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Abstract Polymer composite membranes based on sulfonat-
ed poly(phthalazinone ether sulfone) (SPPES) and zirconium
sulfophenyl phosphate (ZrSPP) were prepared. Three ZrSPP
concentrations were used: 10, 20, and 30 wt%. The mem-
branes were characterized by infrared spectroscopy (IR), X-
ray diffraction spectroscopy, thermal gravimetric analysis, and
scanning electronmicroscopy (SEM). The IR results indicated
the formation of intense hydrogen bonds between ZrSPP and
SPPES molecules. The SEM micrographs showed that ZrSPP
well dispersed with SPPES and form a lattice structure. The
proton conductivity of the SPPES (degree of sulfonation (DS)
64 %)/ZrSPP (10 wt%) composite membrane reached 0.39 S/
cm at 120 °C 100 % relative humidity and that of the 30 wt%
of SPPES (DS 16.1 %)/ZrSPP composite membrane reached
0.18 S/cm at 150 °C. The methanol permeabilities of the
SPPES/ZrSPP composite membranes were in the range of
2.1×10−8 to 0.13×10−8cm2/s, much lower than that of
Nafion®117 (10−6 cm2/s). The composite membranes
exhibited good thermal stabilities, proton conductivities, and
good methanol resistance properties.
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Introduction

Direct methanol membrane fuel cells (DMFCs) have
attracted substantial research attention due to their high

theoretical energy densities and nontoxicity to the environ-
ment [1–3]. Proton exchange membranes are the key com-
ponents of DMFCs. At present, the commercial
perfluorinated membrane such as Nafion is one of the most
advanced available membranes for direct methanol fuel cells
for its excellent chemical, mechanical, and electrochemical
properties as well as high proton conductivity at ambient
temperature and high humidity condition [4, 5].

The key technological issues with regards to DMFCs are
mostly the low catalytic activity and the high methanol
crossover problems [6–8]. The high methanol crossover
from anode to cathode is a major problem since it not only
causes a loss of fuel (ca. 40 % methanol loss) but also
generates mixed potential at oxygen cathode, leading to
the poisoning of the catalyst. With the increase of cathodic
polarization, battery performance will be degraded obvious-
ly. An effective way of solving these issues is to improve the
operating temperature of the fuel cells. Increase operating
temperatures can improve catalyst efficiency, reduce cata-
lyst poisoning owing to adsorption of CO [9], enhance
methanol oxidation rates, and reduce the opportunity to
methanol permeability [10, 11]. Proton exchange membrane
(PEM) can arise only from 100 to 180 °C. At this temper-
ature, other materials are still available except for conven-
tional Nafion membrane. So fabricating high temperature
proton exchange membrane becomes an important research.
Many studies have been reported in literature. Among them,
nanocomposite membranes by embedding nanosized mate-
rials into polymers showed much lower methanol perme-
ability with similar or even improved proton conductivities
at high temperature [12]. Even some sulfonated heat-
resistant resins composite membranes exhibit good proper-
ties than traditional expensive Nafion membranes.

To prepare high temperature membrane, materials must
have excellent thermal stability. Poly(phthalazinones) (PPs),
include poly(phthalazinone ether sulfone) (PPES) [13], poly
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(phthalazinone ether ketone) [14] are distinguished for
their good thermal stability with very high glass transi-
tion temperature, chemical stability, and mechanical
strength.

We prepared PEM based on sulfonated poly(phthala-
zinone ether sulfone ketone) (SPPESK) in our previous
work [15], but SPPESK membranes’ mechanical prop-
erty and dimension stability in wet/dry is not satisfied.
Then, we used porous polytetrafluoroethylene (PTFE)
membranes as support material prepared SPPESK/zirco-
nium sulfophenyl phosphate (ZrSPP)/PTFE composite
membranes [16]. These SPPESK/ZrSPP/PTFE composite
membranes have good mechanical property compared
with unsupported SPPESK/ZrSPP membranes. Dimen-
sional stability is also maintained in alternating wet/dry
environments. And now, we find PPES has several
advantages such as inexpensive, easy sulfonated, and
good proton conductivity after sulfonation (SPPES)
[17]. SPPES has better solubility and easy simple film
fabrication. SPPES proton exchange membranes exhibit
good membrane mechanical strength and good dimen-
sional stability of membranes in wet/dry condition.
More importantly, it has high proton conductivity and
low methanol permeability. SPPES should be an alter-
native material to Nafion.

Blending membranes with conductive materials is a
simple and effective method to fabricate a composite
membrane with excellent proton conductivity, enhanced
dimensional stability and mechanical properties [18].
Types of clays [19, 20], hygroscopic oxides [21–23],
zeolites [24], conductive polymers [25], and heteropo-
lyacid (HPA) [26] have been used in the fabrication of
composite membranes. Clays, zeolites, and hygroscopic
oxides can increase the water uptake of membranes;
there have been no proton conductance capacity. HPA
increase both water uptake and concentration of acid
sites. However, HPA tends to be lost by dissolution in
water. Inorgano–organic materials, such as zirconium
sulfoarylphosphonate, M(HPO4)x(O3PC6H4SO3H)2−x and
M(HPO4)x(O3P-R-NH2)2−x (M0Ti, Zr, Th), have also
been reported as excellent additives [17, 19]. The com-
pound Zr(HPO4)0.65(SPP)1.35 is used for doping in
SPPEEK. A threefold increase in proton conductivity
at 70 °C was observed for a composite membrane with
50 wt% of solid proton conductor under 100 % relative
humidity (RH) [27].

ZrSPP, an inorganic–organic proton conductor, is stable
up to 200 °C. It also has good conductivity. ZrSPP can form
a three-dimension solid-lattice structure. ZrSPP should be a
promising filler for composite proton exchange membrane.
In the current study, a series of SPPES/ZrSPP composite
membranes were synthesized in different sulfonation degree
of SPPES and different doping levels of ZrSPP particles by

solution casting. The proton conductivity, thermal stabili-
ties, and methanol permeability were tested.

Experimental

Materials and chemicals

Poly(phthalazinone ether sulfone) (PPES) (Dalian Polymer
New Material Co., Ltd. WM 452), fuming sulphuric acid
(50 % SO3), N,N-dimethylacetamide (DMAc), methanol,
and sodium hydroxide used were all of analytical grade.
SPPES was synthesized using the method described in the
literature [17]. ZrSPP was obtained following also the pro-
cedure described in the literature [15].

Preparation of the SPPES/ZrSPP composite membranes

A higher DS of SPPES can lead to higher proton conduc-
tivity. However, an increase in DS also indicates detrimental
effects to the mechanical properties and thermal endurance
of PEM membranes due to the hydrophilicity of the sulfonic
acid groups. SPPES samples with appropriate DS were
selected for this reason.

A series of SPPES/ZrSPP composite membranes was
prepared by solution cast method. SPPES was dissolved in
DMAc and stirred for 10 h at room temperature. Then, the
solution was filtered. For the composite membranes, pro-
portional amounts of ZrSPP were added to the solution to
obtain wt% of 10, 20, and 30 %. The homogenous solution
was cast onto a glass plate and dried at 70 °C for 24 h. The
membranes were immersed in 1 mol/L H2SO4 and then
washed with deionised water.

Scanning electron microscopy and energy dispersive X-ray
spectroscopy

The morphology of the membranes was investigated
using a scanning electron microscope (FEI Sirion 200).
To view the cross-section of the membranes, all the
samples were fractured after being soaked in cryogenic
conditions. And the fresh cross-section was imaged after
a thin layer of gold was vacuum-sputtered onto it.
Elemental distribution of ZrSPP in composite mem-
branes was analyzed by energy dispersive X-ray spec-
troscopy (EDX), which was an auxiliary equipment of
scanning electron microscopy (SEM).

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectra were recorded
between 4,000 and 400 cm−1 by a Nicolet 5700 Fourier
transform infrared spectrometer (Thermo Electron). About
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200 mg of IR spectroscopic-grade KBr pellets was used
with 1 mg of the polymer samples.

X-ray diffraction

X-ray diffraction (XRD) was used to identify the crys-
talline materials of the membranes with a diffractometer
(Bruker D8 Advance) using a solid detector and Cu Kα
radiation at 40 kV and 40 mA. The 2θ ranges were
from 2° to 60°.

Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) was used to analyze
the thermal stability of the composite membranes. Thermo
gravimetric analysis was carried out using a thermogravi-
metric analyser (Netsch STA-409) from 30 to 900 °C at a
rate of 10 °C/min under normal atmospheric pressure (flow
rate, 30 ml/min).

Water uptake and swelling ratio

The swelling behavior of the membranes produced was
studied by measuring their water uptake and swelling
ratio. The membrane samples were dried at 60 °C for
48 h. The weighed films were soaked in deionised
water overnight for different times at determined tem-
peratures. The water uptake and the swelling ratio were
calculated as follows:

Water uptake %ð Þ ¼ ww � wd

wd
� 100%

where 5w and 5d are the weight of the wet and dry
membranes, respectively.

Swelling ratio %ð Þ ¼ Lw � Ld
Ld

� 100%

where Lw and Ld are the thickness of the wet and the
dry membranes, respectively.

Oxidative stability

The oxidative stability of composite membranes was
investigated by observing the degradation behavior of
membranes when they were immersed in 25 mL Fen-
ton’s reagent (30 ppm FeSO4 in 30 % H2O2) at room
temperature. The membrane was first weighed (O1) and
then immersed in Fenton’s reagent for 3 h. It was then
washed with deionized water and dried in a vacuum at
10 °C for 24 h, after which the membrane was weighed

quickly (O2). The oxidative stability of composite mem-
branes was calculated using the equation:

OS ¼ O1 � O2

O1
� 100%

Mechanical properties

The tensile strength of the blend membranes were measured
at room temperature using a tensile testing machine
(CMT6203, China) at a crosshead speed of 2 mm/min.
The width of the sample was b (millimeters) and the thick-
ness of the composite membrane was d (millimeters). The
maximum load was recorded as P (N). All the measurements
were performed at 25±2 % RH. The tensile strength (δt) of
the composite membrane can be calculated using Eq. (4):

dt ¼ P

bd

Proton conductivity

The proton conductivities of the membranes were calculated
from AC impedance spectroscopy data using a Potentiostat
Model 263Aworkstation (Perkin-Elmer Instruments) with a
lock-in amplifier (Model 5210, 1 Hz–10 kHz; Perkin-Elmer
Instruments). The software Powersuite was used to collect
the data and plot the figures. The samples of the membranes
were fully humidified by water vapor at all temperatures.

Methanol permeability

Methanol permeabilities of the samples were measured
using a diffusion cell constructed in our laboratory
following the design described in literature [28]. The
diffusion cell consisted of two compartments that were
separated by a vertical membrane. One compartment of
the cell was filled with 1 mol/L methanol solution
while the other compartment was filled with deionized
water. The compartments were stirred continuously dur-
ing permeability measurements. The methanol concen-
tration in the water compartment was determined using
gas chromatography. The methanol permeability (P,
square centimeters per second) was calculated from
the equation:

P ¼ SVBL

ACA0

where S is the slope of the curve of methanol concen-
tration versus time in the water compartment, VB

(milliliters) is the volume of the water compartment,
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CA0 (moles per liter) is the initial concentration of
methanol in the methanol compartment, and L

(centimeters) and A (square centimeters) are the thick-
ness and area of the membrane, respectively.
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Fig. 1 SEM and EDS of SPPES/ZrSPP composite membranes a surface of 10 wt% membrane, b cross-section of 10 wt% membrane, c surface of
30 wt% membrane, d cross-section of 30 wt% membrane
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Results and discussion

SEM and EDX

The morphology of the composite membrane samples was
observed by SEM. The surface and fracture surface SEM images
of the 10 wt% composite membranes are shown in Fig. 1a and b
show that there is a homogenous dispersion of ZrSPP into the
membranes. Fracture surfaces have a dense structure. The sur-
face of SPPES/ZrSPP (30 wt%) composite membrane (Fig. 1c)
is mainly smooth and dense. There are a small number of ZrSPP
particles well dispersed on the surface. From the EDXof fracture
surface of SPPES/ZrSPP (30 wt%) membrane (Fig. 1d), we can
see that the hatched section is SPPES, thewhite section is ZrSPP.
ZrSPP form a lattice structure, SPPES tightly wrapped ZrSPP
skeleton structure, that is quite dense.

FT-IR spectroscopy

The FT-IR spectra of the SPPES and SPPES/ZrSPP composite
membranes are shown in Fig. 2. Most FT-IR absorption did not
change after ZrSPP doping into the SPPES membrane. The
broad and strong absorption at 3,480 cm−1 is attributed to the
stretching of –OH in –SO3H [17]. Peaks at 1,326 and
1,151 cm−1 are assigned to asymmetrical and symmetrical
stretching of characteristic sulfone [13]. Absorption at
1,025 cm−1 is corresponded to the stretching of S0O in –
SO3H. However, the peak at 1,060 cm−1 in SPPES/ZrSPP
composite membrane is characteristic absorption peak of ZrSPP,
it is due to the stretching of P–O [29]. In the spectrum of the
composite membrane, a new absorption peak can be observed at
2,900 cm−1 caused by the hydrogen bonding between sulfonic
acid and phosphonic acid [15]. The observation of this peak
clearly indicates strong interaction between SPPES and ZrSPP.

XRD

The XRD patterns of the ZrSPP, SPPES, and the SPPES/
ZrSPP composite membranes are presented in Fig. 3. From
the figure, ZrSPP shows good crystallinity and obvious
diffraction peaks at 2θ05.9°, 11.8°, 17.8°, and 19.8°. ZrSPP
shows a pattern typical for layered compounds with well
pronounced reflections. It shows two distinct reflections of
layered structure. The interlayer distance (d) of the XRD
pattern is 13–15 Å. The XRD spectra of SPPES/ZrSPP
composite membranes also shows crystalline features with
sharp peaks at 2θ05.9°. It indicates that the molecule struc-
ture of ZrSPP is not destroyed. The diffraction peaks are
weak in the composite membrane. This is a consequence of
the finely dispersed ZrSPP molecules in the polymer matrix.
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And the interaction between SPPES and ZrSPP make the
composite membrane become more density.

TGA of the SPPES/ZrSPP composite membrane

The thermal stabilities of the ZrSPP, SPPES, and the SPPES/
ZrSPP composite membranes were studied by TGA (Fig. 4).
The SPPES membrane has a slightly weight loss below
200 °C. This is due to the water loss. ZrSPP has good
thermal stability; it has no obvious weight loss below
400 °C. The SPPES/ZrSPP composite membrane has no
weight loss below 200 °C, ZrSPP might interact strongly
with water molecules and keep water molecules from evap-
orating. The T>200 °C sulfonic acid groups start to fall off.
T>400 °C the main polymer start to degradate. The results
indicate that the composite membranes have adequate
thermo-stabilities under temperatures below 200 °C.

Water uptake

The water uptake of the SPPES/ZrSPP composite mem-
branes is shown in Fig. 5. At 25 °C, the water uptake of
SPPES (DS 16.1 %) membrane is 30 % (pure SPPES) to
17.7 % (SPPES/ZrSPP (30 wt%)), lower than SPPES (DS
64 %) membrane which is 39.1 % (pure SPPES) to 18.7 %
(SPPES/ZrSPP (30 wt%)). At 80 °C, the water uptake of
SPPES (DS 16.1 %) membrane is 72.3 % (pure SPPES) to
45 % (SPPES/ZrSPP (30 wt%)), also lower than SPPES (DS
67.2 %) membrane which is 96.9 % (pure SPPES) to 58.7 %
(SPPES/ZrSPP (30 wt%)). The water uptake of the mem-
branes increases as temperature and DS increase, as hydro-
philic groups, the more sulphated groups, and the stronger
hydrophilic force. The water uptake decreases with an

increase in ZrSPP content. At low temperature, ZrSPP have
small effect on water uptake of composite membranes.

Swelling ratio

The swelling ratio of the SPPES/ZrSPP composite mem-
branes is shown in Fig. 6. The swelling ratio of the membranes
increases as DS and temperature increases. But it decreases
with an increase in ZrSPP content. At 20 °C, ZrSPP reduce
swelling ratio just from 28.1 % (pure SPPES (DS 16.1 %)
membrane) to 19.7 % (SPPES (DS 16.1 %)/ZrSPP (30 wt%)
composite membrane). However, ZrSPP greatly reduce swell-
ing ratio of composite membranes at higher temperature. At
80 °C, it reduce swelling ratio from 39.7 % (pure SPPES (DS
16.1 %) membrane) to 25 % (SPPES (DS 16.1 %)/ZrSPP
(30 wt%) composite membrane). The swelling ratio of SPPES
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(DS 64 %) membranes are from 32.1 % (pure SPPES) to
20.9 % (SPPES/ZrSPP (30 wt%)) at 20 °C, and 47.5–26 %
at 80 °C. And SPPES (DS 16.1 %) membrane is from 32.1 %
(pure SPPES) to 20.9 % (SPPES/ZrSPP (30 wt%)). The
formation of intermolecular hydrogen bonds between ZrSPP
and SPPES and the ZrSPP lattice structure greatly restricts the
swelling of the membranes. ZrSPP enhances the dimensional
stability of the membranes in wet/dry condition.

Oxidative stability

The Fenton solution test was carried out to reveal the
relationship between the addition of ZrSPP and the
oxidation-resistant properties of the composite mem-
brane. The results can be seen in Fig. 7. Oxidative

stability decreases as DS increase. Weight loss decreases
from 22 % of pure SPPES (DS 64 %) to 18 % of
SPPES (DS 64 %)/ZrSPP (10 wt%), 15.3 % of SPPES
(DS 18 %) to 13.8 % of SPPES (DS 18 %)/ZrSPP
(10 wt%). The addition of ZrSPP greatly reduces weight
loss after the membrane has been oxidized, showing
good resistance to strong oxidization.

Mechanical strength of membranes

The tensile strength of SPPES/ZrSPP composite mem-
branes is illustrated in Fig. 8. The tensile strength of
SPPES (DS 16.1 %) membrane is 12.2 MPa; SPPES
(DS 64 %) membrane is 13.8 MPa. This property of
membranes with two different DS appeared to be very
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Fig. 8 Tensile strength and elongation at break of SPPES membrane and SPPES/ZrSPP composite membrane
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sensitive to the ZrSPP content, as the tensile strength
increased rapidly with increases in ZrSPP content.
SPPES (DS 16.1 %) membrane/ZrSPP (30 wt%) is
19.5 MPa; SPPES (DS 64 %) membrane/ZrSPP
(30 wt%) is 20 MPa. This behavior could be attributed
to the ZrSPP nanoparticles that were uniformly dis-
persed throughout the polymer and formed a lattice
structure. SPPES and ZrSPP have a good compatibility,
formed intense intermolecular forces, SPPES combined
firmly around the ZrSPP lattice structure. As more
ZrSPP incorporated into SPPES polymers, the tensile
strength decreased. The reason could be that the intro-
duction of ZrSPP into the sulfonated polymer damaged
the ordering of the aggregative state. As a result, the
composite membranes lost their original flexibility due
to the rigidity of ZrSPP.

Proton conductivity

Conductivity is an important parameter for PEM. There
are two principal mechanisms of proton transfer: one is
“Grotthuss”, protons hop from one hydrolyzed ionic site
(SO3−H3O

+) to another across the membrane. The other
is “Vehicle” mechanism. In “Vehicle” mechanism, the
water connected protons (H+(H2O)X) in the result of the
electroosmotic drag carry the one or more molecules of
water through the membrane and itself are transferred
with them to finish proton transfer [30]. For SPPES/
CeSPP composite membrane “Grotthuss” mechanism
plays a leading rule on proton transfer, and “Vehicle”
mechanism played a relatively minor role. Hydrogen
bonds between SPPES and CeSPP also facilitate proton
transfer.

The conductivity of ZrSPP at room temperature is about
10−2S/cm. The proton conductivities of Nafion®117 and
SPPES/ZrSPP composite membranes with different ZrSPP
contents are presented in Fig. 9. Proton conductivities of
SPPES/ZrSPP composite membranes increase with DS and
decrease with increasing ZrSPP content. As shown in Fig. 9a,
the SPPES (DS 16.1 %)/ZrSPP (10 wt%) composite mem-
brane has conductivity similar to Nafion®117 at 100 °C and
reaches 0.18 S/cm at 130 °C. The conductivity of the 30 wt%
composite membrane reaches 0.18 S/cm, but 150 °C. ZrSPP
enhance the thermal stability of composite membranes. It
makes the composite membrane maintain excellent proton
conductivity at high temperature. In Fig. 9b, the SPPES (DS
64 %)/ZrSPP (10 wt%) composite membrane has similar
conductivity to Nafion®117 at 60 °C and reach 0.39 S/cm at
120 °C, almost three times higher than that of Nafion®117.

The dependence of a membrane’s conductivity on tem-
perature can be expressed by the Arrhenius relationship:

σ ¼ A exp � Eact

RT

� �

where σ, A, Ea, R, and T denote proton conductivity, fre-
quency factor, activation energy for proton conduction, gas
constant, and absolute temperature, respectively.

For the SPPES membrane, Eact026.24 kJ/mol. That of
SPPES/ZrSPP composite membranes with different DS and
ZrSPP content is 17.76 kJmol−1. Ion mobility (u) increases
with the temperature. High Eact suggests that the tempera-
ture significantly influenced the ion mobility. The Eact of
SPPES/ZrSPP composite membrane is higher than
Nafion117 (6.81 kJ/mol), when the temperatures increase,
the ion mobility of composite membrane increased more
visibly than Nafion117.
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Fig. 10 Methanol permeability of SPPES membrane and SPPES/ZrSPP composite membranes
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Methanol permeability

The methanol permeabilities of SPPES/ZrSPP composite
membranes at different temperatures are shown in
Fig. 10. The methanol permeabilities of composite
membranes increase with temperature and decrease with
increased ZrSPP content. In addition, the methanol per-
meabilities of SPPES/ZrSPP composite membranes are
lower than those in pure SPPES. In composite mem-
branes, ZrSPP are an excellent alcohol barrier, which
can disturb the molecular channels of methanol and
increase the membrane’s resistance to methanol perme-
ability. All the SPPES/ZrSPP composite membranes re-
veal methanol permeabilities in the range of 2.1×10−8

to 0.13×10−8cm2/s, a considerable reduction compared
with Nafion®117(10−6cm2/s).

Conclusions

The SPPES/ZrSPP composite membranes were prepared by
ZrSPP doping to SPPES in DMAc. The FT-IR, SEM, EDX,
and XRD results show that ZrSPP shows good dispersibility
in SPPES, and strong hydrogen bonds formed between them.
ZrSPP form a lattice structure in the composite membrane.
Water uptakes of composite membrane are reduced, dimen-
sional stability of the membranes in wet/dry condition become
stronger. The composite membranes exhibit high thermal
stability and excellent proton conductivities. The proton con-
ductivity of the SPPES (DS 16.1 %)/ZrSPP (30 wt%) com-
posite membrane is 0.18 S/cm at 150 °C, SPPES (DS 64 %)/
ZrSPP (10 wt%) composite membrane has a conductivity
reached 0.39 S/cm at 120 °C, which is three times more than
that of the Nafion® 117 membrane. These results show that
SPPES/ZrSPP composite membranes have a promising future
for application in direct methanol fuel cells working at medi-
um temperatures. The SPPES/ZrSPP composite membranes
have low methanol permeabilities, ZrSPP improve barrier
properties of SPPES membrane.
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