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HIGHLIGHTS

e Green hydrogen was successfully
obtained by redox process of a

hematite foam.

e A hematite foam was able to
deliver 5.1 mmolH,- gsample of highly

pure hydrogen.

e PEM-fuel cells can be fed directly

with this green hydrogen.
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ABSTRACT

Hydrogen is the ideal energy vector to reduce our fossil-fuels dependency and diminish the
climate change consequence. However, current production is still methane based. It is
possible to produce hydrogen using bioethanol from the alcoholic fermentation of organic
waste by chemical looping processes, but unfortunately current redox systems generate
hydrogen with significant traces of CO. In the case of proton exchange membrane fuel cells
(PEMFC), hydrogen must be highly purified to produce electricity. Here, high porosity inter-
connected Fe,03 foams doped with 2 wt% Al,O; were manufactured by the freeze-casting
method, obtaining around 5.1 mmol H2'9§a1mpie of highly pure hydrogen (<10 ppm of CO)
consuming only 3.42 mmol of ethanol on each redox cycles, with no deactivation. This result
shows the possibility of using an abundant and inexpensive raw material as the iron oxide to
scale-up the direct pure H, production and facilitates its use in the automotive sector.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Reduction of greenhouse gases emissions is our worldwide
top priority demand. Sustainable Development Goal 13 en-
courages a 45% reduction for the next decade with net zero
emissions target by 2050. This situation leads to an urgent
change in our main energy sources: hydrogen is the most
promising new energy vector because it does not produce CO,
and its energy content per unit of weight is three times that of
gasoline. However, hydrogen production is far from environ-
mentally friendly; today, 60% of H, production uses methane
gas as the main source, resulting globally in 900 Mt of CO,
emissions per year [1]. Currently, new methods of production
are being tested, implemented, or scaled, such as the elec-
trolysis of water by solar [2], wind [3], or fusion energy [4], as
they use renewable energy sources to break the water mole-
cule and release hydrogen; this will produce the so-called
green hydrogen.

Another possibility is to use a chemical looping method
based on the redox behaviour of iron oxides to obtain green
hydrogen; in a typical chemical looping hydrogen process,
iron oxides are first reduced by a renewable gaseous/solid
reductant and later, iron is oxidized by steam to produce Hy,
this is known as the steam iron process (SIP). As Fe own
several oxidation states available, the reduction of iron oxides
to metallic Fe and subsequent Fe oxidation occurs by
numerous reactions. The list of the main reactions occurring
in the presents of H,, CO or solid C as reductants and steam as
oxidizing agent are reported below (egs. (1)—(11)) [5].

Reduction step:

3Fe,0; + Hy @ 2Fe;0, + H,0  AHggp-c = —7.175kJ/mol Q)
3Fe,0; + CO=2Fe;0, + CO;,  AHoppc = —41.09K]/mol 2)
3Fe;03 + C22Fe304 + CO  AHggpec = +50.09k]/mol (3)
Fe;0, + Hy23Fe0 + H,0  AHogo-c = +50.61k] /mol )
Fes0, + CO=3Fe0 + CO, AHog-c = +15.70k]/mol )
Fe304 + Ce23FeO + CO  AHoggo:c = +40.61kJ/mol (6)
FeO + Hy2Fe + H,0  AHggpc = +15.03k]/mol 7)
FeO + CO=Fe+ CO, AHog-c = —19.88k]/mol ®)
FeO + C2Fe +CO AHgp:c = +30.61kJ/mol 9)
Steam-Oxidation step:
Fe + H)O2FeO + Hy AHgyp:c = —95.6kJ/mol (10)
3FeO + H,0=2Fe;0, + 4H, AHogoc = —55.6k] /mol 11)

Previous studies have demonstrated the potential use of this
technology to reuse/revalue industrial stream gases [4,6,7] and
purified hydrogen gas mixtures [8], as well as to employ
biomass as a raw material to produce hydrogen [9—-12]. These
promising studies share a common drawback: the deactivation

effect over the iron oxide particles due to the high operational
temperature (600—800 °C), leading to a reduction in the porosity
and the sintering of the particles [13]. Many authors have
attempted to overcome this problem by changing the chemical
composition of the particles by adding single oxides such as
Al,O3 [14], MnO, [15], CeO, [16], or binary oxides [17], through
different manufacturing methods such as mechanical mixing
or coprecipitation.

Another approach is to replace the particles with ceramic
porous materials, such as foams or scaffolds, which ensures a
minimum and constant reactive surface area while reducing
the sintering process. The use of such monolithic samples
with tailored porosity have been demonstrated significant
improvements in the catalytic process such as the methana-
tion of syngas [18] and the water-gas shift (WGS) reaction [19]
due to a combination of improved heat transfer together with
a lower pressure drop. Also, improvements in the gas trans-
portation throughout the monolith part has been established
[20], as porous materials are also being also as catalysts by
simply impregnating a porous template [21]. Recent studies
have demonstrated the feasibility of this approach for SIP
[8,22,23]. However, to enhance the efficiency of chemical
looping processes, the oxide should be fully reduced to Fe,
which ensures the maximum production of hydrogen but
exposes the metal to ideal sintering conditions (high tem-
perature and free oxide surfaces). Furthermore, the growing
oxide scale at the oxidation step is detached from the metal
base throughout the redox cycles or forms closed pores via the
Kirkendall effect [22].

Chang et al. [24] suggest the use poly (ethylene oxide) (PEO)
as a pore former to create a hierarchical pore structure in the
iron oxide-based oxygen carrier supported with Al,O3. The
work demonstrates the positive effect of the uniform meso-
porous pore size and macroporous structure utilized, reaching
a 343 ml H2/g of carrier. Ma et al. [25] add SrO to powder Fe,04/
Al,O5; oxygen carriers to prevent particle sintering (i.e. deac-
tivation effect) during redox cycling when solid fuels are used.
The addition of Sr increment the surface oxygen vacancy and
adsorbed oxygen improve reactivity of the material during the
CLC (chemical looping combustion) reaction.

The performance of iron oxide-based oxygen carriers
doped with Al,O; is strongly related with the ability of the
system to avoid the segregation of Al (or Fe) atoms by solid
state diffusion during redox cycling [26]. Ma et al. [27] con-
ducted a study were nanometric particles of Fe,0; and Al,O3
were mechanically mixing in 1:1 ratio and sintered at 1300 °C
for 2h. The carriers show a clear deactivation after few cycling
at all tested temperatures (700, 800 and 900 °C) mainly due to a
significant surface sintering. The authors claims that higher
reaction temperatures enrich the particle surface with active
components, (i.e. Fe cations moving outward). However, these
high operational temperatures could lead to an impervious
layer of Fe/FeO that limits further reduction reactions.

Furthermore, the full reduction to iron must be avoided to
prevent rapid particle sintering or pore clogging when the
target product needs pure hydrogen (CO < 10 ppm), such the
proton exchange membrane (PEM) fuel cells. In the presence
of complex carbonaceous reductant (such as bioethanol,
biomass, pyrolysis oil), a solid layer of carbon is formed during
the reduction step catalysed by the iron/iron oxide phases [28].
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If free-oxide surface is achieved, the carbon consumption by
reduction reactions is impeded and in the subsequent steam
oxidation it is responsible of H, contamination by CO [29] (eq.
(12)), a poison of the PEM-type fuel cell catalyst.

C+H,0=2CO + H,0 (12)

When bioethanol is selected as reducing agent, in fact, at
the operative conditions required for the process it undergoes
cracking reaction producing a gaseous stream mainly
composed by CO, H, and solid carbon, according to the re-
actions reported below (egs. (13) and (14)) [9]:

CH;CH,0H=CO + H, + CH, AH = +49kJ /mol (13)

CHy,=C +2H, AH = +74.35k]/mol (14)

The control of reduction time was one of the strategies
studied to limit the iron oxide reduction degree ensuring
sufficient oxygen in the fixed bed; however, the optimal
reduction time strongly depends on both chemical composi-
tion and morphology of the redox material, type of reductant
selected and process configuration adopted.

In this work, coprecipitated Fe,O; nanoparticles doped with
2 wt% Al,0; were used to manufacture an interconnected
porous foam by freeze-casting, suitable for the production of
pure and renewable hydrogen by a chemical looping process.
The foams were tested in a bench scale plant with a fixed bed
reactor, using commercial bioethanol and steam as the
reductant and oxidizing gas, respectively. An in-depth exper-
imental study on the redox behaviour of Fe,03-based foams
and the optimization of the process parameters are funda-
mental to scale up the proposed technology; the highly inter-
connected pore structure of FeFOAM in fact gives the fixed bed
reactor lower pressure drops than spherical particles. The
foams (FeFOAM) were subjected to 10 redox cycles at different
temperatures (675, 700, and 750 °C) and reduction time dura-
tions (3, 4, and 5 min) that at constant ethanol flow rate corre-
spond to 3.42, 4.57 and 5.71 mmol of ethanol fed, respectively.
The control of the reduction time has been selected as strategy
to avoid the complete iron oxide reduction to Fe: by decreasing
the amount of ethanol fed a lower iron oxide degree was ach-
ieved Material characterization and equal redox tests were also
performed on Fe,03 based particles (FePOWD) with the same
chemical composition of FeFOAM for comparison.

2. Experimental procedure
2.1. Powder synthesis

To manufacture the FeFOAM first, Fe,0; nanopowders doped
with 2 wt% of Al,0; were synthesized using the citrate method,
as previously reported [30]. A 2 M metal nitrates solution of
(Fe(NO3)3-9H,0 and Al(NOs);-9H,0 was mixed and stirred at 80
°C with citric acid for about 4 h until complete gelatinization.
The gel was then dried during a least 12 h at 110 °C to later
calcined for 8 h at 620 °C. Finally, the powders were wet ball-
milled for 24 h, dried, and manually crushed. Reagents (98%
of purity or more) were purchased from Alfa Aesar™.
FePOWD powders were synthesized by coprecipitation
method. Fe and Al nitrate salts were first dissolved in

deionized water, a 30 vol% of aqueous ammonia solution was
gradually added until a pH of 9 was obtained in the solution.
The resultant precipitate was washed, filtered, and then dried
at 110 °C for 24 h. The particles were calcined in a two-step
heat treatment: 350 °C for 2 h followed by 2 h at 900 °C.
Lastly, the powders of 20—150 um in size were obtained by
crushing and sieving. Reactive (98% of purity or more) were
purchased from Sigma Aldrich.

2.2. FeFOAM manufacturing

The FeFOAM were manufactured according to a previous
study [31]. Briefly, a 10 vol% FeFOAM powder camphene sus-
pension was created by ball milling using 3 wt% stearic acid as
a dispersant agent. The suspension was freezes cast by filling
a mould of 15 mm in diameter by 18 mm in height preheated at
60 °C and directionally solidified by running tempered water
through the mould base to promote the axial growth of
camphene dendrites. The sample is de-moulded and
camphene is sublimated under ambient conditions. Finally, a
sintering process at 1100 °C for 2 h was applied. FEFOAMs were
approximately 10 mm in diameter and 12 mm in height to fit
into the quartz-tube reactor.

2.3. Redox test

Redox experiments were conducted in a lab-made quartz tube
reactor (10 mm of inner diameter and 300 mm of length) heated
at the desired temperature using an external electric heater. A
syringe pump was employed to feed ethanol and water
alternatively in the two steps of the process (reduction and
oxidation). The ethanol and water flow rates were constant for
all the tests and equal to 4 mL/h and they are vaporized at
230 °C before entering at the top of the reactor. All experi-
ments were conducted in the presence of 230 mL/min of Ar as
carrier gas. The operating conditions in term of gas hourly
space velocity (GHSV) are maintained constant for both the
sample and type of reaction (GHSV,q = 14000 h~! and
GHSV,, = 19000 h™'). During each redox cycles, the outline gas
composition was determined in real-time by a Quantitative
Gas Analyser (QGA) mass spectrometer from Hiden Analytical
(sampling interval of 10 s). The CO (ppm) concentration was
monitored by a non-dispersive infrared sensor (Comet 0005-
14-312 model) from Ambra Sistemi (sampling interval of 3 s).
The simplified scheme of the experimental set-up adopted for
the tests (Fig. 1) was fully described in previous work [5].

The FeFOAM samples were designed in a cylindrical shape
compatible with the reactor dimensions to avoid preferential
flow regions in the fixed bed. The total weight of FeFOAM
sample was about 0.50 g. In the case of FePOWD experiments,
the fixed bed was composed of 1.00 g of FePODW mechanically
mixed with 0.50 g of SiO, to reduce the thermal gradient in the
solid bed and prevent the particle's agglomeration.

The redox performance of FeFOAM and FePOWD was
evaluated under 3 different operational temperatures (675,
700, and 750 °C) and 3 reduction times (3,4 or 5 min). During the
reduction step, ethanol was fed at a constant flow rate for 3, 4,
or 5 min, corresponding to 3.42, 4.57, and 5.71 mmol, respec-
tively. As demonstrated by the authors in previous works
[5,9,32],the control of the amount of ethanol fed is a promising
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Fig. 1 — Simplified scheme of the experimental set-up.

solution to avoid the complete reduction to Fe and therefore
the carbon deposition. The oxidation step was performed by
flowing steam until the complete Fe oxidation. The volume of
hydrogen (mL) produced at each oxidation state is calculated
according to equation (15):

t2
VHZ = /Ftot*YHZ dt (15)
t1

where the difference between t; and t, correspond to the
duration (min) of the oxidation step, Fi is the total gaseous
stream (mL-min ") and yy, is the volumetric fraction of H, in
the gaseous stream, measured by the mass spectrometer.
The H,yield have been calculated as function of the
amount of H, (mmol) per mass of sample (gsample) incorporated
in the reactor at each ethanol fed according to equation (16):

H, yield = mmol Hy g (16)

Similar calculation has been used by others authors [33] to
highlight the potential use of the ethanol as fuel to produce
hydrogen. Furthermore, the Efficiency of the process (E) was
obtained at each oxidation step according to equation (17):

E_ VH, experimental 100 (17)
VHZ theoretical

where Vy, experimenta 15 the volume of H, produced while
Vi, theoretical 1S the maximum H, producible by the sample, if
complete conversion into Fe is reaching during reduction and
full oxidation to Fe30, is obtained in the presence of steam.
This parameter indicates the reduction degree achieved in the
iron oxides at each tested condition.

2.4. Foam characterization

After redox tests, the thermal stability of the FeFOAM sample
was determined through Archimedes’ method to obtain the
variation of the total porosity (%). Samples were summered in
water for 5 min during vacuum (1072 bar) to fully impregnated
the open porosity. Finally, FeFOAM samples were character-
ized by: a) X-Ray Diffraction analysis (XRD) to determine the
crystal phases, b) Scanning Electron Microscopy (SEM) to
determine the sample surface; and c) Transmission Electron
Microscopy (TEM) to establish any element distribution or
segregation.

3. Results and discussion
3.1 Initial state of the FeFOAM and FePOWD samples

Initially, the FeFOAM sample is a cylinder of approximately
10x12 mm according to Fig. 2a. At the surface, it can be
observed an elongated pore structure aligned with the cooling
direction applied during freeze-casting processing. The
interconnected pore structure is created by the dendritic
replication during camphene solidification (Fig. 2b). Pores
have a diameter of 80—150 um with a wall thickness of 4—10
um, as previously reported [31]. The density of the FeFOAM
samples were 1.3—1.4 g/cm? exhibiting an open porosity of 65
% obtained by Archimedes’ method. The use of SA in the
manufacture of FeFOAM sample induced a small reduction
during sintering [30], lowering the concentration of oxygen
carriers due to the formation of magnetite phase. On the
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Fig. 2 — Optical image of the FeFOAM sample (a) and SEM image of the internal pore structure before redox test (b).

contrary, the FePOWD samples showed only hematite phase
during XRD characterization [32].

3.2 Redox test: operative conditions 675 °C and 1 bar

Fig. 3 shows the H, yield (scale bar) and the maximum CO
concentration on each redox cycle (lines) of the FeFOAM
(Fig. 3a) and FePOWD (Fig. 3b) samples according to the
amount of ethanol fed (3.42, 4.57, and 5.71 mol) at 675 °C and 1
bar. These results indicate that, as more ethanol was intro-
duced into the reactor, both samples reached a deeper degree
of reduction and were able to produce more hydrogen during
each re-oxidation reaction. Furthermore, both Fe,0s-based
samples showed no deactivation after 10 redox cycles con-
firming that the presence of 2 wt% of Al,05 confers to iron a
higher thermal resistance, regardless of the morphology of the
sample. Based on the results, the highly interconnected
porous structure of FeFOAM significantly changes the iron
redox activity. During redox cycling at 675 °C, FeFOAM was

a) [ 1342 ]4.57[[]5.71 mmol of EtOH

“3 84 o
B = o —© 1150
o @ I - ® _
£ i

6 - -
z 11 3
IS 4100 &
S Q
s 44 7 . o
T o mom - .
g g i -
) —450

(TN

1 2 3 4 5 6 7 8 9 10
Redox Cycles (n)

able to double the H, yield values to those obtained with the
FePOWD (sample FeFOAM reached up to 7.9 mmol H2'9§a1mp1e

while FEPOWD produces only 2.5 mmol H2~g;a1mple at 5.71 mmol

of ethanol fed), highlighting the higher accessibility of the iron
oxide active sites by the reductant gas. This property has led to
a deeper reduction degree and consequently to a more effi-
cient oxidation.

These results show the improvement of hydrogen pro-
duction due to the interconnected porosity incorporated into
the oxygen carrier under the same experimental condition. In
the case of particles, the maximum active surface depends on
the particle diameter by ~4«R? (being R the particle radius).
However, ensuring access to the entire particle surface is
limited by the reactor own capacity to rise and gasify the
particles completely. Moreover pore size is also important,
Chang et al. [24] created a hierarchical pore structure in the
iron oxide-based oxygen carrier supported with Al,O3 using
PEO as a pore former. Hydrogen production reach 15.3

b) [ ]3.42[4.57 []5.71 mmol of EtOH

ppm)

100 &

Hy yield (mmol Hy gbmpe)
CcO

Redox Cycles (n)

Fig. 3 — H; yield in scale bar and CO concentration in coloured line of FeFOAM (a) and FePOWD (b) samples at 675 °C and 1 bar
during 10 consecutive redox cycles according to the amount of ethanol fed at the reduction reaction.
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mlH,-g_ L., suggesting the benefits of the initial relatively
large pore volume however, it drops within a few redox cycle
due to the rapid reduction of the macropores below 20 um.
This impairment effect has also been observed in previous
work [34,35]. In this work, the use of the freezes-casting
technique allows a more efficiency use of the porosity and it
redox capability on the iron-based oxygen carriers using a
single method of manufacturing.

The presence of CO during the oxidation reaction was
also monitored during redox cycling, as a measurement of
the purity of the hydrogen produced. The FePOWD sample
produced a hydrogen stream with a concentration of CO
under detection limits (10 ppm) at any reduction conditions
(Fig. 3b). However, the FeFOAM sample released about 150
ppm of CO only when the highest amount of ethanol was fed
(5.71 mmol) (Fig. 3a), suggesting that the carbon deposition
during the reduction occurs. These results show the main
downside of the proposed system: the difficulty to obtain a
highly pure hydrogen stream at deeper iron oxide reduction
degree. The presence of CO in the FeFOAM sample is linked
to the lower concentration of oxygen in the sample surface
at the end of the reduction step, linked to the higher
accessibility to the active sites than FEPOWD; this condition
promotes the carbon deposition and the contamination of H,
flow.

The enhanced performance of the FeFOAM is also visible
in Fig. 4, where the average H, yield was significantly higher
at all the amount of ethanol fed compared with the
FePOWD sample. With 4.57 , FeFOAM showed an average
H, yield about 2.3 times higher than its particle counterpart.
At 5.71 mmol condition, the FeFOAM produced the highest
average H, yield value (6.7 mmolHz g ) but a contami-

nation of 150 ppm of CO was detected, making it unusable
for PEM fuel cell application. However, the H, flow possess a
purity of 99.995% that satisfy uses of hydrogen for which
the quality requirements are less stringent (i.e. combustion
plants, for power and heat generation, and in aerospace
applications).

8
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Fig. 4 — Average H, yield as a function of ethanol fed at 675
°C and 1 bar for FeFOAM and FePOWD samples.

3.3. Influence of redox operative conditions in the pure
H, production

To understand the influence of temperature on the H, yield,
and purity and to assess the thermal resistance of FeFOAM, 10
consecutive redox cycles were conducted at higher tempera-
tures (700 and 750 °C) and 1 bar. The increase of temperature
could compromise the particle or pore structure stability due
to its low thermal stability, besides of ethanol conversion into
carbon and the iron oxide reduction are enhanced due to the
endothermic nature of these reactions. These critical aspects
could lead to a reduction of the H; yield and H, purity. Fig. 5
shows the H, yield (scale bar) and the maximum CO concen-
tration on each redox cycle (lines) at the highest temperature
of the study 750 °C, conditions for which the effect of tem-
perature is more evident. The results of the FeFOAM and
FePOWD according to the amount of ethanol fed were re-
ported in Fig. 5a and b, respectively.

From the results collected in Fig. 5, the increase of 675 °C to
750 °C at the reaction temperature does not produce sample
deactivation after 10 consecutive redox cycles, demonstrating
that the improvement on the thermal resistance by the
addition of Al,O5 in during particle synthesis. Fig. 5a shows
the FeFOAM samples reaching a steady value about 12
mmol H2'9§a1mp1e when 5.71 mmol of ethanol was fed, while at
the same conditions sample FePOWD generated approxi-
mately 6 mmol H, - g;almple. The increase of temperature does not

change the enhanced activity of FEFOAM samples, still able to
raise the H, yield by almost a factor of 2 with respect the
powders Again, as less ethanol is introduced into the reactor
the hydrogen production diminishes.

However, at higher temperatures, the levels of CO
increased according to the profiles reported in Fig. 5 (lines). For
both samples, a decrease of the optimal ethanol value with
respect the data collected at 675 °C was detected. In the test
with FeFOAM (Fig. 5a) no CO was detected at 3.42 mmol of
ethanol fed, but when the ethanol intake rises to 4.57 and 5.71
mmol, the CO concentration scale up to 2300 and 5000 ppm
since the first oxidation step, respectively. This confirms the
deleterious effect of the temperature over the H, purity when
a carbonaceous reductant gas was used at higher reduction
temperature. In the case of the FePOWD sample, the lower
reduction degree and the higher oxygen concentration avoids
the CO contamination at 4.57 mmol of ethanol fed only in the
first 3 cycles, then CO rise significantly at cycles number 4
from a concentration of 120 ppm to 1000 ppm at 10th cycle
(Fig. Sb, green line), suggesting that carbon accumulation oc-
curs cycle after cycle. The same carbon accumulation trend is
registered when 5.71 mmol of ethanol are fed. Based on these
results, at 750 °C the optimal ethanol value for both samples
was 3.42 mmol, in which the FeFOAM sample still own a major
activity of FePOWD (5.2 and 1.5 mmol H2'9;a1mp1e for FeFOAM

and FePOWD, respectively).

The effect of the operative temperature on the H; yield is
show in Fig. 6, where an evaluation of the average H, yield
obtained with FeFOAM (Fig. 6a) and FePOWD (Fig. 6b) as
function of the redox temperature and ethanol fed were re-
ported. The results gathered in Fig. 6 demonstrated the key
role played by temperature in the system proposed. By feeding
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Fig. 5 — H; yield in scale bar and CO concentration in coloured line of FeFOAM (a) and FePOWD (b) samples at 750 °C and 1 bar
during 10 consecutive redox cycles according to the amount of ethanol fed at the reduction reaction.

3.42 mmol of ethanol to the FeFOAM, the average H, yield value
was 2 mmol H2'9§a1mp1e while, by increasing the temperature
until 750 °C, value reached 5.1 mmol Hy- g, With no detec-
tion of CO in the gas stream. The result indicate that the in-
crease of temperature promotes the iron oxides reduction
favouring at the same time the consumption of carbon during
this phase. An enhanced activity was observed also for the
FePOWD sample, although with a lesser extent with the
temperature, when 3.42 mmol of ethanol was fed, the average
H, yield value reached 1.7 mmol Hz-g;almple at 750 °C, almost
double respect to the results obtained when the same ethanol
amount at 675 °C, both with no CO contaminations.

From the comparison of the sample results, at 700 °C
FeFOAM sample is able to produce approximately 3.7 mmol H, -
9sample Of Pure Hy when the ethanol fed was 4.57 mmol. More
conditions with no CO detected were noticed for FePOWD at all
ethanol fed for 675 and 700 °C but a maximum of 2.2 mmol H, -
g;}mple of H, was obtained. At 750 °C both samples produce pure

H, only at 3.42 mmol of ethanol fed. The pure hydrogen regions
were highlighted by the shaded areas in Fig. 6.

The direct production of H, streams by chemical looping
process suitable for PEM fuel cells operation using bioethanol

a) 3.42 4.57 5.71 mmol of EtOH

ample)

1

Average H, yield (mmol H, g

Optimal condition (<10 ppm of CO)

T T
700 750

Temperature (°C)

T
675

as reducer is still not achieved in literature. Many studied are
focused on the chemical looping reforming process, where a
mixture of ethanol and water was fed during the reduction
step instead of pure ethanol. This solution limits the issues of
carbon deposition at the expense of total process costs. Tre-
visanut et al. [36] studied the reforming process of bioethanol
using Fe30,4 and NiFe,0, particles as a fixed bed, but during the
reduction step the carbon deposition remains the main
obstacle of the pure hydrogen production. Zeng et al. [37]
achieved a hydrogen purity approximately of 96% using NiO/
MgAl, O, particle mixture in a fixed-bed reactor. As a different
approach, Jiang et al. [38] prepared oxygen carriers of NiO/
montmorillonite by ultrasound assisted cation exchange
impregnation method, but an air oxidation step was needed to
convert the deposited carbon at the end of each cycles.

The variation of process efficiency value as a function of
the operative conditions studied summarized in Table 1
confirm the benefit of using a foam to achieve deeper iron
oxide reduction degree; FeFOAM is always superior, reaching E
values up to 73%. Values underlined in Table 1 shows the
redox conditions were H, purity is neglected (CO over 10 ppm),
and therefore the experimental H, volume produced by car-
bon gasification reactions should be taken into account for the

b) 3.42 5.71 4.57 mmol of EtOH

ample)

1

Average H, yield (mmol H, g

Optimal condition (<10 ppm of CO)

T T
700 750

Temperature (°C)

T
675

Fig. 6 — Average H, yield as a function of redox temperature and ethanol fed for FeFOAM (a) and FePOWD (b) samples. Shaded
areas highlight the optimal redox condition to obtain high purity hydrogen.
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Table 1 — Average Efficiency (E) after 10 redox cycles according to the redox condition and the sample type.

E (%)
Sample FeFOAM FePOWD
Ethanol fed (mmol) 3.42 4.57 5.71 3.42 4.57 5.71
Temperature (°C) 675 12.03 21.10 40.42 6.16 7.44 11.84
700 18.00 22.29 4251 6.50 8.22 12.11
750 3051 5171 73.96 9.98 1175 6258

Value underlined showed concentration of CO above 10 ppm.

Table 2 — Average Energy conversion efficiency (Ecnergy) after 10 redox cycles according to the redox condition and the

sample type.

Eenergy (%)

Sample FeFOAM FePOWD
Ethanol fed (mmol) 3.42 4.57 5.71 3.42 4.57 5.71
Temperature (°C) 675 10.22 13.41 20.56 5.23 4.73 6.02
700 15.29 14.17 21.62 5.52 5.22 6.16
750 25.91 32.87 3762 8.48 6.6 3183

Value underlined showed concentration of CO above 10 ppm.

Table 3 — Summary of Fe-based oxygen carriers for SIP process.

Oxygen carrier Reducing agent T (°C) Major results
H, yield mmol Hz gy, H, purity Cycle REF

Fe,05/30 wt% Al,O3 Cco 600 7.6 99.7 10 [24]

3 wt% Cu—Fe/MgAl CH,4 900 1.1 98.5 10 [45]

75 wt% Fe,03/Al,03 co 900 3.5 ~100 20 [46]
ZnFeAlO, (¢(0) 850 22 ~100 20 [47]
Fe,05/La0.6Sr0.4Mg0.4Ga0.603-3 Cco 750 9.7 n.d. 100 [48]

15 mol% La-iron ore co 900 2.8 ~100 10 [49]

Mn, sFeo s(FeAl)Ox co 800 2.1 n.d. 20 [50]
FeFOAM (Fe,03-2wt% Al,O3) C,HsOH 750 5.1 ~100 10 This work

n.d.: Not determined.

determination of the iron oxide reduction degree. However,
these gas stream can be either purified [39] or used in exten-
sively studied technologies with less stringent purity limits
like production and annealing of steel [40,41] methanol or
ammonia production. The average energy conversion effi-
ciency (Eenergy) of the each redox condition was also evaluated
in terms of the combustion of the H, produced (LHVy,) per the
ethanol used as fuel (LHVgion) according to equation (18).

LHVy, <%1) ) Hvaoduced<kg)

Eenevgy (%) =
LHVzon (1) - EtOHga (k)

-100 (18)

The comparison of the results obtained at each tested
conditions are summarized in Table 2. Based on the results,
the sample FeFOAM guarantee an enhanced energy recovery
in the H, stream; the Egenergy(%) values were always higher
than FePOWD at each tested conditions. In the pure hydrogen
production region, FeFOAM allows the highest Eenergy (%) value

of 26% at 750 °C and 3.42 mmol of ethanol fed, while only 8.5%
was achieved at the same operative conditions with FePOWD.

From the comparison of the results with literature, the
higher reactivity of FeFOAM is clearly demonstrated; In the
research of Galvita et al. [42] the oxygen carrier 5 wt%Cr,03-
40 wt%Fe,03;—Ce0,—Zr0O, presented good stability, but the
maximum process efficiency was only 20%. Zhu et al. [43]
achieved an efficiency value of 33% only feeding a mixture of
20vol% of CH, in nitrogen for 40 min; Voitic et al. [44], produced
a high purity hydrogen stream with an efficiency of 41%,
feeding syngas for 90 min during the reduction step. On the
contrary, FeFOAM was able to achieve a maximum efficiency of
30.51% with a reduction length of only 3 min, allowing not only
to minimize the costs related to consumption of reducing
agents but also to promote the scale up of the technology
increasing the total rate of pure H, production. Furthermore,
Table 3 summarized the major results reported in literature on
Fe-based oxygen carriers under similar operational conditions.
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3.4.  Post redox characterization of FeFOAM sample

The characterization of FeFOAM sample was performed on
the sample subjected to the redox test at 750 °C, aiming at
evaluating how pore structure, porosity, crystal phase, and
atom distribution are enhanced by the increase of redox
temperature. After redox test at 750 °C, the open porosity and
the final density of the FeFOAM sample remains practically
unchanged with no pore clogging. Fig. 7a shows the final pore
structure with no significant modification as compare with
Fig. 2b. However, the pores end up with a sponge-like surface
(Fig. 7a) due to the progression of the redox reaction through
the sample wall. In fact, a detail study on the sample surface

Fig. 7 — SEM images of the FeFOAM sample surface (a) after
redox test at 750 °C. Higher magnification images
(b, c) were taken at the corresponding square box.
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Fig. 8 — XRD pattern of the FeFOAM sample after redox test
at 750 °C.

on Fig. 7b—c shows a spider-like network previously reported
in the literature [51].

The XRD pattern for the FeFOAM sample (Fig. 8) shows the
indexed peaks corresponding to the magnetite phase, i.e., the
iron oxide with stoichiometry Fe3;O,, face-centred cubic
structure and Fd-3m Space Group Symmetry (ref. no 00-019-
0629 in the PDF4+ database of the International Centre for
Diffraction Data, ICDD). However, attending to the position of
the peaks, it is detected a displacement of all peaks to higher
diffraction angle or lower interplanar distance and, conse-
quently, lower lattice parameters (see inset in Fig. 8). This
effect can be attributable to the introduction of Al cations into
the Fe3O, crystalline structure. Due to the lower cationic
radius of AI** (57 pm) than Fe?" (82 pm) and Fe*" (67 pm), by the
substitution of Al** by Fe** it is expected to generate a higher 2
theta degree displacements, such as it occurs. The total
absence of peaks of Al or Al,O; phase are in consonance with
this assertion. Finally, two small peaks can be detected close
to the (311) and (400) peaks from the Fe30,. Those peaks,
marked as an asterisk in the inset of Fig. 8, are even more
shifted to higher 2 theta degree than the majority solid solu-
tion (FexAl; 5)304, suggests a higher Al content in that case.
Therefore, after 10 redox cycles the Al cations added during
the powder synthesis remained in a solid solution and no
Fe,AlO, spinel phase was formed.

Furthermore, a TEM study was carried out to fully char-
acterized the element distribution in the FeFOAM sample after
the redox cycles. In Fig. 9a corresponding to EDS-HAADF-TEM
images can be observed an optimal distribution of Fe and O,
and an acceptable distribution of Al at the particles of the
FeFOAM. This aspect could indicate the formation of the
(Fe,Al)304 solid solution magnethite. In addition, in some area
of the particles, the Al ratio seems to be higher than the
general aspect (marked with dotted square in Fig. 9a), prob-
ably as consequence of higher Al composition of this particle
in the Fe/Al ratio of the (Fe,Al);04. In addition, the measure-
ments of HRTEM images show the evident crystallographic
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d =0.289 nm
(220)

Fig. 9 — EDS-HAADF-TEM images of FeEFOAM sample after redox test at 750 °C, atom distribution (a) and crystallographic

planes (b).

planes for the Fe;0, magnethite phase. As example, in Fig. 9b
is presented the HRTEM images selected in the area marked as
dotted circle in Fig. 9a, showing the (220), (311) and (400)
crystallographic planes. In addition, the interplanar distance
of these planes are diminished in comparison with the cor-
responding to the Fe;O4 face-centred cubic structure.
Concretely, 0.289 nm vs 0.297 nm for (220), 0.248 nm vs 0.253 nm
for (311) and 0.208 nm vs 0.210 nm for (400), respectively.

It seems that limiting the degreed of conversion of the
oxygen carriers, not only avoid the introduction of CO at the
hydrogen stream, but also prevent the atom migration of Fe
reported by Sun et al. [52] and Saito et al. [26]. Another aspect
is the sintering temperature of 1100 °C used to manufactured
the foams, according to Ma et al. [53] lower calcination tem-
perature contribute to prevent phase segregation by the
higher content of surface lattice oxygen in the oxygen carrier.
In this work, particle synthesis was performed at 620 °C to
mitigate particle growth and to enhance the particle sintering
during foam manufacturing.

4, Conclusions

This work has successfully manufactured hematite foams
suitable for high purity hydrogen production. The foams
showed a higher level of hydrogen production with a suffi-
cient process efficiency to become a viable solution to mass-
produces H,. This behaviour was based on a combination of
factors like: Low calcination temperature during powder
synthesis, which guaranties a much homogeneous Al atom
distribution, preventing further sintering process during
redox cycling. Sufficient active surfaces created by freeze-
casting method, ensuring high interconnected porosity with
no pressure-drop. The created porosity (i.e. the pore size)
guaranties enough distance between the pore surface to pre-
vent pore clogging by accommodate the volumetric expansion
of the oxide layer regrowing during the sequential oxidation
steps.

The production of high yields of pure hydrogen from bio-
ethanol suitable for the direct use in PEMFC was always

enhanced using the foam. The maximum yield was achieved
at 750 °C with a reduction time of 3 min, where FeFOAM pro-
duced approximately 5.1 mmol H, - g;almple of highly pure H, (<10
ppm CO) per gram of sample and millilitre of ethanol fed in
each redox cycle. Furthermore, no deactivation in H, pro-
duction was detected demonstrating that the presence of 2 wt
% of Al,O; confers an excellent thermal resistance during
thermal cycling, guaranteeing the stable production of high
purity H, yields for 10 consecutive redox cycle with both the
samples.
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