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ABSTRACT

Cross-flow ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) were applied
for the first time on a produced water obtained from a thermal in situ bitumen recovery
process called steam-assisted gravity drainage (SAGD), with the intent to remove salt, silica,
and dissolved organic matter (DOM) so that the produced water could be re-used as high-
quality boiler feedwater. It was found that more hydrophilic and more negatively charged
membranes were less susceptible to fouling. The UF membrane tested rejected a maximum
of 30% of the salt and silica and 50% of the DOM. Nanofiltration with loose membranes
removed more than 70% of the salt and DOM. The tight NF membranes tested removed
more than 86% of the salt, silica, and DOM, and consumed less energy than RO, which
showed almost the same rejection. An instantaneous increase in water flux resulting from a
step change in feedwater pH demonstrated the critical role of pH in flux recovery and in
fouling mitigation. Analysis of the fouled membranes indicated presence of silica, iron, and
calcium in the foulant material. Feed and permeate characterization showed that mainly
hydrophilic DOM passed through the membrane. The study provides valuable insights
regarding the suitability of membranes as alternatives to conventional SAGD water
treatment methods, especially in terms of producing higher quality recycled water.

Keywords: Oil sands; SAGD; Membrane processes; Produced water treatment; Reverse
osmosis; Nanofiltration; Ultrafiltration

1. Introduction

Steam-assisted gravity drainage (SAGD) is a ther-
mally enhanced heavy oil recovery method which is
widely practiced for bitumen extraction from oil sands

in Alberta, Canada. In this process, steam is injected
through a horizontal well into the bitumen-containing
formation to decrease the viscosity of the bitumen and
effect its extraction. An emulsion of steam condensate
and heated bitumen flows down along the periphery
of the steam chamber to the production well which is
located below the injection well. This emulsion is then
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pumped to the surface where the bitumen and water
are separated and the water is treated for reuse as
boiler feedwater (BFW).

In a typical SAGD surface treatment plant, the pro-
duced emulsion is first sent through a series of gravity
separation vessels to remove the gases, and separate
the bitumen and water. The produced water is then
deoiled utilizing oil skimmers, as well as induced gas
flotation devices. Finally, the water passes through an
oil removal filter to remove traces of free oil and
grease from the water. In a conventional SAGD water
treatment plant, the de-oiled produced water mixes
with make-up water and recycled boiler blow-down
(BBD) water to make the inlet stream for a warm lime
softener (WLS). This stream, called WLS inlet water, is
at pH 9–10 and its silica, total organic carbon (TOC),
and total dissolved solid (TDS) concentration is in the
range of 50–100, 300–500, and 1,500–2,000 mg/L,
respectively. About 90% of the silica is removed by
warm lime softening and a media filter is used to
remove the residual particles. In order to further
remove dissolved divalent ions like Ca2+ and Mg2+ to
make the treated water suitable for BFW, a weak acid
cation exchanger (IX) is used downstream of the WLS.
The treated water is used as BFW for a robust style of
steam generator known as a once through steam
generator (OTSG), which can tolerate relatively high
amounts of TDS and TOC. To compensate for the rela-
tively low-quality BFW, however, OTSGs typically
produce only a low quality steam (75–80%), resulting
in a large volume of boiler blowdown (BBD). A por-
tion of the BBD is recycled back to the WLS and the
rest is sent to disposal.

The economics of an SAGD process depend on the
energy consumed for steam generation as well as the
energy consumed for produced water deoiling and
treatment and blowdown disposal [1,2].

The conventional WLS-IX water treatment config-
uration does not reduce the amount of dissolved
organic matter (DOM) or salinity (TDS) in the BFW.
The high levels of DOM and TDS in the OTSG
feedwater can cause numerous operational problems
like fouling of pipelines and equipment, and clogging
of injection wells [2–4]. To reduce the injection water
volume, evaporators are sometimes used as a down-
stream BBD recovery process. Evaporators have also
been used to directly desalinate produced water to
make high-quality BFW, but energy use is high. High
boiler feedwater TDS and DOM results in higher
blowdown volumes and necessitates recycling more
low quality BBD water back to the process [4]. The
chemical intensive WLS-IX scheme also suffers from
high operating cost, large foot print, and excessive
recycles. The major chemicals added in the WLS are

lime and magnesium oxide. The IX system requires
polymeric resins and regenerations chemicals. Other
chemicals in the form of coagulants and polymers are
also required, which increases the operating cost of
the current process [5]. In light of the above, it is of
interest to compare the WLS-IX scheme with an
alternative membrane-based process which can sepa-
rate almost all silica and divalent ions and reject more
than 90% of DOM and TDS in a single step operation
[6]. In addition to improving operation of the current
OTSGs, a membrane-based desalination process would
allow the production of high-quality BFW suitable for
higher efficiency drum boilers, while consuming less
energy than if desalination evaporators were used.

Among emerging technologies applied for oilfield
produced water treatment [7], membrane separation
processes have been found to be attractive candidates
due to their lower operating expenses and lower
energy consumption. Although microfiltration (MF)
and conventional ultrafiltration (UF) membranes have
been shown to be ineffective for the separation of sil-
ica, DOM and salt from produced water [8–10], tighter
UF membranes have been reported to remove up to
~60% of the organic matter and silica, depending on
the characteristics of feedwater constituents and the
operating conditions (pH and ionic strength), while
consuming relatively low amounts of energy [8,11,12].
Nanofiltration (NF) and reverse osmosis (RO) are
widely used for separation of organic matter, salt, and
silica from water and wastewater. However, there are
few records in the peer-reviewed literature for their
application in desalination and organic removal from
oil sands produced water [13–16]. This is mainly due
to their high susceptibility to fouling by the high TDS
and high TOC concentrations in SAGD produced
water, and the unfamiliarity of the SAGD industry
with water treatment membrane technology.

Fouling is the principal obstacle in developing a
sustainable and energy efficient membrane process for
SAGD applications. It significantly reduces membrane
performance and membrane lifetime, and subse-
quently increases operation and maintenance costs
[17]. The extent of membrane fouling by DOM is, of
course, related to the concentration and nature of the
DOM in the membrane feedwater. SAGD-produced
waters are known to have high DOM concentrations,
so organic fouling is anticipated to be significant. The
characteristics of the DOM present in SAGD produced
waters are only beginning to be characterized in
detail. Peng et al. [14] and Kim et al. [13] studied
membrane fouling by oil sands process affected water
(OSPW) associated with the surface extraction of bitu-
men; OSPW primarily contains naphthenic acid-like
DOM [18–22]. Kawaguchi et al. [23] showed that
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naphthenic acids also predominated in SAGD process
water samples (>74% of the organic acids), while
traces of fatty acids (originating from the groundwater
used as makeup water) were also found. They indi-
cated that the nature of the DOM in the SAGD-pro-
duced water changed through the water treatment
process. Petersen and Grade [24] divided organic spe-
cies in SAGD-produced water samples into three pri-
mary groups: saturated aliphatics (n-alkane and
cycloalkane), aromatics (benzenes and polyaromatic
rings), and polar compounds (alcohols, ketones, phe-
nols, etc.), all indicative of the presence of naphthenic
acids as the main DOM group in SAGD-produced
water. However, Guha Thakurta et al. [4] found that
the DOM found in SAGD-produced waters are signifi-
cantly different from OSPW DOM, and more like
humic acids than naphthenic acids. It must be noted
that every DOM molecule has a specific charge and
molecular conformation which controls the rate of
fouling and subsequently the performance of the
membrane process [25]. Also, the interaction of DOM
functional groups with other ions in solution (such as
silica), and changes in the DOM functional groups
with solution pH alter the properties of the DOM and
subsequently influence the structure and hydraulic
resistance of the fouling layer on the membrane
[17,26–28].

Few reports of membranes being tested for SAGD-
produced water treatment are found in the open
literature. The aim of this study, therefore, was to
investigate the performance of commercial UF, NF,
and RO membranes for desalination, hardness, silica,
and DOM removal from SAGD produced water sam-
ples obtained from operating facilities in the Atha-
basca oil sands region. The effects of membrane
hydrophilicity, zeta potential, roughness, and pore size
on flux decline and TOC and TDS rejection were
investigated using a bench-scale, flat-sheet membrane
testing apparatus.

2. Material and methods

2.1. Feedwater

SAGD WLS inlet water was obtained from an
SAGD water treatment plant located in the Athabasca
oil sands region of Alberta, Canada and shipped to
the University of Alberta for testing. Samples were
collected in sealed containers and kept under a nitro-
gen blanket until they were opened for the treatment
experiments. The pH, conductivity, and TOC of the
samples were measured (Table 1). The concentration
of dissolved silica and other inorganic ions was mea-
sured by inductively coupled plasma-optical emission

spectrometry (ICP-OES). The chloride concentration
was measured by automated colourimetry using the
SSMA 4500 CL-E method. TDSs was measured using
the SM 2540-C protocol. The data presented in Table 1
indicates that the WLS inlet water contained high con-
centration of DOM, TDS, and dissolved silica, as
expected.

2.2. Membranes

Membrane filtration experiments were conducted
using six types of polymeric membranes: three NF
membranes (NF270 and NF90 from Filmtec and ESNA
from Hydranautics), two RO membranes (BW30 from
Filmtec and ESPA from Hydranautics), and one UF
membrane (thin film UF from GE). All of these mem-
branes are thin film composite membranes consisting
of three layers: a thin film as an active layer, an
intermediate microporous layer, and a mesoporous
polyester fabric support [29]. The very thin polyamide
(PA) active layer determines the membrane separation
properties and fouling behavior.

The properties of the membranes were obtained
from the manufacturers’ product manuals and litera-
ture, and are summarized in Table 2. As can be seen,
all of the membranes tested can withstand feed tem-
peratures and pH as high as 45˚C and 10, respectively.
The main characteristics which govern the permeation
properties of the membranes are the membrane
molecular weight cut-off (MWCO), surface charge,
hydrophilicity, and roughness. MWCO is defined as
the molecular weight for which 90% of a test solute,
usually polyethylene glycol (PEG), is retained by the
membrane [30]. The higher the MWCO, the larger the
pore size of the membrane. Membranes having higher
MWCO, for example the UF membrane used in this

Table 1
Properties of WLS inlet water

Elements Units Feed water

pH – 9
Conductivity μS/cm 1,680
TDS mg/L 1,200
TOC mg/L 420
Dissolved silicon (Si) mg/L 89
Sodium (Na+) mg/L 350
Chloride (Cl−) mg/L 170
Calcium (Ca2+) mg/L 1.9
Magnesium (Mg2+) mg/L 0.59
Iron (total Fe) mg/L 0.39
Boron (B) mg/L 19
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research, are more susceptible to fouling than denser
membranes due to the higher permeation drag.

Bench-scale membrane experiments were con-
ducted at a constant initial permeation flux so that
permeation drag was constant for all membranes. This
allowed fouling intensity to be compared to other sur-
face properties like surface charge, hydrophilicity, and
roughness. The surface charge and hydrophilicity of a
membrane are quantified by measuring the zeta
potential and contact angle. More negatively charged
and more hydrophilic membranes are less prone to
fouling by hydrophobic organic and negatively
charged inorganic materials. Membrane surface rough-
ness also plays a major role in fouling, until the cake
layer grows thick enough to make the initial surface
roughness less significant. Rougher surfaces favor the
entrapment of foulants in the eddy zones occurring
behind the peaks. Clogging of valleys on the surface
of salt-rejecting NF and RO membranes results in sig-
nificant loss of permeate flux [53].

2.3. Cross-flow membrane filtration setup

A schematic view of the cross flow membrane fil-
tration setup used in this work is shown in Fig. 1. The
setup consisted of a stainless steel feed tank, a mem-
brane cell, a constant flow diaphragm pump of maxi-
mum capacity 6.8 LPM (1.8 GPM) from Hydra-Cell, a
chiller/heater (Isotemp 3013, Fisher Scientific) to keep
the feed temperature at 50˚C, a bypass valve, and a
back pressure regulator to control applied pressure
and cross flow velocities (Swagelok). A digital weigh-
ing balance (Mettler Toledo) was used to measure the
permeate flow rate and the data were directly col-
lected into a computer using LabVIEW (National
Instruments) data acquisition software.

2.4. Experimental methodology

Six experiments were conducted to find the effects
of pH and membrane properties on water flux, TOC,
and TDS rejection, and the deposition of organic and

Table 2
Properties of tested polymeric membranes

Membrane
properties

NF270
(Filmtec)

NF90
(Filmtec)

BW30FR
(Filmtec) UF TF (GE)

ESNA
(Hydranautics)

ESPA
(Hydranautics)

Membrane type NF polyamide
thin-film
composite

NF polyamide
thin-film
composite

RO polyamide
thin-film
composite

UF polyamide
thin-film
composite

NF polyamide
thin-film
composite

RO polyamide
thin-film
composite

Maximum operation
pressure (kPa)

4,136 4,136 4,136 2,758 4,136 4,136

Maximum operation
temperature (˚C)

45 45 45 50 45 45

pH range,
continuous
operation

2–11 2–11 2–11 1–11 2–10 2–10

Salt rejection (%) 40–60 85–95 99.5 N/A 75–92 99.3
MWCO (Da) 330 ± 48 [31–

33]
201 ± 25 [31–
33]

116 ± 30
[31,34]

3,000 223 ± 37
[35,36]

125 ± 35
[34,37]

Contact angle (θ˚) 34 ± 5.5
[31,38]

62 ± 6.7
[26,29,31]

63 ± 7.3
[29,31,38]

42 ± 3.4
[39,40]

60 ± 6.2
[35,36,41]

56 ± 6.0 [42,43]

Zeta potential (mV) −12.1 at pH
4.5 [26,29]

5.1 at pH 4.5
[44]

−12.1 at pH
4.5 [29]

−21.8 at pH 7
[39]

0.0 at pH 4.5 −11.1 at pH
4.5

−21.6 at pH 7
[32]

−24.9 at pH 7
[45]

−20.0 at pH 7
[38]

−28.8 at pH 8
[41]

−11.5 at pH 7 −26.0 at pH 7
[46]

−24.0 at pH 9
[38]

−27.3 at pH 9
[44]

−26.0 at pH 9
[38]

−11.0 at pH 9
[36,41]

−26.8 at pH 9
[46]

Isoelectric point
(IEP, KCl 10−3 M)

3 ± 0.20
[47,48]

4.0 4.0 N/A 4.9 ± 0.10
[47,48]

4.0 [46]

Mean roughness
(nm)

5 ± 0.25
[25,38,49]

65 ± 2.2
[25,49,50]

65 ± 3.4
[29,38,49]

N/A 50 ± 3.5 [51,52] 73 ± 5.5
[37,42,46,51]

Note: Data were obtained from the membrane manufacturers’ literature, unless otherwise indicated.
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inorganic matter on the membrane surface (Table 3).
Constant pH (raw WLS inlet water pH 9) experiments
were conducted on the NF270, ESNA, and ESPA
membranes, and dynamic pH experiments (9–7–10)
were carried out on the UF-TF, NF90, and BW30
membranes. Membrane samples were stored in de-
ionized water for 24 h in order to remove preserva-
tives. Before each experiment, membrane compaction
was performed with de-ionized water at a pressure
range of 800–1,400 kPa, depending on the type of
membrane.

2.5. Characterization techniques

2.5.1. Fluorescence excitation emission matrix
spectroscopy (FEEMs)

Fluorescence excitation–emission matrix spec-
troscopy (FEEMs) was used to analyze the fingerprint

of soluble and insoluble organic matter in water sam-
ples. A wavelength range of 200–500 nm with 5 and
10 nm intervals for excitation and emission wave-
lengths, respectively, was used. The WLS inlet sam-
ples were diluted using DI water to a TOC level of
approximately 15 mg/L to avoid inner filtration
(quenching) effects on the fluorescence analysis. For
all experiments, fluorescence analysis was performed
on feed and permeate samples at pH 9.

2.5.2. Total organic carbon (TOC)

The TOC measurement detects the concentration of
all organic carbon atoms covalently bonded in the
organic molecules of a sample of water. It is a parame-
ter for monitoring the amount of DOM present in a
sample, and for evaluating the efficiency of the water
treatment process for organics removal. TOC is calcu-
lated based on total carbon (TC) and inorganic carbon
(IC) measurements (TC – IC = TOC). TOC in the
present work was measured using a TOC analyzer
(Shimadzu, model TOC-V; detection range
3−25,000 mg/L). All samples were filtered with 0.22 μm
MF membranes (Cellulose Acetate, Millipore, USA) to
remove the suspended solids before TOC analysis.

2.5.3. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES)

Emission spectroscopy using ICP is a rapid, sensi-
tive, and convenient method for the determination of
metal ions in aqueous solutions. The concentration of

Fig. 1. Schematic view of cross-flow filtration setup.

Table 3
Variation of pH with time in conducted experiments

Membrane
Time (h)

1–2 3–4 5–6

UF-TF (GE) pH 9 pH 7 pH 10
NF90 (Filmtec) pH 9 pH 7 pH 10
BW30 (Filmtec) pH 9 pH 7 pH 10
NF270 (Filmtec) pH 9 pH 9 pH 9
ESPA (Hydranautics) pH 9 pH 9 pH 9
ESNA (Hydranautics) pH 9 pH 9 pH 9
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dissolved silica and other inorganics presented in
Table 2 was measured by an ICP-AES instrument
(Agilent 735 ICP-OES) using EPA Method 200.7. In
this method, the water sample is nebulized and the
resulting aerosol is transported into an inductively
coupled argon plasma generated by radio frequency
power. The high temperature (6,000–10,000 K) of the
plasma leads to almost complete dissociation of mole-
cules and efficient atomization and ionization in the
sample. Emission spectra are produced when the
excited atoms and ions return to lower energy states.
The spectra are dispersed by a high resolution echelle
polychromator and the intensities of the lines are
monitored by a charged coupled device. In OES, the
power of the radiation emitted by a constituent after
excitation is directly proportional to its concentration.

2.5.4. Field-emission scanning electron microscope–
energy dispersive X-ray (FESEM–EDX) analysis

A FESEM was used to provide images of the mem-
brane surface to analyze surface morphology. Prior to
the analysis, the membranes were coated with a thin
film of chromium. Surface images of the membranes
were obtained by using a JEOL 6301F FESEM. All
membranes were imaged at a magnification of 20,000
times. FESEM was used to provide qualitative
information on the deposition of foulants on the mem-
brane. Semi-quantitative elemental analysis was also
done, using a PGT IMIX energy dispersive X-ray
(EDX) system with 135 eV resolution.

2.5.5. Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy

ATR-FTIR spectroscopy was used to provide
information on the type of functional groups present
on the membrane surface at depths of less than 1 μm
below the surface. Membranes were analyzed with
ATR-FTIR before and after filtration with a Thermo
Nicolet Nexus 670 FTIR instrument. This instrument is
equipped with a mercury–cadmium–tellurium (MCT)
detector and has a resolution of 4 cm−1. A total of 512
scans were averaged for each spectral measurement.
The internal reflection element was a zinc selenide
(ZnSe) ATR plate with an aperture angle of 45˚. All
membrane samples were scanned over the range of
600–4,000 cm−1.

3. Results and discussion

Membrane performance was evaluated on the basis
of the permeation flux and the rejection of the target

contaminants. The fouling tendency of the membranes
tested and the fouling potential of the water being
treated were evaluated by measuring the rate of water
flux decline over time. Fouling deteriorates the perfor-
mance of membranes by decreasing the permeation
flux and decreasing membrane life [25]. Membrane
fouling is influenced by a great number of parameters
including hydrodynamics (feed flow rate, permeation
drag, and feed channel dimensions), solution chem-
istry (salt and divalent ion concentrations, the pres-
ence of sparingly soluble solids, and pH), and the
surface properties of the membrane (hydrophilicity/
hydrophobicity, zeta potential, surface roughness, and
pore size). Regardless of the feedwater properties and
the membrane module hydrodynamics, membrane
manufacturers are continuously seeking to develop
antifouling membranes by modifying their surface
properties. In the present work, the effects of
hydrophilicity, surface charge, and roughness of vari-
ous types of polymeric membranes on the water flux
and TOC and TDS rejection during UF, NF, and RO of
SAGD produced water were investigated. Experiments
were conducted at a constant feed flow rate and a
constant permeation flux on the same industrial water
sample (WLS inlet water), to minimize the effects of
feed chemistry and hydrodynamics. Despite the many
modification and fouling preventive strategies, mem-
brane fouling is inevitable. Online reduction of mem-
brane fouling by physical techniques like vibration,
ultrasound, vortex generation, and flow and pressure
pulsation have been widely studied [54–56] Another
technique for mitigating fouling during operation is
the rapid change of operating conditions such as solu-
tion pH, ionic strength, and temperature, as well as
the presence of light and electric and magnetic fields
[57–59]. In this study, the effect of rapid changes in
solution pH on water flux and TOC and TDS rejection
was investigated. Since membrane filtration perfor-
mance is known to be influenced by the characteristics
of the feedwater and the interaction of its constituents
with the membrane surface, the feed water, permeate,
and the surfaces of the fouled membranes were
characterized in detail.

3.1. Continuous operation at fixed pH

Water flux and TOC/TDS rejection for the NF270,
ESNA, and ESPA membranes at 50˚C and a constant
pH of 9.0 are shown in Fig. 2. An initial water flux of
35 LMH was used for all membranes, and was
obtained by adjusting the feed pressure to 276, 552,
and 827 kPa for the NF270, ESNA, and ESPA mem-
branes, respectively. As can be observed in Fig. 2,
water flux declined due to the combined fouling of
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silica, organic matter, and divalent ions present in the
WLS inlet water. According to Table 1, the concentra-
tion of silica and divalent ions in the WLS inlet water
(~90 mg/L) is almost five times lower than the con-
centration of organic matter (420 mg/L). Hence, DOM
fouling is expected to be the principal fouling mecha-
nism in the present work. The initial adsorption of
DOM onto the membrane surface decreases the
permeate flux due to DOM gel formation, pore block-
ing, and induced hydrophobic properties.

Flux decline due to pore blocking and pore con-
striction was found to be more severe with mem-
branes having a larger pore size (UF and loose NF
membranes). For salt-rejecting NF and RO mem-
branes, the plugging of hot spots by DOM was
thought to be responsible for the sharp initial flux
decline [38,53,60–62]. Hot spots are the valleys on the
membrane surface with the minimum thickness and
the maximum local water flux. Rapid clogging of these
hot spots leads to substantial loss of permeate flux
[53]. It has also been reported that the hydrophobicity
of hydrophilic membranes increases after fouling by
highly hydrophobic organic matter [38,63]. Increasing
hydrophobicity generally leads to more susceptibility

to fouling due to the hydrophobic interactions
between the membrane surface and the hydrophobic
materials [38]. In this study, the organic matter present
in the WLS inlet feedwater has been reported to be
mainly hydrophobic acids (humic type) [4]. Since all
of the membranes tested were hydrophilic (based on
the contact angle values in Table 1), it was expected
that the membrane surfaces would become hydropho-
bic after fouling.

The bar chart in Fig. 2 shows that the initial flux
decline for the NF270 membrane was lower than the
two other NF membranes. At the constant initial
permeate flux, feed flow rate and feed solution chem-
istry (pH and ionic strength), the rate of flux decline
was found to be strongly dependent on the surface
properties of the membrane. According to the surface
roughness and contact angle values presented in
Table 2, the NF270 membrane is smoother and has
stronger hydrophilic properties than the ESNA and
ESPA membranes. In addition, the surface of the
NF270 membrane is more negatively charged than
that of the ESNA membrane. Earlier studies found
that membrane surfaces with more negative zeta
potentials and higher hydrophilicity exhibit less foul-
ing by organic matter due to the higher electrostatic
repulsion and lower hydrophobic interaction between
the foulant and the membrane surface [38,64]. The
ESNA membrane showed less initial decline than the
ESPA membrane, in spite of being less negatively
charged. The rougher surface of the ESPA membrane
results in enhanced deposition of silica particles onto
the membrane surface and, hence, more severe fouling
[65], as it is expected that colloidal fouling governs in
combined organic/colloidal fouling for rougher mem-
branes. Meanwhile, the higher salt rejection seen with
the ESPA membrane during these fouling experiments
resulted in a more severe osmotic pressure build-up
near the membrane surface and hence a greater flux
decline [66].

It is worth noting that all membranes were tested
at a permeation flux of 35 LMH, which is hypothe-
sized to be close to their limiting flux, according to the
moderate flux decline (7–10%) seen after the 6 h
experiment. A higher initial permeation flux could
have resulted in a more severe flux decline. Tu et al.
[38] observed 50 and 30% water flux declines after 6 h
of filtration of a humic acid and silica solution by an
NF270 membrane at an initial permeate flux of
85 LMH. The NF270 membrane had a higher flux
decline than a BW30 membrane tested under the same
conditions. The higher flux decline of the NF270 mem-
brane was attributed to the governing effect of the ini-
tial permeation flux, despite the NF270 membrane
having lower surface roughness and higher negative

Fig. 2. Water flux decline during cross-flow filtration of
WLS inlet water by NF270, ESNA, and ESPA membranes
at constant pH 9. The transmembrane pressure was
adjusted to 276, 552, and 827 kPa for NF270, ESNA, and
ESPA membranes, respectively.
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zeta potential and hydrophilicity than the BW30
membrane.

In earlier studies, membrane fouling has been
described as involving two successive stages, where
foulant–membrane and foulant–foulant interactions
govern the deposition of material at the first and sec-
ond stages, respectively [67–69]. Very low values of
initial permeate flux decline in the NF270, ESPA, and
ESNA membranes implies that foulant–membrane
interaction is minimized either by the favorable sur-
face properties of membranes tested or the hydrody-
namic conditions of the experiments. When there is
significant interaction between the foulant and the
membrane, foulants (mainly DOM in the present
work) will adsorb onto the membrane surface and
decrease the permeate flux sharply, due to pore block-
ing, induced hydrophobic properties, and lowered
permeation drag [27,38,70,71].

Fig. 3 shows the variation of TOC and TDS rejec-
tion with time using the NF270, ESPA, and ESNA
membranes. As can be observed for all of these mem-
branes, TOC rejection increased with time, which is
evidence of hydrophobic interactions in the second

stage of fouling. According to the literature, the
adsorption of organic matter on the membrane surface
makes the membrane more hydrophobic [27,38,71,72].
This intensifies the deposition of new organic matter
on previously deposited organic matter due to
hydrophobic foulant–foulant interactions. As a result,
TOC rejection increases. For the more hydrophilic
NF270 membrane, the rate of increase in TOC rejection
was greater. This result can be explained by the find-
ings of Cho et al. [63] and Tu et al. [38], who both
observed more severe induced hydrophobicity for
more hydrophilic membranes after fouling by organic
matter.

TDSs rejection remained constant for the more salt
rejecting ESPA and ESNA membranes (>90% rejec-
tion), whereas TDS rejection decreased for the looser
NF270 membrane. According to the literature, for salt
rejecting membranes, both flux and salt rejection
decline as fouling progresses due to cake enhanced
concentration polarization [66,73]. As foulants (silica
and organic matter) deposit on the membrane surface,
the salt concentration at the membrane surface signifi-
cantly increases because back diffusion of salt away
from the membrane surface is hindered by the foulant
cake layer [74]. The increased salt concentration at the
membrane surface increases the driving force for salt
transport through the membrane. This results in a sig-
nificant passage of salt to the permeate stream and
consequently a decrease in the TDS rejection. How-
ever, in this study, TDS rejection increased slightly for
the denser membranes, which confirms the dominance
of organic fouling for WLS inlet water filtration. The
plugging of hot spots by organic matter is thought to
have resulted in the formation of a denser screening
layer which restricted the transport of salt, in agree-
ment with previous findings reported in the literature
[38,53,60–62].

For the NF270 membrane, however, TDS rejection
decreased, which was not expected based on the lower
fouling potential of this membrane, as discussed
above. Lee et al. [74] showed that there is not neces-
sarily a direct relationship between the rate of flux
decline (fouling severity) and rejection decrease. They
observed a much greater salt rejection drop for an NF
membrane compared to a RO membrane, despite both
membranes having similar flux decline trends. They
attributed this to different mechanisms governing salt
rejection for NF and RO. The predominant mechanism
of salt rejection for RO membranes is size exclusion,
while for NF membranes both size and charge
(Donnan) exclusion are critical. Hence, a salt concen-
tration increase on the membrane surface due to cake
formation has a more significant effect for the charge
exclusion mechanism.

Fig. 3. TOC and TDS rejection during cross-flow filtration
of WLS inlet water by NF270, ESNA, and ESPA mem-
branes at constant pH 9. The transmembrane pressure was
adjusted to 276, 552 and 827 kPa for NF270, ESNA, and
ESPA membranes, respectively.
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3.2. Membrane operation with varying pH

Dynamic pH experiments were conducted on the
UF, NF90, and BW30 membranes. The transmembrane
pressure was adjusted to 207, 552, and 827 kPa,
respectively, to achieve the same initial permeation
flux of 35 LMH for all membranes. To determine the
effect of pH on membrane performance, the pH of the
WLS inlet feed was decreased rapidly from 9 (raw
WLS inlet feed pH) to 7 after 120 min, then rapidly
increased to 10 after 240 min. The variation of water
flux with time and pH is shown in Fig. 4. Decreasing
the pH from 9 to 7 resulted in a sharp decline in
water flux for all membranes. Flux increased by
increasing the pH from 7 to 10. The sharp flux decline
was found to be more severe in the salt rejecting NF90
and BW30 membranes. Flux recovery became more
evident for the denser BW30 membrane. The FESEM
images, as will be shown later, indicated re-dissolving
of the fouled material on the NF and RO membranes
by increasing pH, which resulted in reversible fouling
and flux recovery. By increasing the pH from 7 to 10,

the flux increased to an even higher value than the
initial flux at the initial raw WLS inlet water pH.
Decreasing the pH increases the rate of co-precipita-
tion of organic matter and silica, which causes a sharp
flux decline, especially for denser membranes [4,75].
This is attributed to the quick change of foulant/fou-
lant and foulant/membrane interactions by pH
alteration.

The variation in permeate flux with pH change is
due to changes in the properties of both the mem-
brane and the solution. Silica and DOM are the major
constituents in the WLS inlet water. The surface
charge of silica particles is negative at pH values
greater than their isoelectric point (pH > 3). The
magnitude of the silica surface charge increases with
increasing pH and increasing salt concentration
[76,77]. The surface charges of DOM functional groups
are known to become more negative with increasing
pH [17,78,79]. The higher negative charge on the
DOM functional groups results in the formation of a
more porous cake layer (due to the inter-foulant repul-
sion) and consequently results in higher permeation
flux rates. The protonation of DOM functional groups
(mainly COOH) at lower pH decreases the charge and
ultimately the electrostatic repulsion [17,78–82]. Also,
pH affects the macromolecular conformation of DOM,
so that a smaller configuration occurs at lower pH val-
ues [17,27,83]. This causes the formation of a more
compact fouling layer and subsequently, a flux
decline, at lower pH values.

In addition to foulant/foulant interactions, fou-
lant/membrane interactions strongly affect membrane
performance at various pHs. Generally, the zeta poten-
tial of the membranes, particularly polyamide mem-
branes containing carboxylic (R-COO−) and amine (R-
NHþ

3 ) ionizable functional groups, becomes more
negative as pH increases [64,84]. Altogether, both
inter-particle and particle-membrane repulsions
prevent the particles from depositing, and lead to the
formation of a thinner fouling layer. Hence, higher
permeation fluxes were observed at higher pH values
[17,27,28,50].

At the raw water pH, the minimum and maximum
initial flux decline was observed for the UF and NF90
membranes, respectively (bar chart in Fig. 4). Based
on the data presented in Table 2, the UF membrane is
more hydrophilic and negatively charged than both
the BW30 and NF90 membranes. This resulted in less
flux decline at the constant permeation flux. Taking a
closer look at Table 2, it is found that the BW30 and
NF90 membranes have almost the same surface
properties (roughness, contact angle, and zeta poten-
tial values) and are therefore predicted to show the
same fouling behavior. The slightly higher fouling

Fig. 4. Water flux decline during cross-flow filtration of
WLS inlet water by UF, NF90 and BW30 membranes at
various pH values (9–7–10). The transmembrane pressure
was adjusted to 207, 552, and 827 kPa for UF, NF90 and
BW30 membranes, respectively.
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seen with the NF90 membrane can be attributed to
minor pore blocking by DOM with molecular weight
less than 250 Da. Our previous study showed that
almost 40% of the DOM in the BBD has a molecular
weight less than 500 Da [4]. This small molecular size
increases the chance of pore blocking by DOM in
membranes having MWCO in the range of 100–300 Da
(see Table 2). At pH 7, exactly the opposite behavior
compared to pH 9 was observed. At lower pH, when
co-precipitation of silica and organic matter occurs,
the size of the deposited materials increases, which
makes pore blocking more severe. FESEM images of
fouled membranes showed the presence of particles
with a diameter of 100 nm, as will be discussed later.

Fig. 5 shows the effect of a step change in pH on
TDS and TOC rejection during filtration by the UF,
NF90, and BW30 membranes. As can be seen, for the
tighter BW30 and NF90 membranes, higher TDS rejec-
tion was obtained at pH 7. The 1,000 ppm WLS inlet
feed TDS was reduced to 60–63 ppm at pH 9, 30 ppm
at pH 7, and to 96 ppm at pH 10 by both the BW30
and NF90 membranes. The precipitation of silica
nanoparticles and also the co-precipitation of organic
compounds by adsorption onto the surface of the sil-
ica nanoparticles at lower pH resulted in the forma-
tion of a closely packed cake layer, which increased
the TDS rejection by almost five percent. For the UF
membrane, pH reduction decreased the TDS rejection.
This rejection was found to be irreversible when the
pH was increased back to 10. This interesting result
confirms that irreversible pore blocking occurred with
the loose UF membrane at lower pH values. After UF
treatment, permeate TDS was reduced to 580 ppm at
pH 9, 690 ppm at pH 7, and 750 ppm at pH 10.

The effect of pH on TOC rejection was relatively
insignificant, particularly for salt rejecting membranes.
At pH 9, TOC rejection increased over time due to
cake filtration effects, then decreased very slightly as
the pH decreased to 7. Cake filtration at lower pH
was predicted to increase the TOC rejection similar to
TDS rejection. However, the slight increase in TOC
rejection may have been due to the precipitation of
very small MWCO hydrophilic DOM molecules which
could pass through both the cake layer and the mem-
brane. According to Fig. 5, both the NF90 and BW30
membranes were able to reject 90–93% of the DOM.
This minor change in TOC rejection is attributed to
the larger size of the DOM molecules compared to the
Na+ and Cl− monovalent ions making up the TDS.
DOM/membrane interactions at higher pH and
DOM/cake layer interactions at lower pH had the
same effect on the removal of DOM. In the case of the
UF membrane, the deposition of precipitated DOM on
the walls of the membrane’s pores made the pores

narrower which improved screening performance. It
must be noted that pore constriction for the UF mem-
brane was insufficient to cause increased salt rejection,
due to the very small size of the salt ions. On the con-
trary, TDS rejection decreased drastically due to the
lower electrostatic repulsion for the fouled membrane.

3.3. Evaluation of membranes for WLS inlet filtration
applications

In order to select a suitable membrane for SAGD
WLS inlet filtration applications, the trade-off relation-
ship between energy consumption and product quality
was considered. In pressure-driven membrane pro-
cesses, energy consumption is directly related to the
applied trans-membrane pressure. Hence, UF and
loose NF membranes are less energy intensive than
tight NF and RO membranes. The applied pressure
for the UF and NF270 membranes was 207 and
276 kPa, respectively. Based on the results shown in
Figs. 3 and 5, TOC and TDS rejection increased con-
siderably from about 50 and 30% for UF to more than
70% for NF270 just by applying 68.9 kPa more pres-
sure. Therefore, when very high quality water is not

Fig. 5. TOC and TDS rejection during cross-flow filtration
of WLS inlet water by UF, NF90, and BW30 membranes at
various pH values (9–7–10). The transmembrane pressure
was adjusted to 207, 552, and 827 kPa for UF, NF90 and
BW30 membranes, respectively.
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required, NF270 can be selected as an excellent energy
efficient membrane.

The ESNA and NF90 membranes were found to
give a 35 LMH water flux at the same trans-membrane
pressure of 552 kPa. However, the TOC and TDS rejec-
tion of the NF90 membrane was slightly better than
the ESNA membrane (Figs. 3 and 5). TDS rejection for
the NF90 and the ESNA membranes were 93 and 91%,
respectively. The initial TOC rejection for the NF90
membrane was also 4% higher than the ESNA mem-
brane (90% compared to 86%). In fact, the water pro-
duced by the NF90 membrane had the same quality
as that obtained with the RO BW30 and ESPA mem-
branes, which operated at 827 kPa. Hence, the NF90
membrane is suggested as the best candidate, since it
provided reasonable product quality and was found
to be more energy efficient than the RO membrane.

3.4. Rejection of organic matter

DOM is a heterogeneous mixture of aromatic and
aliphatic organic compounds containing oxygen, nitro-
gen, and sulfur functional groups (e.g. carboxyl, amine
and thiol) [85]. Fluorescence excitation emission matrix
spectroscopy (FEEMs) is a reliable and inexpensive
method which can provide valuable information about
the nature of the dissolved organics. This method has
been used in our prior investigations of SAGD water
characterization [4]. The FEEMs technique works by
excitation of electrons to a higher energy level by
absorption of light energy, and then by the release of
energy as light as the excited electrons drop to a lower
energy level. Aromatic organic compounds, like humic
acids, which absorb and re-emit light, are called fluo-
rophores. The excitation/emission (Ex/Em) wave-
length ranges for peaks associated with pure organic
compounds are obtained by researchers and can be
used as scales to identify types of organic matter in a
mixture. In our previous work, FEEM output was
correlated to DOM classification by a resin-fractiona-
tion technique for this SAGD produced water stream
[4].

Fig. 6 shows the FEEMs results for the DOM in the
WLS inlet feedwater and the membrane permeates at
pH 9. The fluorescence response for the WLS inlet
feed was observed over a wide range of wavelengths,
with a dominant peak at the Ex/Em wavelength range
of 220–350/350–450. This wide range of wavelengths
demonstrates that various types of organic compounds
exist in the WLS inlet feed. The fluorescence peaks of
DOM are generally caused by the presence of high
aromaticity as well as the presence of hydroxyl
(mainly in carboxylic acid), and amine (mainly in PA

polymer and/or amino acid organic matter) groups in
the organic fluorophores. The fluorescence intensity of
any fluorophore can be reduced by the interfering
effects of other molecules present in a mixture of
fluorophores.

According to Fig. 6, the WLS feed water used in
this study contains a wide range of organic matter
including hydrophilic acids (HPiA), hydrophilic bases
(HPiB), hydrophilic neutrals (HPiN), hydrophobic
acids (HPoA), hydrophobic bases (HPoB), and
hydrophobic neutrals (HPoN), based on the classified
results of our previous studies. This variety still exists
in the permeate streams of the NF270 and UF mem-
branes. This indicates that UF and looser NF mem-
branes do not completely remove any of the organic
matter types; all types of organics passed through the
membranes to some extent. In the case of RO and
tight NF membranes, the main organics in the perme-
ate stream were hydrophilic compounds (HPiN, HPiA,
and HPiB). This means that hydrophobic acids in the
WLS inlet water, like humic acid, were almost com-
pletely removed by these membranes. Since the TOC
rejection for NF and RO membranes increased with
time (Figs. 3 and 5), it is concluded that the hydrophi-
lic matter detected by the FEEMS technique was
mainly passed through the membranes at the early
stage of filtration. At the initial stage of filtration, the
hydrophilic parts of the DOM in the WLS inlet water
were in direct contact with the surface of the hydro-
philic membranes. This facilitated their transfer to the
permeate side. Hydrophobic organics are thought to
be the main subgroup responsible for membrane foul-
ing [27,28,81,86]. FEEMs results confirm that the
hydrophobic subgroups of the organic matter in the
WLS inlet water were mostly deposited on the mem-
brane surface and made the fouling more severe, espe-
cially at the second stage of filtration when the
hydrophobic interaction of organic matter becomes
important. Fig. 6 suggests that tight NF and RO mem-
branes are the most favorable membrane options for
removing DOM from WLS inlet water.

3.5. Rejection of inorganics

Inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) analysis was performed on the
permeates of the UF, NF90, and BW30 membranes to
determine the rejection of inorganic constituents in the
WLS inlet water. The results are presented in Table 4.
The total inorganic rejection for the NF90 and BW30
membranes was greater than 90%, which confirms our
previous results on TDS rejection. The NF90 and
BW30 membranes removed almost all of the divalent
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ions and iron in the feed. However, about 4% of the
silica passed through these membranes. Sodium and
chloride rejection by the NF90 and BW30 membranes
was found to be essentially the same, at about 93 and
97%, respectively. The UF membrane rejected approxi-
mately 30, 20, and 75% of the silica, sodium, and cal-
cium, respectively. This shows that the UF membrane
was inefficient for the removal of inorganic materials
and cannot be applied for WLS inlet water treatment.
The low levels of inorganic, scale-forming species in
the NF and RO permeate would greatly reduce the
fouling propensity of the resulting BFW if NF and RO
were applied as a polishing step in the conventional
SAGD process train. According to the data presented
in Table 4, it can be concluded that the NF90
membrane is the most promising alternative for
removing inorganic material from WLS inlet water,
considering both membrane performance and energy
consumption.

3.6. Results of surface analyses

Fouled membranes were characterized by FESEM–
EDX and ATR-FTIR to determine the elements depos-
ited on the membrane surface. Furthermore, analysis
of the fouled membranes was used to determine the
fouling intensity at different pH values. The precipita-
tion of more foulants on the membrane surface at
lower pH and the re-dissolving of these deposits when
the pH was increased can be clearly observed in the
FESEM images.

3.6.1. Field emission scanning electron microscope–
energy dispersive X-ray (FESEM–EDX)

The morphology of the materials deposited on the
membrane surface was qualitatively determined by
FESEM analysis. Fig. 7 shows FESEM images of fouled
membranes with a magnification of 5,000. As can be
seen, more organic and inorganic materials were

Fig. 6. Excitation–emission matrices (EEMs) of WLS inlet water and permeates at pH 9. Excitation at 5 nm intervals from
200 to 500 nm and emission data collected at an interval of 10 nm. All permeate samples and WLS inlet feed were diluted
using DI water to a TOC level of 15 ± 5 mg/L to avoid inner filtration (quenching) effects on fluorescence analysis. Dilu-
tion time was 10:1 for UF permeate, 5:1 for NF270 permeate, 2:1 for NF90, ESNA, ESPA, BW30 permeates and 20:1 for
WLS inlet water. The color scale representing the fluorescence intensity is logarithmic in all parts of these images.

Table 4
Inorgnaic rejection for UF, NF90 and BW30 membranes

Elements Unit RDLa Feed water UF permeate NF90 permeate BW30 permeate

Boron (B) mg/L 0.2 19b 17b 8.6b 5.8b

Calcium (Ca2+) mg/L 0.3 1.9 0.42 <0.30 <0.30
Iron (total) mg/L 0.06 0.39 <0.06 <0.06 <0.06
Magnesium (Mg2+) mg/L 0.2 0.59 <0.20 <0.20 <0.20
Silica (dissolved silicon) mg/L 0.1 89 61 2.9 3.2
Sodium (Na+) mg/L 0.5 350 290 26 20
Chloride (Cl1−) mg/L 1.0 170 120 5.3 3.8

aReportable detection limit.
bDetection limits raised due to dilution to bring analyte within the calibrated range.
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deposited on the membranes at lower pH values. In
the case of the NF90 and BW30 membranes, increasing
the pH back to 10 re-dissolved the deposited foulants.
For these membranes, the surface of the membranes is
not fully covered by the foulants, and the morphology
of the virgin membrane is noticeable. This confirms
the substantial effect of pH on flux recovery in salt
rejecting NF and RO membranes.

The NF270, ESNA, and ESPA membranes were
found to foul to a similar extent, although the mor-
phologies of the fouled materials were found to be dif-
ferent. It must be noted that these 20 × 20 μm FESEM
images are not representative of the whole effective
membrane surface area (140 cm2). For instance, the
NF270 membrane is mostly covered by a black
material which is assumed to be mainly pure organic

Fig. 7. FESEM image of fouled membranes by WLS inlet water at 5 k magnification.
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matter. In the case of the ESNA and ESPA mem-
branes, a mixture of organic and inorganic materials
was deposited on the membrane, which is identifiable
by the spongy structure of the cake layer.

The morphologies of the materials adsorbed on the
membrane surface are more noticeable in the higher
magnification images shown in Fig. 8. As can be seen,
the deposited mass on the membrane is mainly in the
form of particles which were determined by EDX
analysis to be silica particles. The crystal shapes on
the membrane surface were found to be iron and cal-
cium crystals. The sponge-like shapes were found to
contain sulfur, organic matter, and silica. Silica in the
sponge-like shapes confirms co-precipitation of silica
and organic matter on the membranes, especially at
lower pH values. The size of these particles is about
100 nm—larger than expected—which demonstrates
that the adsorption of organic matter occurs on the
surface of silica particles.

3.6.2. ATR-FTIR results

All membrane samples were scanned with wave-
lengths of 500–4,000 cm−1 and the FTIR peaks of virgin
and fouled membranes are shown in Fig. 9. This fig-
ure shows that the peak heights related to the fouled
membrane are reduced after filtration. Membranes
prepared by Filmtec (NF270, NF90, and BW30) and
GE (UF) clearly show different peaks from those of
the Hydranautics membranes (ESNA and ESPA). This
shows that the type of PA thin film in these mem-
branes is different. All of these membranes show
ATR-FTIR spectra peaks between 600 and 1,500 cm−1,
which indicate the presence of the polysulfone inter-
layer. Peaks at 1,650 and 1,541 cm−1 indicate amide I
and amide II for all membranes. All Filmtec mem-
branes are made from m-phenylene diamine, a pri-
mary amine. Though WLS inlet filtration leads to a
decrease in polyamide and polysulfone associated
peak heights, no new peaks were detected. The

Fig. 8. Different morphologies of foulants observed by FESEM with corresponding EDX results.
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absence of peaks representing organic foulants is most
likely due to the fact that the peaks associated with
polysulfone and polyamide swamp any small peaks
that represent adsorbed organic species.

4. Conclusion

WLS inlet water from a SAGD process was treated
with cross-flow UF, NF, and RO membranes at bench-
scale. All experiments were conducted at a constant
feed temperature (50˚C) and various pH values. It was
found that the more hydrophilic membranes with
more negative surface charge and less roughness were
less prone to fouling. RO and tight NF membranes
removed more than 86% of the TDS and TOC. TOC
rejection increased significantly over time due to clog-
ging of hot spots by DOM and silica. Ultrafiltration
was found to be unsuitable for SAGD produced water
treatment due to its low performance in rejecting silica
and DOM. However, a loose NF membrane was found
to be a reasonable choice when very high purification
of water is not necessary. The loose NF membrane

removed more than 70% of the TDS and TOC. Tight
nanofiltration membranes (NF90 and ESNA) were
found to produce high quality permeate comparable
to RO while consuming less energy than RO. Flux,
TOC rejection, and TDS rejection were found to be
strongly affected by changes in solution pH. Acidifica-
tion of WLS inlet water during operation (rapid pH
change from 9 to 7) decreased the flux suddenly and
increased the TDS rejection for tight NF and RO mem-
branes. However, TOC rejection decreased slightly by
decreasing the feed pH. The ultrafiltration membrane
showed the exact opposite behavior due to the differ-
ent fouling mechanism governing the transport of salt
and DOM in loose membranes. Rapidly increasing the
pH from 7.0 to 10.0 increased the water flux by about
40% immediately, which demonstrated the critical role
of pH on fouling reduction. The re-dissolving of foul-
ing deposits by increasing pH was observed from sur-
face characterization data of the fouled membranes
obtained with FESEM–EDX. ATR-FTIR and FESEM–
EDX techniques provided valuable information about
the constituents in the WLS inlet water which were

Fig. 9. ATR-FTIR spectra of applied membranes before and after WLS inlet filtration.
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deposited on the membrane. EDX analysis indicated
the presence of silica, iron and calcium in the fouling
deposits. Fluorescence excitation emission matrix spec-
troscopy (FEEMs) showed that the major organic
groups that passed through the membrane were
hydrophilic compounds.

This study shows the feasibility of performing
membrane processes at a high pH on WLS inlet water.
The results can be interpreted to provide a possible
process configuration for SAGD PW treatment. NF
process can be seen as an alternative to the current
WLS-IX process configuration, completely replacing
the conventional treatment process, and providing
reliable removal of TDS, silica, divalent ions, and TOC
from the produced water.
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