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Introduction

Salinity gradients naturally existing between river water and

seawater could provide a large and renewable resource for
clean energy production.[1] The global extractable energy from

suitable river mouths is estimated to be 625 TWh per year,

which is equivalent to 3 % of the global electricity consump-
tion.[2] Several salinity gradient energy (SGE) technologies have

been proposed to capture this energy, including pressure-re-
tarded osmosis (PRO),[3] reverse electrodialysis (RED),[4] capaci-

tive mixing (CapMix),[5] and hydrogel expansion (HEx).[6] Among
these SGE technologies, RED has the advantage of continuous-
ly converting energy into electricity.

A RED stack consists of an anode chamber, a series of mem-
brane cells with alternating cation-exchange membranes
(CEMs) and anion-exchange membranes (AEMs), and a cathode
chamber.[7] If solutions with different salinities flow through

channels separated by CEMs and AEMs, a voltage of approxi-

mately 0.1 to 0.2 V is generated across each membrane owing
to the ion flux caused by the differences in salt concentra-

tions.[1b, 8] Cations are driven from high-concentration (HC) to

low-concentration (LC) channels through CEMs, whereas
anions are driven from HC to LC compartments through AEMs.

A large number of pairs of CEMs and AEMs can be stacked to-
gether to increase the total voltage.[9] At both ends of the

stack, electrodes are used to convert the ion flux into an elec-
trical current through reduction–oxidation (i.e. , redox) reac-
tions at the electrodes, such as water splitting.[10] Reversible

redox reactions (e.g. , [Fe(CN)6]4@/[Fe(CN)6]3@ and Fe2+/Fe3 +)
that are recycled between the electrodes have been investigat-
ed to reduce the electrode overpotentials and, thus, to im-
prove the power output.[10b] However, there has been no previ-

ous effort to extract energy from these redox couples. In addi-
tion, the power densities of RED stacks (typically &1 W m@2-

membrane) have been too low for practical applications.[1]

Recently, new types of organic redox-active energy carriers
have been developed for use in flow batteries to increase their

power and to avoid the need for rare and toxic metals such as
vanadium and zinc.[11] For example, 2,6-dihydroxyanthraqui-

none (2,6-DHAQ, also referred to as DQ) and ferrocyanide
[Fe(CN)6

4@, FC] redox couples used by Lin et al.[12] were com-

posed entirely of earth-abundant elements that were nontoxic,

nonflammable, and safe for use in residential and commercial
environments. The main advantage of the flow battery is

energy storage, as the liquid charged redox-active solutions
can be stored in external tanks and then pumped into the cell

for electricity generation when needed.[12, 13] However, existing
flow battery systems must be charged using electricity, and
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they have not previously been used for conversion of other

energy sources into electricity.
Herein, the electrolytes with FC-DQ redox couples were

used in a RED stack to improve power extraction from natural
salinity gradients and to provide energy storage. Unlike previ-

ous RED approaches for which the electrolytes were recycled,

here the redox species were charged for energy storage. The
energy in the redox couples was subsequently discharged in

a flow battery to produce an integrated RED-flow battery
(RED-FB) system to efficiently capture, store, and discharge sal-

inity gradient energy (Figure 1 and Figure S1, Supporting Infor-
mation). In the RED stack, the FC-DQ redox couples reduce the

electrode overpotentials more than NaCl solution. During

charging, Fe(CN)6
4@ is oxidized to Fe(CN)6

3@ at the anode and
2,6-DHAQ is reduced to 2,6-reDHAQ at the cathode. These two

electrolyte solutions containing the charged redox couples are
then pumped into the flow battery for discharging, in which

Fe(CN)6
3@ is reduced to Fe(CN)6

4@ at the cathode and 2,6-
reDHAQ is oxidized to 2,6-DHAQ at the anode. Thus, the RED
stack recovers energy from salinity gradients, whereas the flow

battery converts this energy into electrical power. Through the
use of this integrated RED-FB system, salinity gradient energy
is captured into solutions with a high energy density and is
then discharged at much higher power densities in the flow

battery than that possible by RED systems.

Results and Discussion

Improved RED performance with redox couples

The power output of the RED stack was significantly improved

relative to the power output of control tests with NaCl electro-
lytes upon using the FC-DQ redox couples as anolytes and

catholytes (Figure 2 a). The maximum power density increased

from 0.07 W m@2-membrane (2.8 W m@2-anode) to 0.15 W m@2-
membrane (6.2 W m@2-anode), the maximum current increased

from 44 to 81 mA, and the energy recovery increased from 1.4
to 3.2 %. The difference in power output was mainly due to

the change in the electrode reactions. For control tests,
oxygen evolution (2 H2O!O2›+ 4 H+) occurred at the anode

and hydrogen evolution (2 H2O!H2›+ 2 OH@) took place at
the cathode. For electrolytes with the two redox couples,

Fe(CN)6
4@ was oxidized at the anode and 2,6-DHAQ was re-

duced at the cathode. Because the electrode potentials of

these reactions were different (Figure 2 b), much less energy

(0.7 V) was needed to drive the electrode reaction of the redox
couples relative to that needed for oxygen and hydrogen evo-

lution (1.2 V). Notably, higher power output and energy recov-
ery could possibly be obtained by using the RED stack alone if

reversible couples (e.g. , [Fe(CN)6]4@/[Fe(CN)6]3@) were recycled
between the electrodes to further reduce the electrode over-

Figure 1. Schematic of the RED-FB system. RED: reverse electrodialysis ; FB: flow battery.

Figure 2. a) Power density normalized to the total active membrane area
and b) electrode potentials of the RED stack with 0.6 m NaCl as the electro-
lyte or with the FC-DQ redox couple as the electrolyte.
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potentials.[10b] However, electrolytes with two different redox
couples (FC and DQ redox couples) were separately flowed

through the electrodes chambers in the RED-FB system to cap-
ture and store the salinity gradient energy in the electrolytes.

Flow battery performance after RED charging at a salinity
gradient of 100

The RED stack fed with NaCl solutions at a salinity gradient
(SG) of 100 (HC: 0.6 m NaCl; LC: 0.006 m NaCl), representative

of seawater (&0.6 m) and river water (0.001–0.017 m),[14] was
used to charge the FC-DQ redox couples for 4, 8, and 12 h
(Figure 3 a). The charging current was 30–40 mA, which pro-

duced total charging energies in the electrolyte couples of 352
(4 h), 705 (8 h), and 1058 J (12 h).

The FC and DQ electrolytes were then cycled through the
anode and cathode chambers of the flow battery to produce

electricity. The discharge current at an external resistance of
10 W gradually decreased from approximately 50–80 mA to
zero over a period of 4 h (4 h original charging time) or 8 h (8
and 12 h original charging time) (Figure 3 b). The energies re-
covered from the discharging of the battery were 104 (4 h),
160 (8 h), and 349 J (12 h). On the basis of the volume of the

electrolyte (40 mL), the energy density ranged from 0.7 (4 h) to
2.4 kWh m@3 (12 h) (Figure 4 a). The energy efficiencies, defined

as the ratio between the discharging energy and the charging
energy, were approximately 30 % (Figure 4 b). The energy re-

coveries based on the discharging energy and the input
energy were approximately 0.55 % (Figure 4 c). The energy effi-

ciency and recovery were relatively low. They could be im-

proved by operating the RED stack at a maximum current
without an external resistor and discharging the flow battery

at maximum power with an external resistor similar to the in-
ternal resistance (&3 W).

During the discharging tests that were used with a fixed re-
sistance of 10 W, the average power densities were only 0.3

Figure 3. a) Charging current of the RED stack with the FC-DQ electrolytes;
charging for 4, 8, and 12 h; and a salinity gradient of 100. The abrupt
changes (shown by vertical lines) are due to replenishing of the HC and LC
solutions. b) Discharging current of the flow battery with the three charged
FC-DQ electrolytes. The reason for the abrupt drop and subsequent recovery
may be due to temperature changes, because the test was run overnight.

Figure 4. a) Energy density, b) energy efficiency, and c) energy recovery of
the RED-FB system with the FC-DQ electrolytes; charging for 4, 8, and 12 h;
and salinity gradients (SGs) of 100 and 330.
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(4 h), 0.4 (8 h), and 0.6 kW m@2-anode (12 h). Polarization tests

were conducted to obtain the maximum power density (Fig-
ure 5 a), and they showed that the maximum power densities

that could be extracted increased with the charging times,
ranging from 2.4 (4 h) to 3.0 kW m@2-anode (12 h).

Flow battery performance after RED charging at a salinity
gradient of 330

The RED stack with feeding NaCl solutions at a large salinity

gradient (SG) of 330 (HC: 2 m NaCl; LC: 0.006 m NaCl), represen-
tative of highly saline brine (0.6–6 m) and river water (0.001–
0.017 m),[14] was also investigated to charge the FC-DQ redox
couples for 4, 8, and 12 h (Figure 6 a). The charging current
(40–50 mA) was higher than that at a salinity gradient of 100

(&30–40 mA), which resulted in larger charging energies in
the electrolyte couples of 453 (4 h), 907 (8 h), and 1360 J

(12 h).
Upon cycling the charged FC and DQ electrolytes through

the anode and cathode chambers of the flow battery (fixed ex-

ternal resistance of 10 W), the current decreased from approxi-
mately 40–60 mA to zero over a longer period of 5 h (4 h origi-

nal charging time) or 10 h (8 and 12 h original charging time)
(Figure 6 b). The energy recovered from discharging of the bat-

tery increased from 112 (4 h) to 373 J (12 h), and the energy
density increased from 0.8 (4 h) to 2.6 kWh m@3 (12 h) (Fig-

ure 4 a). The main advantage of the higher salinity gradient

was faster charging with a reduced charging time to achieve
the same energy density or a higher final energy density by
using the same charging time. The energy efficiency was simi-
lar to that obtained by charging with the use of NaCl solutions

at a salinity gradient of 100 (&30 %) (Figure 4 b). However, the
energy recovery (&0.17 %) was lower than that upon charging
with the use of NaCl solutions at a salinity gradient of 100

(&0.55 %) (Figure 4 c) probably as a result of more side reac-
tions (e.g. , water decomposition) and nonideal mass transport

(e.g. , undesirable ion and water transport through the ion-ex-
change membrane) with higher salinity solutions.[15] The

energy efficiency and recovery could also be improved by op-
erating the RED stack at maximum current without an external
resistor and discharging the flow battery at maximum power

with an external resistor similar to the internal resistance
(&3 W).

The average power densities during the discharge tests with
a fixed resistance of 10 W were only 0.2 (4 h) and 0.4 kW m@2-

anode (12 h), whereas the maximum power densities obtained

in the polarization tests ranged from 1.7 (4 h) to 2.7 W m@2-
anode (12 h) (Figure 5 b). Relative to the power densities ob-

tained by charging NaCl solutions at a salinity gradient of 100,
these power densities were a little lower, mainly because of

the absence of NaCl in the electrolytes (to avoid the precipita-
tion of 2,6-DHAQ with Na+), which resulted in lower electrolyte

Figure 5. Power density of the RED-FB system during the discharge stage
with the FC-DQ electrolytes; charging for 4, 8, and 12 h; and salinity ratios
(SGs) of a) 100 and b) 330.

Figure 6. a) Charging current of the RED stack with the FC-DQ electrolytes;
charging for 4, 8, and 12 h; and a salinity gradient of 330. The abrupt
changes (shown by vertical lines) are due to replenishing of the HC and LC
solutions. b) Discharging current of the flow battery with the three charged
FC-DQ electrolytes.
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conductivity and, therefore, more internal resistance (data for
the NaCl experiments are reported in Figure S2).

RED-FB performance analysis

Previous approaches for extracting energy from salinity gradi-

ents have relied upon simultaneous energy extraction and

electricity production.[4a, 5a, 16] In contrast, the RED-FB system de-
veloped here allows for energy storage, as the energy extract-

ed from the salinity gradients is stored in the FC-DQ redox
couple solutions, which can then be used for power genera-
tion when needed. The power densities were significantly im-
proved upon using the flow battery for harvesting electrical
power rather than directly in the RED stack. The maximum

power density of the flow battery reached 3.0 kW m@2-anode
after charging by the RED stack for 12 h at a salinity gradient

ratio of 100, which is similar to that of flow batteries charged
by electrical power[11e, 12] and can be used for practical applica-

tions. The energy density of the solutions used for power pro-
duction was also greatly enhanced. The maximum theoretical

energy density of the two NaCl solutions with equivalent vol-

umes at a salinity gradient ratio of 100 (HC: 0.6 m NaCl; LC:
0.006 m NaCl) is 0.5 kWh m@3-LC solution volume on the basis

of Equation (6) (see the Experimental Section). Considering
that the energy recovery of a RED stack is usually much less

than 100 % (e.g. , 1.4 % here without redox couples), the actual
energy density of NaCl solutions in RED stacks would be ap-

proximately 7 Wh m@3, which is only 0.3 % of the actual energy

density of the FC-DQ redox couple solutions produced for use
in the flow battery of up to 2.4 kWh m@3 (RED stack charging

for 12 h, salinity gradient ratio of 100). Thus, through charging
the redox couples in the RED stack, the salinity gradient

energy was efficiently stored at much greater densities in the
redox solutions, which could subsequently be used as needed.

The energy efficiencies of the RED-FB system, which is the

recovered electrical energy (discharging energy) relative to the
charging energy, were approximately 30 %. The loss of part of

the energy resulted from several different processes. First, non-
ideal mass transport (e.g. , undesirable ion and water transport

through the ion-exchange membrane) in the RED stack could
result in partial energy loss. This could be reduced by using
more selective membranes.[15] Second, side reactions (oxygen
and hydrogen evolution) could have occurred at the anode

and cathode of the RED stacks instead of charging redox cou-
ples. This energy loss could be better controlled by adjusting
the salinity gradient, external resistances, and number of cell
pairs in the RED stack. Third, part of the energy in the electro-
lytes with charged FC-HQ redox couples was remained in the

RED stack and was not transferred into the flow battery for dis-
charging. This loss should be negligible for greater amounts of

electrolytes in larger scale systems. Fourth, oxygen could have
leaked into the electrolytes through tubes and fittings, which
would have directly oxidized 2,6-reDHAQ. This could be avoid-

ed with better designs that use less oxygen-permeable fittings
and tubing. Fifth, Na+ ions will be transported into the catho-

lyte to balance the charge in the RED stack, which could result
in precipitation of 2,6-DHAQ if the Na+ concentration becomes

too high. This might be resolved by using other catholytes
(such as Br2

[11d] and methyl viologen)[11a,b] instead of 2,6-DHAQ

or by limiting energy storage with a low concentration of 2,6-
DHAQ. Alternatively, ammonium bicarbonate rather than NaCl

solutions could be used in the RED stack for waste heat
energy recovery.[15b, 17]

The energy recoveries of the RED-FB system, which is the
ratio between total recovered electrical energy and total
energy input into the system, were approximately 0.55 (SG =

100) and 0.17 % (SG = 330). This extent of energy recovery is
relatively low, but it could easily be increased by improving
the configuration and operation conditions, as the RED stack
conditions used here were not optimized. For example, previ-
ous studies demonstrated that RED energy production could
be improved by using profiled membranes to reduce internal

resistance[18] and the efficiency of energy extraction could be

optimized by adjusting the HC and LC flow rates.[4b, 7b] With
equal volumes of seawater and river water, the energy recov-

ery of the RED stacks could reach approximately 83 %.[4a, 19]

Therefore, the energy recovery of the RED-FB system could be

improved to 25 % even with an energy efficiency of 30 %.

Other applications

Thermolytic salts that can be distilled from water at relatively
low temperatures, such as ammonium bicarbonate (AmB), can

be used to create synthetic salinity gradients by waste heat,
and as much as approximately 1 TW is estimated to be avail-

able from industries in the USA alone.[17b, 20] With AmB, the

maximum power of a RED system is approximately 6.3 W m@2-
anode (&0.3 W m@2-membrane) and the energy recovery is ap-

proximately 2–6 %.[15b, 17a] Thus, the RED-FB system could also
be used as a method for energy extraction, storage, and gener-

ation from waste heat by using AmB.[15b, 17] In addition, other
redox couples with higher energy densities and lower elec-
trode overpotentials could be developed for use in the RED-

FB, and they might further improve the energy recovery rela-
tive to that of the FC-DQ redox couples tested here.

Conclusions

Through integrating a reverse electrodialysis stack with a flow
battery (RED-FB system), salinity gradient energy was harvest-
ed in a flow battery with a maximum power density of

3.0 kW m@2-anode, which was much higher than that of a RED
stack alone (0.07 W m@2-membrane or 2.8 W m@2-anode). The

energy density was also increased from 7 (RED with NaCl solu-
tions) to 2.4 kWh m@3 (flow battery with redox couple solu-

tions). This combined energy extraction and generation ap-

proach could make the recovery of salinity gradient energy
more practical. The salinity gradient energy can be first stored

in solutions with redox couples at an energy density much
higher than NaCl solutions through a RED stack. Later, it can

be used for extensive applications with a high power density
when it is needed.
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Experimental Section

RED-BF system construction and operation

The RED stack was constructed by using a commercially available
20-cell-pair electrodialysis stack (PCCell GmbH, ED 64002-020,
Heusweiler, Germany) as shown in Figure S1.[4b, 15b] Both electrodes
were titanium mesh coated with platinum and iridium (Ti/Pt-Ir),
with a projected area of 64 cm2 (8 cm V 8 cm). Ag/AgCl reference
electrodes (210 mV vs. a standard hydrogen electrode, SHE) were
inserted into the anode and cathode chambers to record the
anode and cathode potentials. The membrane stack was assem-
bled with 21 standard CEMs (PC-SK) and 20 standard AEMs (PC-SA)
supplied by the manufacturer, each with an active membrane area
of 64 cm2 (8 cm V 8 cm), for a total active membrane area of
0.26 m2. The thickness of spacers between the membranes was
0.5 mm. High concentration (HC; 0.6 m NaCl or 2 m NaCl) and low
concentration (LC; 0.006 m NaCl) solutions were separately
pumped through the HC and LC channels of the stack in a single-
pass mode at flow rates of 40 mL min@1. The anolyte and catholyte
(each 40 mL) were purged with ultrahigh purity argon to ensure
deaeration before all tests and were then recycled through the
anode and cathode chambers at flow rates of 100 mL min@1. For
control tests (RED alone) without redox couples, both the anolyte
and catholyte were 0.6 m NaCl. For RED-FB tests with redox couples
and a salinity ratio of 100 (HC: 0.6 m NaCl; LC: 0.006 m NaCl), the
anolyte was 0.4 m K4Fe(CN)6, 1 m KOH, and 0.6 m NaCl and the cath-
olyte was 0.2 m 2,6-DHAQ, 1 m KOH, and 0.6 m NaCl. For RED-FB
tests with redox couples and a salinity ratio of 330 (HC: 2 m NaCl;
LC: 0.006 m NaCl), the anolyte was 0.4 m K4Fe(CN)6 and 1 m KOH
and the catholyte was 0.2 m 2,6-DHAQ and 1 m KOH, without 0.6 m
NaCl to avoid precipitation resulting from the greater amount of
Na+ ion transport into the electrolytes that resulted from the in-
creased current and the use of the higher salinity solutions. KOH
(1 m) was added in both cases to increase the solubility of 2,6-
DHAQ, as it has higher solubility in more alkaline solutions.

The flow battery was constructed by using commercial hardware
(Se-Nr 090820010, H-TEC) as shown in Figure S1. Two pieces of
porous carbon paper (2050-1550, Clean Fuel Cell Energy, LLC) with
a size of 4 cm V 5 mm were used as the anode and cathode, and
they were pretreated by immersing in a 1:3 v/v mixture of concen-
trated nitric acid and sulfuric acid overnight and then rinsing with
deionized water. The two electrodes were pressed onto opposite
sides of a cation-exchange membrane (Selemion CMV). Then, two
thin Ti plates with 16 2 mm-diameter holes were separately press-
ed onto the back of carbon paper electrodes as current collectors,
which resulted in a working surface area of 0.5 cm2 for carbon
paper electrodes. Between the two Ti current collectors and end-
plates, the anode and cathode chambers were formed by two gas-
kets with a thickness of approximately 2 mm. Then, the whole cell
was clamped together by using screw rods and nuts. The solutions
with charged redox couples by RED were recycled through the
anode and cathode chambers of the flow battery at a flow rate of
100 mL min@1 for discharging tests.

Performance tests

Polarization tests were performed to obtain the power density of
the RED stack and the flow battery by using a potentiostat (Bio-
Logic, VMP3). Cell voltages were decreased from the open-circuit
voltage (OCV) to 0 V versus the cathode potential (short circuit) at
a scan rate of 100 mV s@1. Currents were recorded by using EC-Lab
V10.02 software. The power density (P) of the RED stack or flow

battery was calculated by using Equation (1):

P ¼ UI
A

ð1Þ

in which U is the cell voltage, I is the measured current, and A is
the total active membrane area (0.26 m2) for the RED stack, and
the projected anode or cathode surface area for the flow battery
(each 0.5 cm2).

During charging of the redox solutions in the RED system, if no ex-
ternal resistor was used, the system could be operated at the maxi-
mum current, with all the recovered energy used to charge the
redox solutions. However, to measure the charging current during
the tests (Ic = UR/R), an external resistor (R) of 10 W was added be-
tween the anode and the cathode of the RED stack, with the volt-
age (UR) over the resistor recorded. Therefore, part of the energy
was dissipated through the external resistor, which is defined here
as energy lost to the resistor (ER), determined by Equation (2):

ER ¼
Z

tc

0
URIcdt ð2Þ

in which UR is the cell voltage (i.e. , the voltage over the resistor), Ic

is the charging current, and tc is the charging time. The energy
that was used to charge the redox solutions, called the charging
energy (Ec), was calculated by using Equation (3):

Ec ¼
Z

tc

0
UcIcdt ð3Þ

in which Uc is the charging voltage (i.e. , the difference of electrode
potentials, & 0.7 V for FC-DQ redox couples), Ic is the charging cur-
rent, and tc is the charging time.

After charging in the RED stack, the anolyte and catholyte were
purged with ultrahigh purity argon again and pumped into the
flow battery for discharging tests. During the discharging process-
es, the anode and cathode of the flow battery were connected
with an external resistor (R) of 10 W to obtain the cell voltage (Ud).
The discharging current was obtained by using Equation (4), and
the discharging energy (Ed) (recovered energy) was calculated from
Equation (5):

Id ¼
Ud

R
ð4Þ

Ed ¼
Z

td

0
UdIddt ð5Þ

in which Ud is the discharging cell voltage, Id is the discharging cur-
rent, and td is the discharging time. Notably, the FB was discharged
by using an external resistor of 10 W, rather than by using a smaller
resistor (&3 W) at which the maximum power could be produced
to obtain a stable power output.

Energy calculations

The total energy input to the system (Ein) was estimated by the
change in the free energy for the complete mixing of the HC and
LC solutions according to Equation (6):
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E in ¼ RT
X

I

ðV HCcin
i;HCln

ain
i;HC

ai;M
þ V LCcin

i;LCln
ain

i;LC

ai;M
Þ ð6Þ

in which R (8.314 J mol@1 K@1) is the gas constant, T (298 K) is the
absolute temperature, V (L) is the volume of solutions, c (mol L@1) is
the molar concentration of ionic species i in the solution, and a is
the activity of ionic species i in the solution. The subscripts denote
high-concentration (HC), low-concentration (LC), and mixed (M)
solutions. The energy densities of the NaCl solutions were calculat-
ed by normalizing Ein to the equivalent volume of the HC or LC so-
lution (1 m3 each). The energy density of solutions with redox cou-
ples was obtained by normalizing recovered energy (discharging
energy) to the volume of anolyte or catholyte (each 40 mL). The
energy efficiency was defined as the ratio between recovered
energy (discharging energy) and charging energy. The energy re-
covery of the RED stack alone was calculated on the basis of the
maximum power output of the RED stack obtained by the polariza-
tion test and the energy input per second obtained according to
Equation (6). The energy recovery of the RED-FB system was deter-
mined as the recovered energy (discharging energy) over the total
energy input to the system (Ein).
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