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The integration of hydrogen production and hydrogen separation is achieved in this study by combining the membrane
technology for hydrogen separation with the biomass ethanol reforming hydrogen production. At various temperatures, the
impact of the surface exchange on the hydrogen permeability was investigated, and a Pd-GDC catalyst helped to overcome
the surface exchange's bottlenecks. When the Pd-GDC catalyst was added, the hydrogen permeation fluxes of the Ni-BZCYYb
hydrogen separation membrane made by a mesh-assisted phase-inversion process can achieve 0.730 ml cm™-min” at 850 °C
and can be stably maintained for 100 hours. The ethanol conversion rate can be increased to 70 % with the addition of an
Ru-GDC fibre catalyst into the channel s feeding side and building a micro reformer for efficient ethanol water reforming.
Additionally, the hydrogen permeation fluxes can increase to 0.717 ml cm™-min™ and can be stably maintained for 100 hours.
This study shows how to produce and separate pure hydrogen energy from renewable ethanol in an effective manner.

INTRODUCTION

Hydrogen, the highest combustion energy density
and environmental protection energy source, has long
garnered a lot of attention [1]. At the moment, methane
reforming reactions are frequently used in industry to
produce hydrogen [2]. The technique is unsustainable
due to the substantial emissions of carbon compounds
and the dependence on non-renewable fossil fuels.

With a high combustion energy density and a non-
-toxic liquid state at room temperature, ethanol is a re-
newable energy source that can be produced from bio-
mass, which is easy to store and transport [3]. The be-
nefits of ethanol water reformation to hydrogen pro-
duction have drawn a lot of study attention since it has
been demonstrated that ethanol can restructure hydro-
gen on fuel cells [4-6]. The highest hydrogen production
in ethanol water reformation can be seen from the
reactions that follow:

C,H;OH + 3H,0 = 2CO, + 6H, (1)

However, ethanol water reformation simultaneously
experiences complex side reactions at high temperatures
[7], including:

C,H.OH = CH, + H, + CO ©)
C,H,0H = C,H, + H,0 3)
C,H,OH = C,H,0 + H,0 @)

CH, + H,0 = 2CO, + 4H, (5)
CH,=C+H, (6)
2C0=CO,+C (N

CO +H,0 = CO, + H, (8)

The by-products from these reactions, such CO,,
CH,, C,H,O, C,H,, and C, result in carbon coking, which
deactivates the catalyst [8, 9].

The industry uses the pressure swing adsorption
method to separate hydrogen in order to obtain pure hyd-
rogen energy [10]. This method continuously purifies
hydrogen in a quick cycle, but it requires a great deal
of energy during the low-temperatures distillation step
and additional high pressure, which has high safety
requirements for the entire production process. Due to
high hydrogen selectivity and low energy requirement,
hydrogen can be efficiently purified on a large-scale using
hydrogen separation membranes [11, 12]. The pricey Pd
metal separation membrane has high hydrogen selecti-
vity and only one billionth of an impurity concentration
in the separated product, but it is simple for the Pd lattice
to go through an irreversible phase transition at high tem-
peratures, leading to membrane structural failure [12].
Due to its high selectivity, low energy consumption,
low cost, and strong mechanical qualities, ceramic sepa-
ration membranes based on proton conductors have
gar-nered scientific interest [13, 14]. A metal conductor
and a high-temperature proton conductor make up the
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ceramic separation membrane [15]. On the one hand, at
high temperatures, proton conductors offer improved H"
proton conduction channels for dense ceramic membrane.
According to reports, BaZr,,Ce;,Y,,Yb,,0;(BZCYYb)
demonstrates excellent proton conductivity as well as
good chemical and thermal stability in an environment
comprising H,0 and CO, [16]. On the other hand, metal
conductors offer e~ channels. Ni has strong conductivity
and catalytic activity, which is employed frequently in
fuel cells [17, 18]. Further decreasing the complexity of
the systems for producing and separating hydrogen at
high temperatures is the use of Ni as a catalyst for the
reforming of fossil fuels [19].

Hydrogen adsorption, proton electron conduction,
and hydrogen dissociation are the three key steps in the
process of separating hydrogen using a ceramic mem-
brane [20]. The hydrogen penetration fluxes is inversely
related to the thickness of the penetration layer until it
is below 80 um [21], according to reports, and when the
thickness of the penetration layer is decreased, a shor-
ter transmission channel for H™ and e is created. The
exchange kinetics play a major role in controlling the
hydrogen penetration below this thickness [22]. Dong
et al. [21] prepared a ceramic vertical channel structure
using the mesh-assisted phase-inversion process. The in-
verted U-shaped structure of the hydrogen adsorption
side of the ceramic separation membrane provided
more contact sites between the gas and the dense pe-
netration layer, and the vertical channel promoted the
permeability of the reactive gas directly reaching the
hydrogen adsorption side of the membrane. The results
demonstrated that vertical channel is a promising con-
figuration for significantly enhancing the surface adsorp-
tion [23, 24]. In this study, we have created a new ce-
ramic hydrogen separation membrane that efficiently
lowers the surface adsorption limitations and integrates
the production of hydrogen from ethanol reformation
and hydrogen separation.

EXPERIMENTAL

Hydrogen separation membrane fabrication

By using a conventional solid-state reaction (SSR),
a BZCYYDb powder was made. Ball milling stoichiomet-
ric proportions of BaCO,, ZrO,, CeO,, Y,0;, and Yb,0,
in ethanol for 24 hours was followed by drying, grinding,
then the mixture was calcined for 10 hours at 1150 °C,
this process was repeated up till a pure perovskite phase
was formed. According to the volume ratio of 6:4, the
BZCYYb/NiO powder was evenly combined. The mesh-
assisted phase-inversion process [25] described in our
prior study was used to create the BZCY Yb-NiO support
body. The support body was calcined at 400 °C for one
hour to burn the polymer, and then at 1050 °C for two
hours to obtain the necessary mechanical strength. A per-
meable slurry was created by combining 3 g of BZCYYD

and NiO (volume 6:4) with 30 ml of ethanol in a ball
mill for 24 hours. This slurry was then impregnated into
the smooth surface of the support body. By calcining at
1450 °C for 300 min in a 5 % H,/Ar environment, the
BZCYYDb-NiO hydrogen separation membrane with an
inverted U-shaped inner surface and vertical channel
was created. Different thicknesses of the dense hydrogen
permeation layer between 10 and 30 pm can be regulated.

Catalyst fabrication

A Pd- Gadolinium doped ceria (Pd-GDC) catalyst
was created to enhance the surface exchange between the
hydrogen and the hydrogen permeation layer [26]. With
a syringe, the Pd-GDC catalyst solution was added in
a dropwise fashion at a ratio of 5 mg-cm™ to the feeding
side of the hydrogen separation membrane. After drying,
calcining for two hours at 800 °C, a 5 wt. % Ru/GDC
[27] fibre catalyst was made by electrospinning and then
calcining at 800 °C for two hours in order to increase
the efficiency of the ethanol reforming. By ultrasonically
stirring, 10 ml of ethanol and a 50 um fibre catalyst
were mixed. Following that, the resultant solution was
applied to the feeding side of the separation membrane
and allowed to dry. The procedure was repeated until
the additional concentration reached 4 mg-cm™. Scan-
ning electron microscope (SEM, Phenom, ProX, the
Netherlands) was used to examine the interior structure
of the hydrogen separation membrane. Figure 1 shows
the workings of the hydrogen separation membrane and
the ethanol reformation. In the vertical channel, ethanol
was reformed to produce hydrogen, and pure hydrogen
energy was separated by the dense hydrogen penetration
layer.
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Exchange of —~
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Figure 1. Schematic diagram of the ethanol water reformation
and hydrogen separation.

Hydrogen separation measurements

For the measurements of the ethanol water refor-
ming and hydrogen separation, a homemade instrument
(shown in Figure 2) was used. The porous surface was
heat-bonded to the top of the feeding side using cera-
mic adhesive. The hydrogen separation membrane has
an effective surface area of 0.6/cm’. Humidified 3 vol. %
H,0, Ar, N,, and various concentrations of an H, mixture
are used in the feeding side for a 50 ml'min™ total flow
rate to test the hydrogen permeability. 50 ml'-min’ Ar
was used as the sweeping gas and supplied into the gas
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chromatograph (GC) (Shimadzu GC-2014) to assess the
hydrogen permeation fluxes. The following formula can
be used to determine the airtightness — n:

N = 1 = Cf(H,)/Cf(N,) x Cp(N,)/Cp(H,),

where Cp(H,), Cp(N,), Cf(H,), and Cf(N,) stand for
the concentrations of H, and N, on the feeding side and
sweeping side, respectively. The airtightness stayed
above 97 % during the test. The following formula can
be used to determine hydrogen permeation fluxes:

JH, = F x [1 - Cf(H,)/CA(N,) x Cp(N,)/Cp(H,)V/A,

where F and A stand for the effective area of the hydro-
gen membrane and the overall gas flow rate on the
feeding side, respectively.
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Figure 2. Test device of the ethanol reforming hydrogen pro-
duction and separation.
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In the ethanol water reforming and hydrogen sepa-
ration test, the sweeping side was kept at 50 ml-min™' of Ar
sweeping and fed into the GC, while the feed gas consis-
ted of 40 ml'min™' Ar loaded with H,O and 10 ml-min™" Ar
loaded with ethanol. The ideal concentrations of ethanol
and H,O were ultimately confirmed to be 7.5 % and
10 %, respectively, by altering the relationship between
the temperature and saturated vapour pressure. The GC
was then used to test the selectivity of the hydrogen and
the conversion rate of the ethanol using the reforming
gas on the feeding side.

RESULTS AND DISCUSSION

The overall morphology of the hydrogen separa-
tion membrane is depicted in Figure 3. The hydrogen
separation membrane’s vertical feeding side channel
makes it easier to transfer gas and load the fibre catalyst.
The vertical channel breaks into several parallel narrow
vertical channels, then splits once more to reach the
inner surface of the permeation layer. When approaching
the permeation layer, Figure 3b shows a dense inverted
U-shaped structure that effectively increases the contact
area for the feed gas and hydrogen permeation layer to
boost the capacity of the hydrogen adsorption [25]. The
permeation layer is dense and just 10 pm thick, which
not only successfully reduces the transmission resis-
tance of H' and €7, but also guarantees the permeation
layer’s airtightness. Additionally, the Ru-GDC fibre
catalyst is successfully added into the vertical channel of
the support body (Figure 3e) to encourage the reforming
of ethanol into hydrogen.

Figure 3. Microstructure of: a) SEM image of the cross-sectional view of the dense permeation layer on the porous Ni-BZCYYb
supports; b) High magnification SEM image of the dense surface of the hydrogen permeation layer. (Continue on next page)
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Figure 3. Microstructure of: ¢) High magnification SEM image of the connection between the dense permeation layer and the
vertical channels; d) High magnification SEM image of the Ru-GDC fibre catalyst filling in the vertical channels.

Figure 4 shows the hydrogen permeation fluxes of
the 15 um thick dense layer of the Ni-BZCYYb hydrogen
separation membrane, as it was constructed at various
feed gas hydrogen partial pressures and operation tem-
peratures. When pure hydrogen was added to the feeding
side, the hydrogen permeation fluxes in-creased from to
0.850 ml-cm®min" as the temperature was increased
from 650 °C to 850 °C. When 20 % hydrogen was
added to the feeding side, the hydrogen permeation
fluxes increased from 0.214 to 0.545 ml-cm?min” as
the temperature was increased from 650 °C to 850 °C.
The hydrogen permeation fluxes are maintained at a high
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Figure 4. Hydrogen permeation fluxes of the 15 um thick
dense layer of the Ni-BZCYYb membrane under different feed
gas hydrogen partial pressures and various temperatures.

level in the proton-conductor-based ceramic hydrogen
separation membranes [21, 22, 28]. The discovered effi-
cient hydrogen permeation fluxes may be due to the ionic
conductivity of the BZCCYb and Ni [16, 17, 29]. The
newly designed hydrogen separation membrane has an
inverted U-shaped interface that offers more hydrogen
reaction sites than conventional asymmetric hydrogen
separation membranes, and the vertical channel can
maintain a smooth feed gas transfer.

However, the hydrogen permeation fluxes do not
increase when the thickness of permeation layer is less
than 15 pm, thus we investigated the correlation bet-
ween the hydrogen permeation fluxes and the thickness
of the hydrogen permeation layer. Figure 5a shows that
the thickness reduced from 30 um to 15 um, and the
hydrogen permeation fluxes increased from 0.401 to
0.545 ml-cm™min™ and from 0.129 t0 0.214 ml-cm™'min™'
at 850 °C and 650 °C, respectively. However, at any tem-
peratures, the hydrogen permeation fluxes did not in-
crease as the thickness was further decreased to 10 um.
This circumstance also occurred when the permeation
layer was thinner than 80 um, according to Song’s re-
search on the inverse relationship between the permea-
tion fluxes and the thickness [21]. This study shows
that the new separation membrane has a larger surface
exchange capacity as it occurs in our hydrogen separation
membrane when the permeation layer thickness reaches
20 pm. At 650 °C, there is a linear relationship between
the hydrogen permeability of the 30 pm and 15 pm thick-
nesses, but this relationship weakens with the temperature
increase. We conclude from this that when the permeation
layer reduced to a certain thickness, the temperature
increases the surface exchange limiting factor.
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Figure 5b shows the influence of the temperature
and thickness on the hydrogen permeation fluxes both
before and after the addition of the Pd-GDC catalyst.
The hydrogen permeation fluxes increased from 0.217 to
0.370 ml-cm™min™ and from 0.549 t0 0.730 ml-cm™'min"'
at 650 °C and 850 °C, respectively, when the thickness
of the hydrogen permeation layer was 10 pm after the
Pd-GDC catalyst was added. The adsorption capacity
of hydrogen is significantly enhanced by the addition
of the PD-GDC catalyst [26], increasing the hydrogen
permeation fluxes. Consequently, it can be concluded
that the hydrogen separation membrane of the vertical
channel is a hydrogen separation membrane that can
be effectively adjusted utilising the catalyst. The hydro-
gen permeation fluxes increased from 0.218 to
0.370 ml-cm™?'min™ and from 0.598 to 0.730 ml-cm™'min"*

06
A 80T
® 800C n n
A 750C P
7 0584| v 700C ’
£ ¢ 60T ¢
E V4
L] 4 o
S 044 n 2 20
(3] , 7/ A A
p— 7
S s .
-— 7 Ve b 2
@ 0.3 A 4 /. v
Q ’ 74 ’/ 7
2 % Setal
4
S 02- 9 20050 _om ¢
% // g ’!/’ -7
<} ’ ////’ ,",
E /S 7 // 7 ’ -~
‘5 0.14 Vel -7
7/ -
o Ll .
////’/
42
T T T T T
00 01 02 03 04 05 06 07 08 09 10 11
1/L {100mm™)
a)
10
8850 with P&-GDC
09 | -e- 80T
—_ —A—850T with P¢GDC
w —-w= 80T
£ 081 _¢—550¢ wihpecoe
£ —¢ 80T
& 0.7 | —»—850T with P&-GDC
£ -9~ 80T
2 g J| et winpecoe
€ "7 |l—e-se
— ’4’ —————
@ 05 -
= 04 / - - X T~
S / = Tt = ==
= 034 7 i = --
b |
Eo024 S T - -m - -
g 4
0.1
00 ¥ T . T i T B T i T
00 02 0.4 06 08 1.0
1iL (100mm™)
b)

at 650 °C and 850 °C, respectively, when the thickness of
the hydrogen separation membrane with the catalyst was
decreased from 15 pm to 10 pm. The adsorption capacity
of hydrogen is significantly enhanced by the addition of
PD-GDC, increasing the hydrogen permeation fluxes
[26]. At higher temperatures, the effect of the PD-GDC
addition is more obvious in reducing the limiting factors
brought on by the surface exchange. Consequently, it can
be concluded that the hydrogen separation membrane of
the vertical channel is a hydrogen separation membrane
that can be effectively adjusted utilising the catalyst. The
hydrogen permeation fluxes follow a linear relationship
with the thickness at 650 °C, but over 650 °C, as the
thickness drops, the surface limiting factors become
more significant. This leads us to conclude that the
surface exchange limits the hydrogen permeation fluxes
to a greater extent at higher temperatures. The transport
capacity of H' and e increases with the temperature,
but the amount of H, consumed for surface adsorption
does not correspondingly increase. Due to the inability
to supply more H' and e~ for transportation, the hydro-
gen separation cannot accordingly increase as a result
[21,30]. Finally, with the addition of the Pd-GDC catalyst,
which increased the adsorption capacity, the hydrogen
permeation fluxes of the 10 um hydrogen permeation
layer can reach 0.730 ml-cm™®min"' and be stable for
100 hours. It shows that throughout the testing, the
Ni-BZCYYb hydrogen separation membrane with ver-
tical channel does not undergo any phase transition or
suffer any major structural degradation. The potential of
the vertical channel for hydrogen separation is demon-
strated by its high permeation efficiency and steady
permeation output.
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Figure 5. a) Hydrogen permeation fluxes of a 10 - 30 um thick dense layer of the Ni-BZCY'Yb membrane at 650 - 850 °C without
a catalyst; b) Changes in the amount of hydrogen permeation fluxes of the 10 - 30 pm thick dense layer of the Ni-BZCYYb
membrane at 650 - 850 °C with the addition of the Pd-GDC catalyst; ¢) Hydrogen permeation fluxes within 100 hours when
50 ml-em™min" H,/AR(20 %H,) was fed into the separation membrane with the 10 um thick dense layer.
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Figure 6 shows the ethanol reforming gas compo-
sition in the hydrogen separation membrane of a 10 um
permeation layer without the Ru-GDC fibre catalyst.
The hydrogen production increased from 4.06 to
6.62 ml-cm™?min”' when the temperature was increased
from 750 °C to 850 °C. Ni is an effective catalyst [26]
by nature, and the vertical pores offer a favourable
environment for Ni to reform catalytically [31]. Figure
6b shows the hydrogen production value increased
from 6.70 ml-cm®min™ to 9.30 ml-cm™min” when the
temperature was increased from 750 °C to 850 °C with
the addition of the Ru-GDC fibre catalyst. The ethanol
reforming reaction gradually shifted from Ni to the
Ru-GDC fibre catalyst after the catalyst addition. The
hydrogen production yield is effectively increased by the
addition of the Ru-GDC fibre catalyst.

Figure 7a shows that with the addition of the
RU-GDC fibre catalyst, the conversion rate of ethanol
increased from 40.53 % to 60.15 % when the temperature
was increased from 750 °C to 850 °C, while the selectivity
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Figure 6. The composition of the ethanol reforming gas at
750 °C - 850 °C: a) without the Ru-GDC fibre catalyst; b) with
the Ru-GDC fibre catalyst when 7.5 % ethanol was fed into the
separation membrane with a 10 um thick dense layer.
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Figure 7. a) Conversion rate of the ethanol and selectivity of
the hydrogen at 750 °C to 850 °C before and with the addition
of the Ru-GDC fibre catalyst; b) Hydrogen permeation fluxes
that separate during the reforming of ethanol before and after
the addition of the Ru-GDC fibre catalyst.
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of hydrogen remained above 70 %. The efficiency of the
ethanol hydrogen production is significantly increased
by the addition of the Ru-GDC fibre catalyst. When the
temperature was increased from 750 °C to 850 °C, as
shown in Figure 7b, without the addition of the RU-GDC
fibre catalyst, the hydrogen permeation fluxes increa-
sed from 0.404 ml-cm?min? to 0.505 ml-cm?min’,
while the hydrogen permeation fluxes increased from
0.518 ml-cm?min' to 0.717 ml-cm?min" after the
addition of the Ru-GDC catalyst. The concentration of
hydrogen in the reforming gas increases with the addition
of the Ru-GDC fibre catalyst, increasing the hydrogen
permeation fluxes. This proves that using this hydrogen
separation membrane, it is feasible to use ethanol
reforming to make hydrogen and separate hydrogen.
Figure 7c shows that the production of hydrogen and the
separation of ethanol water reforming can both remain
stable for 100 hours with the addition of the Ru-GDC fibre
catalyst, while without the addition of the fibre catalyst,
the by-product of ethanol water reforming causes serious
carbon coking, leading to the failure of the ethanol
reforming and the failure to separate hydrogen [32].
The addition of the Ru-GDC fibre catalyst effectively
weakens the carbon coking. This demonstrates how
successfully ethanol reforming to produce hydrogen
and separate hydrogen after adding fibre catalyst can be
achieved using a hydrogen separation membrane with a
vertical channel.

CONCLUSION

This study has created a novel hydrogen separation
membrane in order to integrate hydrogen production and
separation by ethanol water reforming. The redesigned
structure and the addition of a Pd-GDC catalyst increased
the hydrogen separation, and it was discovered that the
surface exchange limiting factors increased with the tem-
perature. The hydrogen permeation fluxes at various tem-
peratures can be efficiently increased by adding a Pd-GDC
catalyst. The hydrogen production, ethanol conversion
effectiveness, and hydrogen selectivity are all enhanced
by the addition of an RU-GDC fibre catalyst in the etha-
nol reforming process. The hydrogen separation mem-
brane achieves ethanol water reforming and hydrogen
separation while maintaining stability. The integration
of the hydrogen production from the ethanol reforma-
tion and separation is, therefore, made possible by the
hydrogen separation membrane with a vertical channel,
showing its potential for use in the advancement of
renewable energy.
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