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A B S T R A C T

Background: Increasing attention is being paid to the treatment of shale gas fracturing wastewater, including
flowback and produced water (FPW). Energy-efficient pretreatment technologies suitable for desalinating and
reusing FPW are of paramount importance.
Objectives: This work focused on enhanced fouling alleviation of ultrafiltration (UF) as a pretreatment for de-
salinating shale gas FPW in Sichuan Basin, China. The UF fouling behaviors under various backwash water
sources or coagulant dosages were evaluated, and membrane surface characteristics were correlated with UF
fouling. The feasibility of Fourier transform infrared (FTIR) microscope mapping technique in quantifying UF
fouling was also assessed.
Methods: Various backwash water sources, including UF permeate, ultrapure water, nanofiltration (NF)
permeate, reverse osmosis (RO) permeate, RO concentrate and forward osmosis (FO) draw solution, were used to
clean UF membranes fouled by shale gas FPW. The UF fouling behaviors were characterized by total and non-
backwashable fouling rates. Membrane surface characteristics were analyzed by scanning electron microscopy
(SEM), total tension surface and FTIR spectra.
Results: Protein-like substances in terms of fluorescence intensity in the backwash water decreased with the
order of UF permeate, RO concentrate, NF permeate, RO permeate and FO draw solution. Compared with UF
permeate backwashing, alleviated UF fouling was observed by using demineralized backwash water including
ultrapure water and RO permeate, irrespective of hollow fiber and flat-sheet membranes. NF permeate and RO
concentrate after NF used as backwash water resulted in low and comparable membrane fouling with that in
integrated coagulation-UF process under optimal dosage. Among the backwash water tested, FO draw solution
backwashing corresponded to the lowest UF fouling rates, which were even lower than that in the presence of
coagulant under optimal dosage. The superiority of these backwash water sources to UF permeate was further
confirmed by SEM images and FTIR spectra. The residual foulant mass on membrane surface and the total
surface tension correlated well with non-backwashable and total fouling rates, respectively.
Conclusions: FTIR microscopy was a powerful surface mapping technique to characterize UF membrane fouling
caused by shale gas FPW. Backwash water sources significantly influenced the fouling of UF membranes. In the
integrated UF-NF-RO or UF-FO process, RO concentrate or FO draw solution were proposed as backwash water
to enhance UF fouling control and decrease waste discharge simultaneously.

1. Introduction

The shale gas revolution in the U.S. has changed the global energy
structure, and a “Golden Age of Gas” was expected (IEA, 2012). As a

country with the most abundant shale gas resource (technically re-
coverable part) in the world (US EIA, 2013), China suffers high levels of
water stress (Reig et al., 2014). In Sichuan Basin, China, each horizontal
well consumed 23,650–34,000m3 of fresh water (Chang et al., 2014;
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Zou et al., 2018). Meanwhile, 19,800m3 of fracturing wastewater in-
cluding flowback and produced water (FPW) was generated for per well
during the first year (Zou et al., 2018). Both volumes were larger than
that required or produced in the most shale plays of U.S. (Kondash and
Vengosh, 2015). Typically, high contents of suspended and dissolved
inorganic ions, organics and even radioactive matters have been de-
tected in the FPW (Barbot et al., 2013; Estrada and Bhamidimarri,
2016; He et al., 2019). The management of these large amounts of FPW
causes a critical environmental concern.

Membrane desalination processes are increasingly gaining mo-
mentum in reducing total dissolved solid (TDS) in FPW for beneficial
reuse (Chang et al., 2019a; Estrada and Bhamidimarri, 2016; Riley
et al., 2016; Shaffer et al., 2013). Recently, nanofiltration (NF) and
reverse osmosis (RO) membranes may be appropriate techniques to
recycle shale gas FPW in China due to the low TDS concentrations
(< 35,000mg/L (Chen et al., 2015; Guo et al., 2018; Kong et al.,
2018)). As the increase in TDS in FPW with time, more attention is paid
on desalination processes that could deal with high-salinity wastewater,
such as forward osmosis (FO) or membrane distillation (Chang et al.,
2019a). It is a critical prerequisite for the stable operation of these
desalination processes using effective pretreatment, and ultrafiltration
(UF)/microfiltration (MF) shares 46% of the researches involving RO
pretreatment (Jiang et al., 2017). Despite its widespread use in sea-
water RO system, UF membrane pretreatment is seldomly reported in
shale gas FPW treatment (Chang et al., 2019a). For internal or external
reuse of shale gas FPW using NF and RO membranes (Kong et al., 2018),
UF membrane was assessed as a pretreatment (Chang et al., 2019b; Guo
et al., 2018). The integrated UF-FO process for desalinating shale gas
wastewater was also reported (Li et al., 2014), but post-treatment is
usually needed to obtain the final product from the diluted draw so-
lution.

Membrane fouling is a key factor influencing the sustainability and
safety of MF/UF systems in long-duration operation. Severe and vari-
able membrane fouling occurred when the raw shale gas FPW was fil-
trated (He et al., 2014; Jiang et al., 2013; Xiong et al., 2016). The
fouling performance of MF/UF membrane depends on many factors,
such as membrane property (Jiang et al., 2013), operating flux (Guo
et al., 2018) and feed water quality (He et al., 2014), but inconsistent
results have also been reported. At elevated shear stress, severe fouling
could occur for ceramic and polymeric MF membranes due to floc
breakage (He et al., 2014). Moreover, the fouling rate did not correlate
well to turbidity, total suspended solid or total organic carbon (Xiong
et al., 2016). Thus, appropriate approaches are required to eliminate
fouling during ultrafiltration of shale gas FPW. On the one hand, coa-
gulation is the widely used pretreatment to reduce the contents of or-
ganics and particulate matters (Acharya et al., 2011; Fakhru'l-Razi
et al., 2009) and to eliminate UF fouling. More than 60% of UF fouling
resistance could be eliminated by aluminum and iron coagulation at
optimal dosage when compared to raw FPW (Chang et al., 2019b). On
the other hand, backwashing with appropriate water quality took a
great role in UF membrane fouling control (Chang et al., 2017). UF
permeate is a commonly used backwash water, but the metrics of purer
water (such as deionized water, RO permeate or NF permeate) back-
washing in fouling control, have been reported (Li et al., 2009;
Resosudarmo et al., 2013). In addition, backwashing using salt solu-
tions or RO concentrate may be a potential cleaning approach for UF
membrane fouling control (Chang et al., 2016b; Gao et al., 2016;
Gilabert-Oriol et al., 2015), but their performance needs to be con-
firmed for shale gas FPW treatment.

Aiming at beneficial reuse of shale gas FPW using integrated UF-NF/
RO processes, the effects of operating flux and coagulant type on UF
fouling were investigated in our previous studies (Chang et al., 2019b;
Guo et al., 2018). Further, this work primarily focused on alleviation of
UF membrane fouling caused by shale gas FPW. In particular, we pro-
posed the FO draw solution in UF-FO process as backwash water, and
its effect on UF fouling performance was also investigated. Moreover,

the surface mapping technique using Fourier transform infrared (FTIR)
microscopy has been used not only to characterize membrane fouling of
model foulants (e.g., bovine serum albumin, alginate or silica colloid) at
a given wavenumber (Benavente et al., 2016; Xie et al., 2017) but also
to analyze complex compounds at a range of wavenumbers (Thygesen
et al., 2014). Nevertheless, membrane fouling during filtration of real
wastewater needs further investigation. Specifically, this study was
carried out with three objectives: (a) to evaluate UF fouling behaviors
under various backwash water sources or coagulant dosages, (b) to
correlate membrane surface characteristics with UF fouling, and (c) to
assess the feasibility of mapping technique using FTIR microcsopy in
quantifying UF fouling.

2. Material and methods

2.1. Shale gas fracturing wastewater and backwash water

The shale gas fracturing wastewater (i.e., FPW) sample was col-
lected in Sichuan Basin, China, with the detailed composition of the raw
FPW summarized in previous work (Guo et al., 2018). Unless otherwise
stated, the raw shale gas FPW was fed to UF membrane. With respect to
backwash water, UF permeate, ultrapure water, NF permeate, RO
permeate, RO concentrate (after NF) and FO draw solution (using NaCl)
were employed. Ultrapure water (18.2MΩ cm) was produced by a
ULUPURE ultrapure water purification system (Chengdu, China). The
NF permeate (at recovery of 70%), RO permeate (at recovery of 50%),
RO concentrate (after NF at recovery of 50%) and FO draw solution (at
recovery of 50%) are prepared at different points of experiment setup,
as described in detail in Fig. S1 (Supporting Information). The RO
concentrate was considered as backwash water not only because it
could effectively clean UF membrane fouled by seawater (Gao et al.,
2016; Gilabert-Oriol et al., 2015), but also due to the superiority of UF-
NF-RO process in RO fouling alleviation (Alzahrani et al., 2013; Song
et al., 2015). The RO flux could be greatly improved in the integrated
UF-NF-RO process when compared to UF-RO process, as also confirmed
in Fig. S2 (Supporting Information). These types of backwash water
sources were chosen because they were obtained from desalination
units with UF as a pretreatment for recycling shale gas FPW. Specifi-
cally, the integrated UF-NF, UF-RO, UF-NF-RO and UF-FO processes
were typical (or potential) desalination processes in shale gas FPW
treatment (Chang et al., 2019a). Moreover, UF tests using NaCl brine
(by adding NaCl into RO permeate) that had the same EC to FO draw
solution as backwash water were also carried out as control.

Besides, the UF fouling performance after coagulation was also in-
vestigated to compare with that under various types of backwash water.
The coagulation protocol was same as described in previous literature
(Chang et al., 2019b) except coagulant type. In this work, AlCl3 (Damao
Chemical Reagent Factory, Tianjin, China) with dosages of 50, 100,
200, 300, 500 and 700mg/L was used. Note that UF membranes were
backwashed using UF permeate in the integrated coagulation-UF pro-
cess.

2.2. UF membranes

Polyvinylidene fluoride (PVDF) UF membranes with two config-
urations were employed: An outside-in hollow fiber UF membrane
(Litree Co. Ltd., Haikou, China) and a flat-sheet UF membrane
(Tianchuang Waterpure Equipment Co. Ltd., Hangzhou, China). Both
UF membranes had the same nominal molecular weight cut-off
(MWCO) of 100 kDa. The hollow fiber membrane had an outer diameter
of 1.8mm, and the fiber length was 18 cm, resulting in an effective
filtration area of roughly 10 cm2. The flat sheet UF membrane was
round with a diameter of 23mm, thus, the active filtration area of each
flat-sheet membrane was 4.15 cm2. The physicochemical properties of
hollow fiber membrane and flat-sheet UF membrane are illustrated in
Fig. S3 (Supporting Information). The primary parameters including
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hydraulic permeability, pore diameter, water contact angle, Attenuated
Total Reflectance FTIR (ATR-FTIR) and X-ray photoelectron spectro-
scopy (XPS) (Liu et al., 2011; Tang et al., 2007; Tang et al., 2009) were
determined. The pure water permeability coefficients (normalized at
20 °C) of hollow fiber and flat-sheet membranes were 3.5 ± 0.1 and
22.4 ± 0.9 L/(m2·h·kPa), respectively. The obvious difference in hy-
draulic permeability was probably due to the larger average pore size of
flat-sheet membrane than hollow fiber membrane (Fig. S3b), despite
the same nominal MWCO. Although both membranes had similar initial
contact angles (85–87°), the flat-sheet one experienced a dramatic de-
cline in water contact angle when compared to the relative constant
values of hollow fiber. As present in Fig. S3c, both virgin membranes
showed the typical characteristic spectra peaks of PVDF polymer. The
peaks at 1733 and 743 cm−1 of flat-sheet membrane represented
stretching vibration C]O and CeN stretching and bending, respec-
tively (Chen et al., 2006; Zhang et al., 2018). In addition, the presence
of elements O and N on the membrane surface was further demon-
strated by XPS spectra (Fig. S3d). Meanwhile, compared to an original
PVDF membrane (25mJ/m2) (Liu et al., 2011), the flat-sheet PVDF
membrane displayed a larger surface tension (35mJ/m2) (Chang et al.,
2015). Therefore, the FTIR and XPS results, as well as surface tension,
confirmed that the flat-sheet membrane was probably produced via a
surface modification to some extent or blending with amphiphilic co-
polymers. Chemical composition of hollow fiber and flat-sheet PVDF
membranes measured by XPS is also listed in Fig. S3e (Supporting In-
formation). Only 5% of O and 1% of N were determined in virgin
hollow fiber membrane.

Unless otherwise stated, hollow fiber membranes were used for
fouling comparison with the presence of coagulation pretreatment and
for membrane surface characteristics. Flat-sheet membranes were only
used to investigate the effect of backwash water source on UF fouling
(Section 3.2.1). Note that a virgin hollow fiber membrane module or a
virgin flat-sheet membrane disc was employed for each test after
soaking in pure water for least 24 h.

2.3. Experiment setup and experiment protocol

The setups for hollow fiber UF process and flat-sheet UF system are
described in detail in (Chang et al., 2019b) and (Chang et al., 2016b),
respectively. Periodic filtration and hydraulic backwash were con-
ducted at room temperature (25 ± 2 °C), with each test lasting for
10 cycles. The filtration duration and backwash duration were 60 and
5min, respectively. Here, a constant flux (50 L/(m2·h)) for filtration and
backwash was employed, and the transmembrane pressure (TMP) data
were recorded. Then, the fouling resistance could be obtained based on
Darcy's law:

=R TMP/µJ (1)

where J is the membrane flux (m/s), and μ is the dynamic viscosity
(Pa·s), which was calculated with an empirical relationship (US EPA,
2005):

= +µ 1.784 (0.0575 T) (0.0011 T )–(10 T )2 5 3 (2)

where T is the water temperature (°C).

2.4. UF fouling characterization

In periodic filtration-backwash process, membrane fouling rate (FR)
and the proportion of non-backwashable membrane resistance in total
membrane resistance (△Rnbw/△Rt) were used to characterize the UF
fouling performance. The schematic diagram of UF membrane re-
sistance development is presented in Fig. 1. As shown in Fig. 1, the
slope of a plot of membrane resistance (R, m−1) versus the specific
filtration volume (Vs, L/m2) (filtration volume per unit of membrane
area) yielded the FR (m−2).

− Total fouling rate (FRt) is calculated using the slope of final
membrane resistances (the resistance values before hydraulic
backwashing were selected) versus specific filtration volume.

− Non-backwashable fouling rate (FRnbw) is calculated using the
slope of initial membrane resistances (the resistance values after
hydraulic backwashing were selected) versus specific filtration vo-
lume.
For a given cycle n, the △Rnbw/△Rt value is determined based on
proportion of non-backwashable membrane resistance in total
membrane resistance:

− Change in total membrane resistance (△Rt) is the difference be-
tween the final resistance (Rf,n) and initial resistance (Rini,n) in cycle
n: △Rt= Rf,n – Rini,n;

− Change in non-backwashable membrane resistance (△Rnbw) is
the difference between the initial resistance in cycle n+1 (Rini,n+1)
and initial resistance in cycle n (Rini,n): △Rnbw= Rini,n+1 – Rini,n.

Thereby, the average value obtained from the test (i.e., 10 cycles)
was reported as the △Rnbw/△Rt.

As mentioned above, the hydraulic permeability of virgin flat-sheet
UF membrane was 6.4 times higher than the virgin hollow fiber
membrane, thus, the initial resistance of the flat-sheet membrane was
just 15.6% of the hollow fiber membrane. Therefore, the FR values
expressed in normalized forms rather than simple resistance develop-
ment were employed to eliminate the difference in initial condition
(i.e., resistance).

The statistical differences in fouling rates were evaluated by a two-
way ANOVA (α < 0.05) by use of SPSS 20 (IBM Corp., Armonk, NY,
USA). The relations between FR and membrane surface characteristics
were analyzed using a Pearson correlation analysis.

2.5. Water quality analyses

Turbidity, pH and temperature were determined by a 2100Q por-
table turbidimeter (Hach Company, CO, USA), a PB-10 pH meter
(Sartorius, Gottingen, Germany) and the mercury thermometer, re-
spectively. Dissolved organic carbon (DOC) and UV absorbance at
254 nm (UV254) were detected by the TOC-L organic carbon analyzer
(Shimadzu, Japan) and Orion AquaMate 8000 UV–Vis spectro-
photometer (Thermo Fisher Scientific Inc., MA, USA), respectively.
Electrical conductivity (EC) and TDS were measured using a portable
multifunctional meter from Myron L Company (CA, USA) (Ultrameter II
6PFC). A Dionex ICS-1100 Ion Chromatography from Thermo Fisher
Scientific Inc. (MA, USA) was employed to detect cation concentrations
using the CS12A column.

The 15-minute silt density index (SDI15) was determined according
to ASTM D4189-07 (2014) (ASTM International, 2014) using a 0.45 μm
membrane filter (with diameter of 47mm) under 207 kPa. The F-7000
fluorescence spectrophotometer (Hitachi, Japan) was employed to ob-
tain fluorescence excitation-emission matrix (EEM) spectra of various
backwash water sources. Water samples were diluted before fluores-
cence EEM measurement to ensure the UV absorbances for the tested
ranges of each sample were< 0.05 cm−1 to minimize the inner filter.
The excitation (Ex) and emission (Em) wavelengths were 200–400 and
200–550 nm, respectively, with a same step of 5 nm. The obtained EEM
spectra were normalized to Raman units (RU) to eliminate instrument
and sample biases (Murphy et al., 2010), and the maximum fluores-
cence intensity (Fmax) was also calculated (Riley et al., 2018).

2.6. Membrane surface characterization

At the end of experiment, the UF membrane module or membrane
disc was carefully taken out of the membrane tank, and the cake layer
on membrane surface was scratched using a plastic plate. The accu-
mulated mass of cake layer was determined by measuring the dry
weight (using vacuum desiccator at 80 °C).
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The fouled UF membrane samples were dried under room condition
before scanning electron microscopy (SEM) observation, contact angle
measurement and FTIR scanning. Membrane surface morphology was
observed by SEM (SU3500, Hitachi, Japan) at an acceleration voltage of
15 kV, after coating with gold with an etching coating system (Q150R
ES, Quorum, UK). An energy dispersive spectrometer (EDS) was used to
detect the elemental composition of membrane surface with a depth of
few microns (Gorzalski et al., 2017) at an acceleration voltage of 15 kV,
after gold-coating by a MSP-2S putter coater system (IXRF Systems Inc.,
USA).

The contact angle of membrane sample was measured by a DSA25S
contact angle apparatus (KRÜSS GmbH, Germany), and the standard
sessile drop method was employed. The surface free energy parameters
(γLW, γAB and γTot) of UF membranes were calculated using three liquids
(i.e., ultrapure water, glycerol and diiodomethane), with calculation
procedure reported elsewhere (Chang et al., 2015).

The ATR-FTIR spectroscope (Alpha, Bruke, Germany) was used to
characterize surfaces of virgin and fouled UF membranes, with a pe-
netration depth of from<200 nm to>300 nm for different wave-
numbers (Tang et al., 2009). The membrane samples were scanned at
wavenumbers of 4000–600 cm−1 for 64 times at a resolution of 2 cm−1.

Furthermore, membrane surfaces were analyzed using a FTIR

microscopy (Spotlight 400, Perkin-Elmer Inc., Waltham, MA, USA)
under reflection mode, following the protocol described in published
literature (Baker et al., 2014). Membrane samples on the adjustable
motorized x-y mapping stage were measured with an aperture of 25 μm,
and an area of 1000 μm×1000 μm was pre-defined. The spectra were
collected with 8 scans in mid-IR spectral range of 4000–750 cm−1 in a
16 cm−1 increment. A minimum of three replicates was measured for
each sample and a gold mirror was used as reference for the measure-
ments. The maps were color coded with respect of peak height intensity
(Benavente et al., 2016). The lowest intensity (0.0) was coded as blue,
the highest (1.0) as red, and the intermediate colors light blue, green,
yellow and orange indicated an increasing intensity from 0.0 to 1.0.
Higher peaks were related to more presence of given compound(s) on
membrane samples.

3. Results and discussion

3.1. Water quality characteristics of various backwash water sources

The detailed composites of various backwash water sources are
listed in Table 1. The hollow fiber membrane was used because there
was not a significant difference in water quality of UF permeate from

Fig. 1. The schematic diagram of UF membrane resistance development for multiple filtration/backwash cycles in constant flux operation. Rini,n and Rf,n represent the
initial resistance and final resistance for cycle n, respectively, while FRt and FRnbw are total fouling rate and non-backwashable fouling rate, respectively.

Table 1
Comparison of water quality characteristics of various backwash water sources (unit: mg/La).

Parametersb UF
permeatec

Ultrapure water NF
permeate

RO
permeate

RO
concentrate

FO draw solution

DOC 12.45 ± 0.32 / 3.34 ± 0.17 1.02 ± 0.55 5.19 ± 0.49 1.30 ± 0.20
UV254 0.059 ± 0.008 0.000 0.013 ± 0.001 0.003 ± 0.001 0.026 ± 0.001 0.003 ± 0.001
EC 30,980 ± 450 0.055 27,130 ± 940 463.8 ± 120.0 50,990 ± 2210 79,600 ± 3690
TDS 18,850 ± 300 / 16,270 ± 610 215.5 ± 55.7 32,300 ± 1840 58,270 ± 240
Na+ 6910 ± 40 / 5910 ± 270 86.8 ± 8.6 11,540 ± 620 21,600 ± 810
K+ 131.5 ± 2.6 / 108.9 ± 7.7 2.02 ± 1.33 208.4 ± 12.5 10.4 ± 1.0
NH4

+ 91.3 ± 1.2 / 53.7 ± 2.2 2.26 ± 0.36 107.0 ± 1.9 21.6 ± 1.3
Ca2+ 231.2 ± 1.8 / 82.0 ± 12.0 0.62 ± 0.22 146.9 ± 11.2 BDLd

Mg2+ 26.3 ± 0.6 / 6.3 ± 2.1 0.12 ± 0.03 12.3 ± 0.5 BDL
Ba2+ 133.7 ± 1.4 / 34.7 ± 8.5 0.23 ± 0.19 63.6 ± 4.5 BDL
Sr2+ 68.3 ± 4.4 / 20.4 ± 5.2 0.10 ± 0.06 39.0 ± 4.1 BDL

a All units are expressed in mg/L with the exception of UV254 in cm−1 and EC in μS/cm.
b Data are expressed as average value ± standard deviation.
c UF permeate obtained from hollow fiber membrane.
d BDL, below the detection limit.

H. Chang, et al. Environment International 130 (2019) 104869

4



hollow fiber membrane and that from the flat-sheet membrane
(p > 0.05) (Fig. S4, Supporting Information). In raw shale gas FPW,
the UV254 (0.061 cm−1) was much less than that in most North Amer-
ican plays (0.5–2.4 cm−1) (Maltos et al., 2018; Sari and Chellam, 2015).
Similarly, the TDS in the raw shale gas FPW (18,900mg/L) was quite
low (Barbot et al., 2013; Jiang et al., 2013; Riley et al., 2016). The
primary cations are listed due to their great role in UF membrane
cleaning (Chang et al., 2015; Corbatón-Báguena et al., 2014). As shown
in Table 1, although low rejections were observed for monovalent ca-
tions (also for TDS and EC), a large amount of divalent cations and
organics were rejected by NF membrane (Chang et al., 2019b; Kong
et al., 2018; Riley et al., 2016). In contrast, the RO membrane rejected
most of the cations, TDS and organics (Guo et al., 2018; Kong et al.,
2018), with less residual concentrations in RO permeate. With respect
to the RO concentrate, much higher concentrations of monovalent ca-
tions (e.g., Na+ and K+), TDS and EC were observed when compared to
UF permeate, but contents of divalent cations (i.e., Ca2+, Mg2+, Ba2+,
Sr2+) were greatly decreased. Similar to RO membrane, the FO mem-
brane rejected most of organics (Table 1), with similar DOC and UV254

concentrations in diluted FO draw solution and in RO permeate.
However, the primary cation in the diluted draw solution was Na+

(21,600mg/L), and a few monovalent ions (e.g., K+ and NH4
+) were

also determined, while other cations were not detectable.
Fig. 2 displays the corrected fluorescence EEM spectra for the water

used for UF backwashing. Primary peaks at (I) Ex/Em=205/315 nm
and (IV) Ex/Em=280/310 nm (Fig. 2), indicated the presence of
aromatic protein and tyrosine- & protein-like substances (Chen et al.,
2003), respectively. The protein-like substances have also been con-
firmed as the primary organic matters in FPW samples (Kong et al.,
2018; Riley et al., 2016). The Fmax at region (I) in UF permeate (4.01
RU) decreased to 0.99 and 0.20 RU for NF permeate and RO permeate,
respectively, while the peak in RO concentrate reached 1.79 RU. In
contrast, the lowest Fmax value was observed for FO draw solution, with
0.12 RU at region (I). Similarly, smaller values for the Fmax at region
(IV) were observed after NF (0.53 RU) and RO treatment (0.09 RU)
compared to UF permeate (2.13 RU). The Fmax of RO concentrate at
region (IV) (0.95 RU) was still much less than UF permeate, and FO
draw solution showed the lowest one (0.06 RU). The normalized EEM
spectra at region (IV) were much less than that obtained from the
Denver-Julesburg Basin Shale (Bell et al., 2017). Therefore, the NF
permeate, RO permeate, RO concentrate and even FO draw solution
displayed a similar EEM distribution with UF permeate but in much
lower peak intensity, consistent well with the change in organics, as
seen in Fig. 2 and Table 1.
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Fig. 2. Fluorescence EEM scans of backwash water used for UF membrane cleaning: (a) UF permeate, (b) NF permeate, (c) RO permeate, (d) RO concentrate and (e)
FO draw solution.
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3.2. UF membrane fouling behavior

3.2.1. Effect of backwash water source on UF membrane fouling
Fig. 3 shows FRt, FRnbw and △Rnbw/△Rt of hollow fiber and flat-

sheet UF membranes under various backwash water sources. When a
hollow fiber membrane was employed (Fig. 3a), UF permeate back-
washing led to a large FRt (4.09×1012m−2), which was smaller than
that without backwashing (6.20×1012m−2). In contrast, much smaller
membrane fouling was observed when the RO permeate and ultrapure
water were employed, and FRt values decreased to
1.08×1012–1.15×1012m−2. Similarly, the FRnbw values of the RO
permeate and ultrapure water backwashing (1.06×1012–1.17×
1012m−2) were also much less than the FRnbw value (2.84×1012m−2)
of UF permeate backwashing. The superior backwash performance of the
RO permeate or ultrapure water to the UF permeate for the seawater
treatment has been reported elsewhere (Resosudarmo et al., 2013).
Meanwhile, the NF permeate backwashing also displayed an excellent
backwash behavior, resulting in 1.29×1012 and 1.21×1012m−2 for
FRt and FRnbw, respectively. A two-way ANOVA showed that there was no
significant difference in UF fouling rate including FRt and FRnbw for ul-
trapure water, RO permeate and NF permeate (p≥0.05), as presented in
Fig. S5a (Supporting Information). The monovalent cations in the NF
permeate (Table 1) did not deteriorate the UF membrane fouling per-
formance, similar to salt backwashing of organic-fouled UF membranes
(Chang et al., 2016b). The great decrease in the foulant-foulant and
foulant-membrane surface interaction during the filtration of protein-like
solutions (Corbatón-Báguena et al., 2014) probably led to an effective
cleaning behavior of the NF permeate. Moreover, the RO concentrate
backwashing resulted in small FRt (1.50×1012m−2) and FRnbw
(1.53×1012m−2), though both values were slightly larger than ultra-
pure water backwashing, NF permeate backwashing or RO permeate
backwashing (p < 0.05) (Fig. S5a, Supporting Information). In a sea-
water desalination system using UF-RO (Gao et al., 2016; Gilabert-Oriol
et al., 2015), high cleaning efficiencies of UF membranes were obtained
for the RO concentrate backwashing using appropriate operating ap-
proaches. For the backwash water tested, the FO draw solution back-
washing displayed the lowest fouling rates, for FRt (0.96×1012m−2)
and FRnbw (0.84×1012m−2). These values were statistically equal to
that using NaCl brine as backwash water (p=0.96 and 0.62 > 0.05)
(Fig. S5a, Supporting Information). Considering the almost same water
quality of FO draw solution and NaCl brine, Na+ in FO draw solution
took a great role in UF fouling alleviation. This was attributed to the high
backwash effectiveness of monovalent salt (i.e., Na+) backwashing, and

the mechanisms including cake layer swelling and ion exchange may be
involved (Section 3.5), similar to salt backwashing of UF membranes
fouled by organics or real wastewater (Chang et al., 2016b). As also
presented in Fig. 3a, the enhanced cleaning efficiency of ultrapure water,
NF permeate, RO permeate, RO concentrate and FO draw solution was
confirmed by the much lower △Rnbw/△Rt values compared to that using
UF permeate backwashing.

Considering the significant difference in hydraulic permeability of
virgin flat-sheet membrane and hollow fiber membrane, the FRt and
FRnbw values were expressed in normalized forms to eliminate the effect
of membrane properties and to better characterize membrane fouling.
As shown in Fig. 3b, the total fouling rate of flat-sheet UF membrane
without backwashing reached 2.94×1012m−2, while the UF permeate
backwashing greatly decreased the FRt (0.87× 1012 m−2). Compared
to UF permeate backwashing, total fouling rates were much lower for
the backwash water using ultrapure water, NF permeate and RO
permeate (p < 0.05), and these backwash water sources resulted in
statistically identical FRt values (i.e., 0.21×1012–0.27×1012m−2)
(p=0.50 > 0.05). The FO draw solution backwashing further de-
creased the FRt value (0.14×1012m−2), equal to that obtained from
NaCl brine backwashing (p=0.59 > 0.05). As expected, much lower
FRnbw values were obtained when backwash water was switched from
UF permeate to other backwash water sources, especially the FO draw
solution (Fig. 3b). Similarly, there was not a significant difference in
FRnbw values of flat-sheet membranes cleaned by ultrapure water, NF
permeate and RO permeate, and FRnbw value for FO draw solution
backwashing was statistically equal to that for NaCl brine backwashing
(Fig. S5b, Supporting Information). Different to those obtained from
hollow fiber membranes, the FRt or FRnbw values of flat-sheet mem-
branes using RO concentrate backwashing were statistically identical to
those using ultrapure water, NF permeate or RO permeate as backwash
water, as seen in Fig. 3b and Fig. S5b. Besides, the low backwash effi-
ciency of UF permeate was confirmed by the high △Rnbw/△Rt (41.4%),
while the low △Rnbw/△Rt values of ultrapure water, NF permeate, RO
permeate, RO concentrate and FO draw solution backwashing demon-
strated their superior backwash performance. Comparing Fig. 3a and b,
the fouling rates (total or non-backwashable part) of a flat-sheet
membrane were lower than those of a hollow fiber membrane, but the
flat-sheet membrane displayed a higher proportion of non-back-
washable resistance in total resistance (△Rnbw/△Rt). On the whole,
not only ultrapure water, NF permeate and RO permeate, but also RO
concentrate and FO draw solution were more appropriate backwash
water sources than UF permeate in UF fouling control.

Fig. 3. UF membrane fouling in terms of FRt, FRnbw and △Rnbw/△Rt under various backwash water sources for both configurations: (a) hollow fiber membranes and
(b) flat-sheet membranes. The FRt and FRnbw of UF membranes backwashed by NaCl brine and the difference in FR determined by ANOVA are summarized in Fig. S5
(Supporting Information).
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3.2.2. Comparison with coagulation-UF
Fig. 4 illustrates the impact of coagulant dosage on fouling potential

and SDI15 in UF permeates in the coagulation-UF process. As presented
in Fig. 4a, the FRt values decreased with the increase in AlCl3 dosage
(0–200mg/L), and the FRt values (1.16×1012–1.05× 1012m−2) of
the coagulated water for 200–500mg/L AlCl3 were statistically equal
(p=0.58 > 0.05). However, a 700mg/L AlCl3 dosage resulted in the
largest FRt (7.83× 1012m−2), which was also much higher than the
raw water. Similar results were observed for non-backwashable fouling
rate (FRnbw) during ultrafiltration of coagulated water (Fig. 4a). The UF
fouling performance was consistent with the water quality under dif-
ferent aluminum dosages, and the most severe membrane fouling at
700mg/L was attributed to deterioration of the coagulation perfor-
mance (Fig. S6, Supporting Information). In the presence of coagulant,
the increase in dosage (50–700mg/L) led to an increase in △Rnbw/△Rt
values, ranging from 17.2% to 53.6%, as presented in Fig. 4a. Thereby,
the presence of low-dosage coagulant (< 500mg/L) slightly resulted in
enhanced backwash efficiency compared to the raw shale gas FPW.

On the whole, the AlCl3 dosage of 200mg/L (1.5mmol/L Al3+) was
appropriate for improving water quality and eliminating UF fouling
(Figs. 4a and S6a). Under this dosage, the FRt and FRnbw of UF membrane
were 1.16×1012m−2 and 1.10×1012m−2, 72% and 61% lower than
raw water, respectively. The decrease in total and non-backwashable
fouling rates were larger than those (64% and 54%) using Al2(SO4)3
18H2O at optimal dosage (1.8mmol/L Al3+) (Chang et al., 2019b). As
presented in Figs. 3 and 4, the UF membrane using ultrapure water or RO

permeate backwashing had comparable fouling rate (~1.1×1012m−2)
for coagulation under optimal dosage (200mg/L). In comparison, NF
permeate or RO concentrate backwashing resulted in a slightly higher but
acceptable FRt (1.29×1012–1.50×1012m−2) or FRnbw
(1.21×1012–1.53×1012m−2). Furthermore, the values of FRt
(0.96×1012m−2) and FRnbw (0.84×1012m−2) for FO draw solution
backwashing were even less than those using coagulation under optimal
dosage. Thus, a large amount of chemical agents (e.g., coagulant) may be
saved by adjusting backwash water quality.

In addition, the SDI15 values of UF permeates under different coa-
gulant dosages were no more than 2.2, in particular for AlCl3 dosages of
50–300mg/L (SDI15 < 1.5) (Fig. 4b). The average turbidity was<
0.10 NTU for UF permeate, and they were not significantly affected by
coagulant dosage (Fig. S7, Supporting Information). These results
confirmed that the pretreatment using coagulation–UF process could
provide “good water quality” (SDI15 < 2, turbidity < 0.1 NTU)
(Voutchkov, 2010) for subsequent desalination of shale gas FPW by NF,
RO or FO unit.

3.3. Correlating membrane surface characteristics with UF fouling

3.3.1. SEM-EDS observation
Fig. 5 illustrates the surface SEM observations (with magnifications

of 1000 and 10,000) of the virgin hollow fiber UF membrane and fouled
membranes cleaned by various backwash water sources. Compared to
the smooth surface of virgin PVDF membrane (Fig. 5a), the UF

Fig. 4. UF performance for coagulated water under different coagulant dosages (AlCl3): (a) UF membrane fouling in terms of FRt, FRnbw and △Rnbw/△Rt, and (b)
fouling potential of UF permeate for subsequent desalination in term of SDI15.

Fig. 5. SEM images of (a) virgin membrane, and UF membranes cleaned by various backwash water sources: (b) without backwashing, (c) UF permeate, (d) ultrapure
water, (e) NF permeate, (f) RO permeate, (g) RO concentrate and (h) FO draw solution.
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membrane without backwashing was covered with compact foulants
(Fig. 5b). Similarly, a dense fouling layer was also observed on the UF
membrane when periodic UF permeate backwashing was conducted,
showing an inferior cleaning efficiency of UF permeate backwashing. In
contrast, ultrapure water backwashing almost completely recover the
virgin membrane surface (Fig. 5d), with a very small part of residual
foulants deposited on the membrane surface. For UF membrane cleaned
with NF permeate or RO permeate (Figs. 5e-f), only a small part of
membrane surface covered with foulants after periodic backwashing,
resulting in a much looser cake layer than UF permeate backwashing.
Most of the foulants were also removed when RO concentrate back-
washing was used (Fig. 5g), with residual foulants much less than that
for UF permeate backwashing. Similar to the membrane backwashed
using ultrapure water, the membrane cleaned by FO draw solution also
resulted in a quite clean surface (Fig. 5h).

EDS is an appropriate technology for quantifying major elements in
thick foulant layers (Gorzalski et al., 2017). The elemental compositions
on the surfaces of the virgin and fouled membranes obtained from the
EDS spectra are summarized in Fig. 6. As presented in Fig. 6, the major
elements C and F (Suhartono and Tizaoui, 2015; Wan and Bowen, 2017)
were determined, while a small amount of element O was also detected
(Fig. 6), as also confirmed by XPS analysis (Fig. S3d, Supporting In-
formation). For the fouled UF membrane without backwashing, the
surface contained elements C, O, Na, Cl, Si, Ca, Fe, Sr and Ba, but element
F was not detected, demonstrating the severe fouling of UF membrane.
When periodic UF permeate backwashing was conducted, the membrane
surface contained all the elements found in the membrane without
backwashing, and a low percentage (4.56 ± 4.26%) of element F was
also detected. Compared to the virgin membrane, the significant decrease
for major elements C and F on membrane surfaces of these fouled
membranes was confirmed using ANOVA (Table 2). Although the ele-
ment C on the surface of UF membrane cleaned by NF permeate, RO
permeate or RO concentrate was also statistically equal to that of virgin
membrane (p > 0.05), a declined F content was observed for these
backwash water sources (p < 0.05). As presented in Fig. 6 and Table 2,
both the elements C and F in the membrane cleaned with ultrapure water
or FO draw solution were statistically identical to those in the virgin
membrane (p > 0.05), demonstrating the excellent backwash perfor-
mance of both water sources.

3.3.2. Membrane cake layer characteristics and surface tension
Fig. 7 presents the residual deposits and surface tension of the

hollow fiber UF membranes cleaned by different backwash water

sources and their relations with membrane fouling. At the end of the
tests, the accumulated residual foulants in cake layer were measured,
with the weight of dried cake layer per unit area of membrane surface
elaborated in Fig. 7a. We found that the residual foulants on membrane
surface varied with backwash water sources, and the highest value was
obtained for the one without backwashing (1.24mg/cm2). Similarly, a
high value (1.06mg/cm2) was observed for the residual foulant on the
UF membrane backwashed by UF permeate, showing that the cake layer
was thick and compact (Fig. 5c). In contrast, the mass of residual fou-
lants greatly decreased when the backwash water was switched to ul-
trapure water, NF permeate, RO permeate and even RO concentrate
(Fig. 7a), demonstrating the loose feature of the cake layer via SEM
observation (Figs. 5d-g). In addition, the smallest residual foulant
(0.37mg/cm2) was observed for the membrane after FO draw solution
backwashing. Together with micro-observation (i.e., SEM images in
Fig. 5), these values directly exhibited the difference in residual foulant
on membrane surface. Further, a strong linear correlation between the
residual foulants and FRnbw or △Rnbw/△Rt was observed (Fig. 7b),
demonstrating that the non-backwashable fouling directly resulted
from the residual deposits after backwashing.

As shown in Fig. 7c, the largest total surface tension (γTot) was
observed for the UF membrane without backwashing (40.0 mJ/m2),
followed by the membrane backwashed with UF permeate (38.3 mJ/
m2). Both values indicated that the transfer of surface characteristic
from UF membrane to foulant (Suhartono and Tizaoui, 2015) which
deposited on UF membrane surfaces to a great extent (Figs. 5b-c). In
contrast, lower and comparable γTot (32.4–33.0 mJ/m2) were found for
UF membranes backwashed with ultrapure water, NF permeate, RO
permeate and RO concentrate. Moreover, the membrane cleaned by FO
draw solution displayed the lowest γTot (28.6mJ/m2). This was
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Fig. 6. Elemental contents on the surfaces of the fouled membranes under different types of backwash water identified by an EDS (error bar indicates standard
deviation from average value; n≥3).

Table 2
Comparison of difference in elemental composition between virgin membrane
and fouled membranes under different types of backwash water using ANOVA
(α=0.05).

Element C F

Virgin membrane vs. without backwash 1.54× 10−4 3.69× 10−7

Virgin membrane vs. UF permeate 1.21× 10−3 4.44× 10−5

Virgin membrane vs. ultrapure water 0.68 0.44
Virgin membrane vs. NF permeate 0.13 1.30× 10−3

Virgin membrane vs. RO permeate 0.56 0.02
Virgin membrane vs. RO concentrate 0.08 0.02
Virgin membrane vs. FO draw solution 0.42 0.56
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probably because these membranes still remained the surface char-
acteristics of virgin membrane (Fig. 5). Further, the values of the sur-
face tensions of UF membranes correlated well with FRt (Fig. 7d), in-
dicating that the fouling propensities of UF membranes cleaned by
different backwash water sources (Fig. 3) could be explained by the
total surface tensions. Similar results have also been reported for sur-
face tension and UF membrane fouling during filtration of organics
(Chang et al., 2016a; Subhi et al., 2012).

3.4. ATR-FTIR spectra and FTIR microscope mapping analysis

Fig. 8 presents the FTIR spectra of fouled hollow fiber UF membrane
surfaces when various backwash water sources were tested. As shown in
Fig. 8, the virgin membrane showed the typical characteristic spectra
peaks of PVDF. The peaks at 1178, 1070, 975, 875, 795, 763 and
615 cm−1 represented CF2 stretching vibration, CeC symmetric
stretching, CH2 rocking, skeletal vibration of CeC bonds, CH2 rocking,
CF2 bending & skeletal bending and CF2 bending & skeletal bending,
respectively (Suhartono and Tizaoui, 2015; Sun et al., 2018; Wan and
Bowen, 2017; Zhang et al., 2013). These characteristic bands corre-
sponded to α-phase of PVDF (Rabuni et al., 2013; Wan and Bowen,
2017). Whereas, the characteristic bands which were detected at 1402
(CH2 stretching (Zhang et al., 2013)), 1275 (CF2 stretching (Suhartono
and Tizaoui, 2015)) and 840 cm−1 (skeletal CeC stretching, CH2

rocking and CF2 stretching (Roy et al., 2017)) were indexed to β-phase
(Rabuni et al., 2013). For the raw shale gas FPW, the primary peaks

included 3407 (OeH stretching), 2919 (asymmetric CH2 stretching),
2850 (symmetric CH2 stretching), 1650 (amide I band) and 1540 cm−1

(amide II band), which were also reported in FPW samples from other
raw shale gas plays (Bell et al., 2017; Du et al., 2018; Sari and Chellam,
2015). These peaks represented proteins, aliphatic hydrocarbon and
humic substances (Bell et al., 2017; Du et al., 2018; Zularisam et al.,
2006), these substances in raw water and thus in UF permeate as
confirmed by EEM in Fig. 2. The peaks at 1440, 1402, 1178, 1092,
1021, 795, 634 and 615 cm−1 in the raw FPW were different to those
reported in FPW from Texas (Sari and Chellam, 2015).

Compared to the virgin membrane, an obvious spectrum peak at
975 cm−1 was discovered for the membrane without backwashing and
that backwashed by UF permeate. This phenomenon indicated that
there were a large amount of matters containing CH2 twisting or
SieOeC stretching, because the 975 cm−1 peak also represented
SieOeC stretching (Yang et al., 2017) and the element Si was also
confirmed by EDS (Fig. 6). However, both membranes also displayed
some typical characteristics of the raw shale gas FPW, including peaks
of 3200–3550, 2919, 2850, 1650 and 1540 cm−1. On the contrast, the
membrane backwashed with ultrapure water maintained most of the IR
spectra of the virgin membrane, although some new peaks that be-
longed to FPW appeared (i.e., 3200–3550, 2919, 2850, 1650 and
1540 cm−1). When backwash water was switched to NF permeate or
RO concentrate, the specific spectra peaks of virgin PVDF membrane
decreased obviously, but three new peaks (2919, 2850 and 1540 cm−1)
were primarily discovered. With respect to the membrane backwashed

Fig. 7. UF membrane surface characteristics under various backwash water sources: (a) residual foulant in term of cake layer mass per unit area of UF membrane, (b)
plot of FRnbw and △Rnbw/△Rt versus residual foulant, (c) surface tension (γTot) of UF membranes, and (d) plot of FRt versus γTot.
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by RO permeate or FO draw solution, similar FTIR spectra peaks to that
using ultrapure water backwashing were observed but with a weak
band at 3200–3550 cm−1.

The FTIR microscope maps of UF membranes are illustrated in
Fig. 9, with related visible images in Fig. S9 (Supporting Information).

Compared to the blue color of the virgin membrane (Fig. 9a), the UF
membrane without backwashing exhibited the highest peaks due to the
yellow, orange and red colors (Fig. 9b). This phenomenon corresponded
to a high “fouling map”, as reported in published literature using model
foulants (Benavente et al., 2016; Thygesen et al., 2014). In comparison,
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the green and yellow colors represented high peaks for the membrane
cleaned by UF permeate (Fig. 9c). In addition, the visible images of UF
membranes backwashed by UF permeate or without backwashing dis-
played a dark color (Figs. S9b-c, Supporting Information), probably due
to the larger thickness of foulants on the surface. In contrast, the UF
membrane backwashed with ultrapure water displayed a lower fouling
map due to the low peak intensity of the sample (blue and green), as
presented in Fig. 9d. NF permeate and RO concentrate backwashing
resulted in higher fouling maps on membrane surfaces than ultrapure
water backwashing, but lower than UF permeate backwashing or
without backwashing. As expected, a very low fouling intensity was
obtained when RO permeate or FO draw solution was used as backwash
water (Fig. 9f and h), considering the similar color map with the virgin
membrane. The surface mapping technique using FTIR microscopy has
been used for qualitative or quantitative analysis of foulants (e.g.,
proteins) or shales (Benavente et al., 2016; Chen et al., 2014; Miller
et al., 2013). Similar to those with a given wavenumber scanning in
literature (Benavente et al., 2016; Lien et al., 2018; Xie et al., 2017), the
FTIR microscope mapping with full wavenumber scanning showed an
overall observation of the UF membrane surface.

3.5. Potential application of backwash water adjustment and implications

Aiming at alleviating UF membrane fouling caused by shale gas
FPW, various backwash water sources from UF-NF, UF-RO, UF-NF-RO
and UF-FO processes were investigated. Compared to the severe fouling
using UF permeate backwashing, the superiority of ultrapure water
backwashing was probably due to release of the electric double layer
and swelling of fouling layer (Chang et al., 2015; Li et al., 2012;
Resosudarmo et al., 2013). The same mechanisms were involved in RO
permeate backwashing because the water quality characteristics of RO
permeate were similar to ultrapure water (Table 1), and similar UF
fouling alleviation was reported for ultrafiltration of seawater
(Resosudarmo et al., 2013). Regarding NF permeate, in addition to the
swelling of cake layer, the bridging effect of divalent cations may be
involved and this was related with decreased cleaning efficiency (Li
et al., 2009), while ion exchange of Na+ with the bound divalent ca-
tions (e.g., Ca2+ and Ba2+) in the fouling layer improved backwash
efficiency. By optimizing hydraulic condition (e.g., pulse backwash),
alleviated UF fouling could be obtained using RO concentrate back-
washing (Gao et al., 2016; Gilabert-Oriol et al., 2015). Different to UF-
RO process, RO concentrate was acquired from NF permeate in the
integrated UF-NF-RO process, with primary water parameters two times
that of NF permeate, thus, RO concentrate backwashing also involved
the same mechanisms for NF permeate backwashing. The swelling of
fouling layer and ion exchange of Na+ with bound divalent cations
were primary reasons for the best UF fouling control behavior of the FO
draw solution (Fig. 3) which primarily contained NaCl solution
(Table 1).

Membrane-based processes are appropriate technologies for treating
and recycling shale gas FPW for beneficial reuse (Chang et al., 2019a;
Shaffer et al., 2013). The typical integrated processes of these mem-
brane technologies including UF-NF, UF-RO, UF-NF-RO and UF-FO
processes using UF membrane as the pretreatment of desalination unit.
The process of UF-NF-RO (Alzahrani et al., 2013; Song et al., 2015) was
considered to alleviate RO membrane fouling (Fig. S2, Supporting In-
formation). Then, the RO concentrate was an appropriate backwash
solution for fouling alleviation of UF membranes in UF-NF-RO process.
Besides, the diluted FO draw solution could be used for agricultural
irrigation (Kim et al., 2017; Suwaileh et al., 2019), providing wide-
spread application for diluted FO draw solution. Therefore, RO con-
centrate from the UF-NF-RO process and diluted FO draw solution from
the UF-FO process were proposed as appropriate backwash water for UF
membrane cleaning.

4. Conclusion

In this study, we used various backwash water sources for cleaning
UF fouling caused by shale gas FPW. The following conclusions can be
drawn:

1) The fluorescence EEM showed that the organics in shale gas FPW
were primarily protein-like substances. The fluorescence intensity in
the backwash water decreased with the order: UF permeate > RO
concentrate > NF permeate > RO permeate > FO draw solution.

2) Different to severe fouling using UF permeate backwashing, the NF
permeate, RO permeate and ultrapure water backwashing led to
much lower and comparable FRt and FRnbw for both hollow fiber and
flat-sheet membranes. RO concentrate was an appropriate backwash
solution for fouling alleviation of UF membranes in UF-NF-RO
process. FO draw solution backwashing resulted in the best mem-
brane control performance, with fouling rates even lower than that
in integrated coagulation-UF process under optimal dosage
(200mg/L).

3) The mass of residual foulants on membrane correlated well with
non-backwashable fouling parameters including FRnbw and △Rnbw/
△Rt. Significant correlation was observed between the total surface
tension of fouled membranes and FRt.

4) The superiority of ultrapure water, NF permeate, RO permeate, RO
concentrate and FO draw solution as backwash water to UF
permeate was confirmed by SEM-EDS observation and FTIR spectra.
Further, FTIR microscopic mapping technique was a powerful tool
for characterizing UF membrane fouling by raw shale gas FPW.
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