions for fouling experiments were pH 7.0 ± 0.1, tem-
perature 25.0 ± 0.1˚C, TMP 20 ± 0.1 bar and crossflow veloc-
ity 9.8 × 10−2 m s−1.
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fouling mechanism during the reclamation of the
effluent. In the case of NaOH cleaning, the organics
adhered on the membrane surface are hydrolyzed at
high pH levels. On the other hand, both the organics
and membrane surface are charged more negatively,
leading to strong electrostatic repulsion. A higher
cleaning efficiency can be achieved by the combined
agent or the dual-step cleaning [21]. The cleaning effi-
ciency of NaOH solution (82.3%) was very much
higher than that of the DI water’s (25.4%). Considering
the cleaning efficiency and the economy, we still
selected the NaOH solution (pH 11.0) as the optimal
cleaning agent. Hence, the extent of irreversible foul-
ing was determined based on the efficiency of NaOH
cleaning. The flux decline caused by concentration
polarization, reversible and irreversible fouling is com-
pared in Table 2.

An interesting finding from Table 2 is that a simi-
lar trend was obtained at various pHs. The flux
decline due to concentration polarization was almost
the same. The contents in the concentration polariza-
tion boundary layer are mainly inorganic salt and the
organic compounds. The concentration polarization is
more dependent on the soluble salt concentration than
the organics’ charge characteristics. For all the condi-
tions, flux decline due to fouling is greater than that
due to concentration polarization. Similar results had
been obtained by Kaya et al. [13]. The organics depos-
ited onto the membrane surface, leading to membrane
fouling. Flux decline due to reversible fouling was the
greatest among all the three causes. The reversible flux
decline was much greater than the irreversible one.
For example, the reversible flux decline was about
four times than the irreversible one at pH 10.0. The
fact indicates that the fouling is mainly due to “revers-
ible” one, which is caused by concentration polariza-

tion and reversible fouling. It can be controlled
through optimizing the operating conditions and a
proper membrane cleaning. However, in some sense,
what is more interesting is the study of irreversible
fouling, which remains after long-term cycles of run-
ning-backflushing-cleaning procedures.

3.3. Effect of fouling on rejection

Rejection efficiencies were determined based on
Cl− measurements. The rejection of salt increased
within 100min (Fig. 4). The subsequent increase in salt
rejection was marginal compared to the initial
improvement. The phenomenon suggests that the ini-
tial foulant deposition onto the membrane surface is
much more effective for enhancing salt rejection. Ini-
tial increase might be due to the quick adsorption of
foulants onto the membrane surface, which enhanced
the resistant of the salt passage. Subsequent improve-
ment might be due to the formation of an organic cake
layer, which developed more slowly and was less
effective in increasing salt rejection. This is consistent
with the previous observation [22]. Improved salt
rejection can be explained by Donnan exclusion [23],
where Cl− anions are repelled by negatively charged
functional groups of the organics (–COOH). Counter
Na+ ions are retained to maintain solution neutrality.
When the membrane is fouled by the effluent with pH
3.0, the initial rejection of salt is just 66.53%. It might
be explained by significant flux decline due to imme-
diate adsorption of the neutral molecules onto the
membrane surface. The flux dropped significantly
leading to an increase in salt concentration of perme-
ate. However, the rejection of salt increased from 66.53
to 98.26% with the fouling development.

Table 2
The flux decline results and initial fouling rate of the CPA2 membrane at various operating conditions

Model
Initial fouling rate
(ΔJ/Δt) μms−2 Total 100-RF

Concentration
polarization FR-RF

Reversible
fouling 100-FR-IR

Irreversible
fouling IR

pH 3.0 0.094 ± 0.003 46.9 ± 3.4 10.3 ± 0.6 20.4 ± 1.3 16.1 ± 2.5
7.0 0.074 ± 0.003 36.1 ± 1.2 10.3 ± 0.8 18.2 ± 0.9 7.6 ± 0.9
10 0.068 ± 0.004 34.7 ± 1.2 10.4 ± 0.5 17.1 ± 0.6 7.1 ± 0.3

T˚C 15 0.061 ± 0.001 44.3 ± 2.7 11.9 ± 0.2 20.4 ± 0.8 11.9 ± 1.1
25 0.074 ± 0.003 36.1 ± 1.2 10.3 ± 0.8 18.2 ± 0.9 7.6 ± 0.9
35 0.174 ± 0.014 25.7 ± 1.1 8.9 ± 0.9 11.9 ± 0.6 4.9 ± 0.3

P bar 10 0.048 ± 0.010 32.9 ± 1.6 8.8 ± 0.4 19.3 ± 0.5 4.8 ± 0.7
20 0.074 ± 0.003 36.1 ± 1.2 10.3 ± 0.8 18.2 ± 0.9 7.6 ± 0.9
30 0.088 ± 0.003 42.5 ± 2.5 15.4 ± 0.3 14.6 ± 1.3 12.4 ± 0.3

U m s−1 9.8 × 10−2 0.074 ± 0.003 36.1 ± 1.2 10.3 ± 0.8 18.2 ± 0.9 7.6 ± 0.9
20 × 10−2 0.070 ± 0.003 32.2 ± 1.3 9.1 ± 0.5 16.9 ± 0.4 6.2 ± 0.7
30 × 10−2 0.068 ± 0.004 24.5 ± 1.6 7.5 ± 0.4 12.1 ± 0.8 4.9 ± 0.3

H. Li et al. / Desalination and Water Treatment 54 (2015) 3200–3210 3205



3.4. Fouling layer characteristics

3.4.1. Organic composition of fouling layer

To ascertain the nature of the fouling layer, organic
contents of the fouling layer on a dry membrane and
the physically stripped fouling layer were character-
ized and shown in Fig. 5. The physically stripped foul-
ing layer was obtained after fouling-cleaning
experiment. The fouling layer bound tightly to the
membrane could hardly be physically stripped at the
end of the experiment.

As shown in Fig. 5(a), the virgin membrane shows
the typical pattern of the aromatic polyamide compos-
ite membrane with polysulfone support layer [24]. As
foulants got deposited onto the coating layer of the
membranes, the absorbance spectrum of the underly-
ing polyamide composite membrane became less

apparent, especially the peaks around 1,240, 1,290,
and 1,320 cm−1 (aromatic amines I, II, and III stretch-
ing, respectively), 1,480 and 1,580 cm−1 (polysulfonyl
group) and 700–900 cm−1 (aromatics bond bending).
However, the amide peaks (1,540 and 1,660 cm−1)
increased in absorbance intensity significantly. In
addition, the amide peak of the virgin membrane at
1,660 cm−1 was shifted to lower wave numbers
(1,635 cm−1) after rather long-time fouling. The shift
could be attributed to the fact that some electronega-
tive atoms in foulants are bonded to polyamide chains
through amide II groups (N–H). The peak at
1,050 cm−1 in the IR spectrum of fouled membrane is
assigned to the silicon oxide bond of clay minerals
[25]. After cleaning, the spectrum profiles were similar
to that of the virgin membrane’s. These results
provide strong evidence that organic compounds are
readily adsorbed onto the membrane surface, and the
foulants can be partially removed by the chemical
cleaning.

From Fig. 5(a), it can be seen that only partial fou-
lants on the membrane surface can be removed by
aggressive chemical cleaning. The residuary foulants
was directly related to irreversible fouling. Hence, fou-
lants were stripped off the cleaned membrane and
analyzed by FTIR. The result is shown in Fig. 5(b).
Bending of C–H at 670, 720, and 870 cm−1 and stretch-
ing of C=C near 1,425 cm−1 suggest the presence of
the aromatics [26]. The minor peak at 1,135 cm−1 is
assigned to polysaccharide-like material [27]. The
minor peaks at 1,640 and 1,725 cm−1 are assigned to
C=O stretch for amide and ester, respectively. The
result is quite well accorded to the phenomenon that
amide peaks increased in absorbance intensity,
observed in Fig. 5(a). The small peak at 2,925 cm−1 is
assigned to C–H stretch for alkanes [28]. The minor

Fig. 4. Temporal evolution of salt rejection.

Fig. 5. FTIR spectra of (a) virgin, cleaned and fouled membranes and (b) physically stripped fouling layer.
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peak at 1,055 cm−1 is assigned to the silicon oxide
bond of clay minerals which is also observed in
Fig. 5(a). The double peaks at 2,340 and 2,360 cm−1 are

assigned to the adsorption of CO2 [29]. The above
results provide evidence that the dominant organic fo-
ulants were found to be the aromatics. Combining

Fig. 6. EDS images of membranes.
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with the results of GC-MS, we found that the aromat-
ics are likely to be phenol, methylphenol, benzeneace-
tic acid, dibutyl phthalate, and xylenol.

3.4.2. Inorganic composition of fouling layer

The elemental composition of the virgin, cleaned,
and fouled membranes obtained by EDX analyses was
shown in Fig. 6. The virgin membrane only exhibited
the presence of three major elements (C, O, and S). On
the fouled membrane, a significant increase in the
atom ratio of oxygen was observed which is attribut-
able to accumulation of the organic compounds. Small
quantities of metal such as Fe, Mg, Si, Al, and Ca were
also detected, which were probably multi-valent cat-
ions complexed with organic molecules entering the
cake layer [30]. Among various inorganic elements, Fe,
P, Na, and Cl were found to be prominent constitu-
ents of the foulants, indicating that the compositions
of the inorganic foulants were closely associated with
the feed water qualities. After membrane cleaning
using NaOH solution (pH 11.0), most of the total
amount of inorganic species were removed. EDX
peaks for Na, Al, Ca, and P disappeared and EDX
peaks for Fe, Mg, and Si decreased sharply. However,
this removal was not associated with a complete FR.
The observation suggested that irreversible fouling
was most likely caused by the residual organic
foulants.

3.5. Mechanism involved in the evolution of irreversible
fouling during the reclamation

As discussed above, irreversible fouling is most
likely caused by the residual organic foulants and the
aromatics are the dominant components of foulants. It
is consistent with the fact that alkaline reagent
(NaOH) is more effective in restoring the membrane
permeability than the other reagents used. The metal
cations, such as Fe3+ and Mg2+, contribute to irrevers-
ible fouling to some extent. Similar results had been
obtained by Kimura et al. for a pilot plant UF [31].

The organic compounds contained in the wastewa-
ter are not uniformly adsorbed onto the membrane
surface [32,33]. Some fractions of the organic matters
are preferentially adsorbed on or bound with the
membrane. The aromatics have the hydrophobic struc-
ture, benzene ring, which is more prone to be
adsorbed on the membrane surface through the
hydrophobic force. The fouling is also determined by
the electrostatic interaction [14]. The repulsion force
between the negatively charged functional groups

(–COOH) and the negatively charged membrane sur-
face leads to the reduction in fouling (Table 2). While
the attractive force between the positively charged
functional groups (–NH2) and the negatively charged
membrane surface leads to the increase of the fouling.
In addition, the hydrogen bond also plays an impor-
tant role on the membrane fouling [34]. IR measure-
ment has been the most often employed for testing the
existence and the strength of hydrogen bond [35]. The
stretching vibration of proton-donating bond is typi-
cally shifted to red upon hydrogen bond formation.
This red shift is correlated with the strength of the
hydrogen bond as well as with the bond length. In the
section 3.4.1, the IR peak of amide was shifted to red,
which indicated that the H-bond between the foulants
and the membrane were formed after long fouling.
Contreras et al. [36] studied adsorption of organic fou-
lants on membrane surface by quartz-crystal microbal-
ance with dissipation monitoring. The results showed
that adsorption of protein on hydrophilic membrane
surface was dominated by hydrogen bond formation
and electrostatic attraction. When the feed contains a
mixture of contaminants, membrane fouling is more
severe due to the synergistic effect [37], such as hydro-
phobic force, electrostatic force, and hydrogen bond
formation. Metal cations cause membrane fouling by
enhancing the aggregation of organic molecules in
solution [25] and/or by neutralizing the negative
charge of the membrane surface [38].

4. Conclusions

Fouling behaviors of a RO membrane fed with UF-
pretreated petrochemical secondary effluent were
investigated. It has been found that membrane fouling
in the case of the filtration of solution containing
organic compounds was dominated by organic foul-
ing. The flux decline due to fouling was found to
dominate over concentration polarization. The salt
rejection was improved upon fouling occurring due to
Donnan exclusion by the organics adsorbed on the
membrane surface. With the microanalysis of fouling
layer characteristics after membrane cleaning, irrevers-
ible fouling was most likely caused by the residual
organic foulants. The aromatics, including phenol,
methylphenol, benzeneacetic acid, dibutyl phthalate,
and xylenol were proposed to be the predominant
organic foulants causing irreversible fouling. Metal
cations, such as Fe3+ and Mg2+, contributed to irre-
versible fouling to some extent. The fouling rate and
extent of flux decline can be related to synergetic
effects of hydrophobic force, electrostatic force, and
hydrogen bond formation.
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Nomenclature
J — permeation flux (mLm−2 min−1)
t — permeation measuring time (min)
U — crossflow velocity (m s−1)
P — operation pressure (bar)
R — resistance (m−1)
Greek letters
μ — viscosity (N sm−2)
Δπ — osmotic pressure (bar)
Subscript/superscript
b — wastewater
0 — initial state
w — pure water
fw — pure water through fouled membrane
cw — pure water through cleaned membrane
m — membrane
l — fouling layer
f — feed solution
p — permeate solution
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