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Membrane technology is crucial in addressing water pollution challenges, particularly in removing dyes
from wastewater. This study presents a novel approach to fabricating shear-aligned graphene oxide (GO)
nanosheets incorporated polyvinylidene fluoride (PVDF) membranes for achieving exceptional dye

rejection efficiency while maintaining high water flux. The membranes were prepared by dispersing

graphene oxide within a PVDF matrix and subsequent subjection to shear alignment techniques. Shear
and flow-induced alignment were explored to achieve precise and controlled alignment of graphene
oxide flakes within the PVDF matrix. The resulting membranes exhibited enhanced structural integrity
and optimized molecular packing of PVDF and GO, enabling them to selectively reject dyes while

allowing efficient water permeation. The fabricated membranes were extensively characterized using

appropriate testing methods. The results demonstrated that the shear-aligned GO sheets infused PVDF
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composite  membranes exhibited outstanding dye

rejection (96-99%) performance, surpassing

conventional membranes while maintaining high water flux. This innovative membrane fabrication
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1 Introduction

Water scarcity is a pressing global issue that poses significant
challenges to human well-being, environmental sustainability, and
economic development. With increasing population growth,
industrialization, and climate change, the demand for freshwater
resources has surpassed the available supply in many regions
worldwide.'® This scarcity of water resources has far-reaching
consequences, affecting agriculture, industry, and the overall
quality of life. Membrane-based water treatment systems have
emerged as a promising solution due to their ability to selectively
separate contaminants from water. Traditional membranes often
suffer from limitations such as low water flux, fouling, and ineffi-
cient removal of specific contaminants, reducing water quality and
increasing energy consumption. Therefore, there is a need to
develop advanced membrane materials that can effectively address
these limitations and contribute to sustainable water management.

In recent years, graphene oxide (GO) and other two-
dimensional (2D) materials have gained significant attention
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approach holds significant promise for advanced water treatment applications, offering a sustainable
solution for selective dye removal and efficient water purification.

for their potential applications in membrane technology and
water treatment.*® Graphene oxide-based 2D materials offer
tremendous potential for membrane technology and water
remediation applications. Their unique physicochemical prop-
erties, including large surface area, tunable pore size, and
selective interactions with contaminants, enable the develop-
ment of advanced membranes with improved water flux and
selective pollutant removal.®® novel “posterior” interfacial
polymerization (p-IP) strategy has been introduced to construct
a customized polyamide (PA) network in situ within an ultrathin
GO membrane, effectively repelling metal ions.” Further
research and development efforts in this field hold promise for
addressing water scarcity, improving water quality, and
advancing sustainable water management practices.

PVDF is a highly durable and mechanically robust polymer.
PVDF is a critical component in GO-based mix matrix
membranes due to its enhanced mechanical strength, chemical
compatibility, hydrophobicity, fouling resistance, tunable
porosity, and compatibility with GO dispersion.’®?* These
properties contribute to the overall performance and reliability
of the membranes, enabling effective water treatment processes
such as selective pollutant removal and enhanced water flux.

Various strategies have been employed to incorporate GO-
based 2D materials into membranes. GO can be blended with
polymers such as polyvinylidene fluoride (PVDF),* polysulfone
(Psf),** or polyamide (PA)** to form composite membranes. The
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dispersion of GO in the polymer matrix enhances the
membranes’ mechanical strength, chemical stability, and anti-
fouling properties. Graphene oxide-doped polyvinylidene fluo-
ride (PVDF) membranes have shown great potential in water
treatment applications.***® Graphene oxide, a two-dimensional
nanomaterial with exceptional mechanical strength and
chemical stability, can be incorporated into PVDF membranes
to enhance their performance. The unique properties of gra-
phene oxide, such as its high surface area, excellent selectivity,
and tunable pore size, make it an ideal candidate for improving
water treatment processes.**?

Herein, we intercalated 2D GO materials into PVDF dope
solutions and cast the membrane with a 300 pm doctor's blade.
In order to investigate the morphological and physicochemical
properties of GO and GO@PVDF membranes, a range of char-
acterization techniques were used. Incorporating GO into PVDF
membranes significantly improved water flux while maintain-
ing selectivity for cationic and anionic dyes in nanofiltration
(NF) applications. The membrane also exhibits lower salt
rejection performance, particularly for Na,SO,, with a rejection
rate of 48%. However, the membrane exhibits outstanding
stability over a broad pH range, demonstrating its robustness
and ability to maintain performance under harsh conditions.
This enhancement in performance highlights the effectiveness
of GO@PVDF membranes
membranes.

compared to pristine prGO

2 Experimental section
2.1 Materials and methods

Polyvinylidene fluoride (PVDF) (Mw = 440 000 g mol ') was
obtained from Arkema. Graphite and N,N-dimethylformamide
(DMF), 99.0% were procured from Sigma Alrich. Methylene blue
(MB), congo red (CR), methyl orange (MO), rhodamine blue (RB)
dyes, potassium permanganate (KMnO,, 99.9%), sulfuric acid
(H»S0O4, 98%) phosphoric acid (HzPO,, 99%) hydrochloric acid

Doctor blade

Modified '
—.>
Hummer's
Method
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(HCl, 35-38%), hydrogen peroxide (H,O,, 30%), sodium sulfate
(99%), sodium chloride (99.90%), acetone, ethanol were
collected from a local vendor. All the chemicals and obtained
materials were used without additional processing or
purification.

2.2 Graphene oxide (GO) synthesis

According to reports in the literature, the modified Hummers'
method is used to synthesize GO in a highly acidic medium.*
Briefly, 68 ml of a 10:58 volume ratio of H;PO, and H,SO,
are combined with 1 g of powdered graphite. After adding 6 g of
KMnO,, the mixture was subjected to a magnetic stirrer at
0-4 °C for a duration of one hour. It is maintained and stirred
for three days at room temperature to achieve complete oxida-
tion. The reaction is stopped, and the excess KMnO, is
neutralized by adding H,O, dropwise. The unreacted graphite is
fully removed using 1 N HCI and DI water in that order. The GO
is then isolated by centrifugation at 8000 rpm. The resulting GO
is dried at room temperature under vacuum conditions,
yielding approximately 60%.

2.3 Fabrication of SAGO@PVDF membrane

To prepare a dope solution, 7.5 ml of DMF solvent was added to
30 wt% of PVDF in a 50 ml beaker. The components were stirred
continuously at 80 °C until a consistent bubble-less solution
was obtained. To this, 200 mg of GO in 2.5 ml DMF was added.
The solution was stirred in a hot plate until a homogeneous and
uniformly mixed dope solution was obtained. The membranes
were cast by using a 300 pm doctor blade, and a speed of 7-8 cm
s™' was set in an automatic film applicator for casting the
membranes onto a glass plate. Before performing experiments,
the constructed membranes were cleaned and rinsed with
ultrapure water before performing any experiments. The fabri-
cated membranes were termed SAGO@PVDF and yielded 90%.
GO sheets were shear aligned in a particular direction, mainly
responsible for high rejection performance (Fig. 1).

o]
COOH COOH COOH

Membrane

Fig. 1 Schematic representation showing the preparation process of (a) GO (b) SAGO@PVDF membrane.
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Fig. 2 FTIR spectra of GO and SAGO@PVDF membrane.

3 Results and discussion

Fourier transforms infrared (FTIR) spectroscopy was used to
examine the functional groups found in graphene oxide (GO)
and graphene oxide incorporated polyvinylidene fluoride
membrane (SAGO@PVDF) in Fig. 2. At specific wavenumbers,
especially 1044 cm ™', 1612 cm ™, 11721 cm™ ', and 3200 cm ™,
graphene oxide displayed different absorption peaks.** These
peaks represent the C-O, C-C, carbonyl (C-O) stretching and
O-H stretching vibration respectively. Two additional peaks
were found at 1405 cm™ ' and 1174 cm™ ' after graphene oxide
was added to the PVDF matrix for developing the SAGO@PVDF
membrane corresponding to the CH, and CF, groups of PVDF.
These extra peaks show that the PVDF matrix successfully
integrated the graphene oxide particles according to their
existence.

The structural and d-spacing alterations in the graphene
oxide (GO) powders and the composite with graphene oxide
added to PVDF (SAGO@PVDF) were examined using X-ray
diffraction (XRD) analysis. The XRD pattern confirmed the
successful production of the GO particles, which exhibited

PAN
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Fig. 3 XRD data of GO and SAGO@PVDF membrane.
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a noticeable diffraction peak at 10.54° (Fig. 3), representing the
oxidized graphitic peak. The corresponding interplanar spacing
(d) for GO measured 0.84 nm, which decreased to 0.76 nm in the
final SAGO@PVDF membrane. An additional peak at 20.84° in
the XRD pattern was seen after combining the PVDF polymer
with GO particles, indicating the PVDF is semi-crystalline.*
Thus, this peak and the typical GO peak suggest that GO was
successfully incorporated into the PVDF matrix, preserving the
integrity of the nanosheets within the matrix. This integration
enhances the performance and stability of the membrane.
The surface chemistry of GO particle and SAGO@PVDF
membranes were further characterized by X-ray photoelectron
spectroscopy (XPS) in Fig. 4. The outcomes of XPS investigations
suggest that the primary components of GO are carbon and
oxygen. The confirmation of the presence of 1S oxygen (1S O) on
the surface of GO is also supported by the presence of a peak at
532.08 eV. One addition peak was observed for SAGO@PVDF
membranes, along with carbon and oxygen, confirming the
presence of 1S F (688.08 eV), further suggesting that GO and
PVDF moiety successfully mixed properly.*** After deconvolu-
tion, four peaks for the sp2C/sp3C, C-O, -COOH, and -CF, were
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Fig. 4 XPS survey spectra of GO and SAGO@PVDF membrane.
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Fig. 5 Zeta potential of GO, PVDF, and SAGO@PVDF membrane.
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observed at 283.3, 285, 287.12, and 289.34 eV for the 1s C of
SAGO@PVDF.

The zeta potential of the SAGO@PVDF membrane was eval-
uated using an Anton Paar Surpass 3 analyzer. Graphene oxide
(GO) powder zeta potential was determined to be —15 mV, as
shown in Fig. 5, similar to previous studies.* The PVDF
membrane exhibited a zeta potential of —17 mV. On the other
hand, the mixed matrix SAGO@PVDF membrane displayed an
elevated negative zeta potential, measured —26 mV.* This
increase in the negative zeta potential can be attributed to the
SAGO@PVDF membrane's carboxyl/hydroxyl and fluoride
groups. This negatively charged moiety on the surface of the
membrane significantly impacts how effectively separation
performance functions and how essential it is. These results
show the impact of surface charge in affecting separation
achievement and highlight the importance of zeta potential in
membrane characterization.

The surface morphology and the
SAGO®@PVDF membrane were studied using scanning electron
microscopy (SEM). The surface of SAGO@PVDF composite
membranes exhibits continuous rough wavy type, as shown in
Fig. 6a and b, and the cross-section view reveals the thickness of
150 pm formed by shear aligning GO sheets to the PVDF
matrix.”»* The defects and cavities on the surface of the
membrane were not through, and it did not affect the
membrane performance. We predict from SEM analysis that the
shear aligns graphene sheets in PVDF enable water transport at
high pressure while maintaining their mechanical strength, the
cause of the SAGO@PVDF membrane's superior performance.
The EDAX spectra of SAGO@PVDF (Fig. 6¢) indicate the pres-
ence of carbon, oxygen, and fluorine elements.

The hydrophobicity or hydrophilicity of the membrane is
a crucial factor in determining the characteristics of the

cross-section  of
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fabricated membrane and, ultimately, its performance. A
membrane would be more resistant to fouling problems if it
were more hydrophilic, which is a serious danger to the current
commercial membranes. A hydration layer that forms on top of
the membrane surface is encouraged by hydrophilicity, which
prevents biofouling. Therefore, hydrophilic membranes are
currently required. A crucial method for determining
amembrane's hydrophobicity or hydrophilicity is to measure its
water contact angle. When SAGO@PVDF membranes were
used, the water contact angle substantially decreased to 66°, as
opposed to neat PVDF membranes, which had a water contact
angle of around 94° (Fig. 7).*” Because of this, the SAGO@PVDF
membranes were virtually hydrophilic. The inclusion of GO
particles into the PVDF matrix made the SAGO@PVDF
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Fig. 7 Water contact angle values for GO and SAGO@PVDF
membrane.
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Fig. 6 SEM Surface image (a) and cross-section image (b) and (c) EDAX spectra of SAGO@PVDF membrane.
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membranes fundamentally hydrophilic in nature. The hydro-
philic nature was introduced into the membrane architecture
by the functional groups contained in GO (-OH, -COOH, and
epoxide), which is what caused the contact angle value to
decrease drastically. This membrane's hydrophilic surface
would make it easier for a hydration layer to form, preventing
fouling.

To further elucidate phase formation and investigate the
structural improvements achieved through the formation of
ordered phases, Small-Angle X-ray Scattering (SAXS) was con-
ducted (Fig. S37). The scattering vector, g (¢ = 27/d = 4 sin 6/
1), was employed to evaluate the structural advancements in the
SAGO@PVDF membrane. The required structural information
for the SAGO@PVDF membrane was obtained from the Lorentz-
corrected Kratky plot (I x g* vs. q). The SAXS data revealed
intense sharp peaks at 0.042 nm ', indicating the nematic
phase of GO in the final membrane. Additionally, the shear
alignment achieved during the casting of the SAGO@PVDF
membrane resulted in the appearance of two additional peaks
near 0.091 nm ' and 0.145 nm ™", signifying the presence of
a lamellar phase. These observations lead to the conclusion that
the high-order nematic and lamellar phases in the
SAGO@PVDF membrane are attributable to the incorporation
of GO nanosheets, with PVDF further stabilizing these phases
within the membrane.***

The thermal stability of GO particle and SAGO@PVDF
membrane was analyzed by the thermogravimetric analysis, TA
Q500 instrument. The thermal degradation behaviour of the GO
and SAGO@PVDF membranes is shown in Fig. 8. The GO
particle has a two-step deterioration trend (at 120-145 °C and
190-220 °C). On the other hand, the final degradation temper-
ature of the SAGO@PVDF membrane is approximately 470 °C,
which is much higher than that of GO.** After the GO was
incorporated into the PVDF matrix, filling in the pores. This
significant increase in the thermal degradation values indicates
much higher stability of SAGO@PVDF membranes.

The mechanical strength and integrity of SAGO@PVDF
membranes and the impact of GO nanosheets on these

1400 /== Pure Water Flux at diffrent Pressure
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10 20 30 40 50 60 70 80 90
Pressure (PSI)

(a) Pure water flux of PVDF and SAGO@PVDF membrane, (b) pure water flux at different pressure of SAGO@PVDF membrane.
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membranes were assessed using a dynamic mechanical analysis
(DMA). The storage modulus vs. temperature profiles for PVDF
and SAGO@PVDF membranes are shown in Fig. 9. The graphs
clearly show that adding shear-aligned GO sheets to the PVDF
matrix significantly increases the storage modulus of the
membranes. In particular, the storage modulus has increased
significantly, from 112 MPa to about 162 MPa.

3.1 Rejection performance of the SAGO@PVDF membrane

The measurement of pure water flux was conducted utilizing an
internally used cross-flow setup. The SAGO@PVDF membranes
used to monitor water flux were 150 um thick. Compared to the
neat PVDF membrane (1750 LMH), pure water flux for graphene
oxide doped PVDF mixed matrix membrane shows a 450 LMH
flux. When graphene oxide was added to the PVDF membrane,
we saw a substantial decrease in the flux of pure water. Water
molecules cannot pass through the PVDF membrane when
graphene oxide is added, possibly due to modifications to the
membrane's structure or pore size distribution. According to
Fig. 10, the assessment of pure water flux for SAGO@PVDF
membranes at a range of applied pressures, ranging from 10 psi
to 100 psi. With an increase in applied pressure, pure water flux
rises linearly. The performance of the membrane was notably
superior to that of the majority of commercially available NIPS
membranes, exhibiting flux values within the range of 450 LMH
at 100 psi.*” The orderly alignment of GO sheets and the density
of oxygen-containing molecules are responsible for the
improved water penetration in the SAGO@PVDF membrane.
High hydrophilicity was observed in the current investigation

View Article Online
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due to changes in the surface characteristics and chemical
composition of GO sheets after the membrane fabrication. We
think the increased water flux in the SAGO@PVDF membrane
was caused by the frictionless water transport provided by the
slip-flow mechanism. Therefore, we believe that the combined
effects of hydrophilicity and highly organized graphene nano-
channels in the membrane cause the increased water flux of the
SAGO@PVDF membrane.**

Methylene Blue (MB) and Rhodamine B (RB), a cationic dye;
Congo Red (CR) and Methyl Orange (MO), both classified as
anionic dyes, were selected as the model dye foulants. Fig. 11a
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Fig. 12 Salt ion rejection of SAGO@PVDF membrane.
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Fig. 11 (a) Rejection of dye of SAGO@PVDF membrane (b) long-term dye rejection performance of SAGO@PVDF membrane with Congo Red

(CR) and Rhodamine B as the model foulants, (c—f) U.V. spectrum of dyes, (a) M.B., (b) C.R., RB,and MO (top) feed solution, (bottom) filtrate.
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Table 1 Comparison of the rejection performance (dye/salt) of SAGO@PVDF membranes with other PVDF-based membranes

Membrane Flux Dye Salts Ref.
PVDF/GO/TiO, membrane 49 92.61 — 43
PVDF/HDTMA-modified clinoptilolite nanocomposite membrane 7 98.5 — 44

PVDF ultrafiltration membrane modified with GO-PVA-NaAlg hydrogel 103 92-95 — 45
PVDF/GO/Ni 38.39 98 — 46
PVDF/Chitosan/CNT 85 >90% — 47
SAGO@PVDF membrane 450 at 30 psi 97-99 50(Na,SO,) This work

demonstrates that the SAGO@PVDF membrane -efficiently
rejects 96% and 99% for all dye molecules. Zeta potential
measurements confirm that the membrane surface exhibits
a negative charge, and MB and RB are cationic dyes; hence,
adsorption is the main mechanism by which the MB and RB dye
is rejected. Electrostatic repulsion, on the other hand, caused
the SAGO@PVDF membrane to reject CR and MO. Our research
indicates that the SAGO@PVDF membranes had outstanding
dye separation efficiency. Fig. 11c-f displays the feed and
permeate solutions’ UV-vis spectra following dye rejection.

The UV-visible spectra analysis of the permeate solutions
revealed the absence of absorption maxima peaks associated
with the specific dye foulants, namely MB (at 292 and 664 nm),
CR (at 342 and 498 nm), RB (at 284, 306, 354, and 550 nm), and
MO (at 273 and 464 nm). This observation indicates that the
SAGO®@PVDF membranes effectively removed both cationic and
anionic dyes, demonstrating efficient dye removal capabilities.
The membrane was highly reusable, as evidenced by the fact
that it retained a rejection efficiency of >89% even after ten
consecutive cycles (Fig. 11b). These results suggest that the
SAGO®@PVDF films have outstanding dye rejection and recy-
cling performance.

An internal Sterlitech dead-end setup was used to measure
the ion rejection performance of the manufactured
SAGO®@PVDF membranes. Na,SO, and NaCl feed solutions with
1000 ppm concentrations each were used. The performance of
the negatively charged membranes was comparable to that of
the similarly charged NF membranes, where salt rejection
occurred in the sequence Na,SO, > NaCl (Fig. 12). Nearly 27% of
NaCl and about 48% of Na,SO, were rejected by the
membranes. Size sieving and the Donnan exclusion principle
work together to provide a reasonable explanation for such
effective rejection. The presence of GO can reduce the effective
pore size of the membrane, enabling more efficient sieving of
salt ions based on their size. Additionally, the incorporation of
GO can introduce functional groups that enhance the Donnan
exclusion effect. However, as SO,>~ experiences more electro-
static repulsion than chloride ions do, the sulfate retention is
significantly higher than the chlorides, which can be attributed
to superior retention. Although, the salt rejection efficiency of
SAGO@PVDF was low, indicating that the membrane is not
effectively removing salts from the solutions. This could be due
to defects in the membrane, an insufficient membrane thick-
ness, or clogging or fouling of the membrane pores.

The key to successfully deploying GO-based membranes
from practical standby is mechanical stability. According to the

27858 | RSC Adv, 2024, 14, 27852-27861

literature, GO-based membranes were unstable in various
conditions, including acidic and alkaline media. Therefore, the
stability of the SAGO@PVDF membranes was evaluated by
submerging them for 60 days each in HCI (pH 2), deionized
water (pH 7), and NaOH (pH 12) solutions. Surprisingly, the
SAGO@PVDF membrane showed no cracks or leaching in an
aqueous media with various pHs, indicating exceptional
stability. After 60 days of immersion in acidic, neutral, and
alkaline solutions, the cross-sectional SEM morphology of the
SAGO@PVDF membrane showed network-like morphology
retained (Fig. S21). The exceptional stability of the SAGO@PVDF
membrane offers numerous potentials for nanofiltration under
various challenging operational situations.*

The SAGO@PVDF membrane demonstrated superior
performance selectivity compared to other membranes reported
in the literature. Table 1 presents a comparative study primarily
focusing on dye rejection performances, highlighting that most
reported membranes exhibit relatively low rejection rates. In
contrast, our SAGO@PVDF membrane shows significantly
higher rejection activity. This study marks a significant
advancement in the development of stable and cost-effective
GO@PVDF-based membranes for water purification
applications.

4 Conclusion

We conclude by presenting a straightforward method for
fabricating shear-aligned GO®@PVDF membranes with
a distinctive shape and organized structure. In this study, GO
nanosheet dispersion was used to synthesize GO@PVDF
membranes with a highly orientated lamellar phase. Shear align
nanostructured GO@PVDF membranes were used for dye
rejection selectively. Due to its stronger electrostatic interaction
or repulsion, the rejection process involves effective dye rejec-
tion, but the common salts % is significantly less at ambient
temperature. This shear-aligned GO sheet offers a method for
producing novel GO@PVDF membranes with easily adjustable
compositions, highly orientated morphologies, and optimized
performances. The final GO@PVDF membranes-maintained
stability under 100 psi of transmembrane pressure for
extended periods and reported a pure water flux that was close
to 4-5 times lower than the neat PVDF membranes and higher
than existing literature. Methyl Orange and Rhodamine B were
used as model dye foulants, and over numerous operating
cycles, the membranes displayed >96% rejection. The GO
nanosheets were aligned during the mix matrix membrane

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fabrication process. We discovered that this novel strategy
significantly improved the separation performance. Other
materials’ performance was hampered by bottlenecks like
leaching and stability that provides our system an advantage in
total performance.
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