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ABSTRACT

In the energy transition from fossil to clean fuels, hydrogen plays a key role. Proton-exchange membrane fuel
cells (PEMFCs) represent the most promising hydrogen application, but they require a pure hydrogen stream
(CO < 10 ppm). The steam iron process represents a technology for the production of pure H,, exploiting iron
redox cycles. If renewable reducing agents are used, the process can be considered completely green. In this
context, bio-ethanol can be an interesting solution that is still not thoroughly explored. In this work, the use of
ethanol as a reducing agent in the steam iron process will be investigated. Ethanol at high temperature
decomposes mainly in syngas but can also form coke, which can compromise the process effectiveness, reacting
with water and producing CO together with Ha. In this work, the coke deposition is avoided controlling the
duration of the reduction step; in fact, the data demonstrated that coke deposition is significantly dependent
on reduction time. Tests were carried out in a fixed bed reactor using hematite (Fe;Os) as raw iron oxide
adopting several reduction time (7 min — 25 min). The effect of the addition of MnO; to increase the reduction
degree of iron oxides was explored using different amount of MnO, (10 wt% and 40 wt% with respect to Fe;03).
The hypothesis is that MnO, due to its high oxygen mobility, promotes the decomposition of ethanol in syngas,
enhancing the methane cracking by oxidizing the coke formed in this reaction. The tests were performed at
fixed temperatures of 675 °C and atmospheric pressure. The optimization of the reduction time in the chosen
operating condition performed only with Fe,0; shows that feeding an amount of 5 mmolcanson/gre203 coke
deposition is avoided and therefore a pure H, stream in oxidation is obtained. The addition of MnO; leads to
increased H, yield and process efficiency confirming its positive effect on the reduction degree of the solid bed.
A reaction pathway to demonstrate the synergic effect of Fe,0; and MnO; in the reduction step was proposed
in this article.

Keywords: Hydrogen, steam-iron process, manganese oxides, bioethanol, chemical looping, efficiency
measurement.

1. INTRODUCTION

In recent years the number of applications that require carbon monoxide-free hydrogen is significantly
increasing 2. Among these, a major boost was given by the development of proton-exchange membrane fuel
cells (PEMFCs) considered as an essential element in the transition from fossil fuels to cleaner forms of
mobility 3. Nowadays, if pure hydrogen is supplied, electricity can be produced without polluting emissions,
helping to solve the problem of global warming *.

However, the use of hydrogen to produce energy shows two critical limitations. It is not present in nature
and it can be produced only using other primary sources such as organic compounds with high H/C molar
ratio and water °. Traditional hydrogen production technologies such as steam reforming, partial oxidation and
autothermal reforming, which count for 95% of the total hydrogen industry, have the main disadvantages to
use fossil sources as raw material and to require complexes and expensive purification systems ©. To support
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a sustainable hydrogen economy, it is essential to link hydrogen production to renewable sources ”8; this
goal is aimed at reducing the anthropogenic CO, emissions due to fossil fuel utilization and the high cost
associated with hydrogen production technologies. Nowadays, at industrial scale, the production of pure
hydrogen from renewable sources is possible only with water electrolysis. This process uses electricity to split
water into hydrogen and oxygen °. However, since electrolysis cost is stronglhy related to purchase price of
the electicity during the operating period, its application is limited .

Among the processes to produce hydrogen from renewable sources, chemical-looping hydrogen (CLH) seems
to be one of the most attractive technologies to obtain a pure hydrogen stream. This technology exploits the
ability of some metals to be oxidized and reduced cyclically, keeping constant their activity for a high number
of redox cycles 2, Syngas, produced by both fossil and renewable sources *3, was often used as a reducing
agent while the production of pure hydrogen occurs in the subsequent step of oxidation with steam.
Transition metals such as Cu, Cd, Ni, Mn, Fe and Co are characterized by different available oxidation states,
which give them excellent redox properties. The majority of these metals have already been successfully
tested as solid oxygen carrier into chemical looping combustion (CLC) systems. CLC is a promising combustion
technology that guarantees a high process efficiency, ensuring the possibility of capturing CO,. A pure CO;
stream easy to be capture and stored can be obtained using transition metals oxides as solid oxygen carrier
which are able to supply the oxygen necessary to burn the fuel without using air. Subsequently, the metal
oxides are restored, feeding air to the reactor. Nickel oxide is reported to be the most reactive and stable
material for a high number of redox cycles. However, extensive studies are conducted to research an
alternative solid oxygen carrier due to the well-known toxicity of Ni. Based on the promising results obtained
with chemical looping combustion, CLH is widely studied in the hydrogen production field.

Thanks to its high reactivity in redox reactions, low cost and environmentally friendly nature, iron is one of the
most used metals in CLH processes called, in this case, the steam iron process. Voitic et al. * discussed the
activity of Fe,03/Al,03/Ce0; catalyst in a high-pressure steam-iron process (50 atm) using syngas as a reducing
agent and they obtained H, with a purity of 99.98%. Chiesa et al. > proposed a chemical looping system
constituted by three rectors, one for the reduction step, one for the oxidation with steam and the last for the
oxidation with air. The air oxidation is performed to sustain the thermal balance of the process, oxidizing
Fe304 again to Fe203.

Hormilleja et al. ® and Yang et al. ¥’ reduced iron-based solid material with ethanol and coal char, respectively,
producing in both case H, suitable for any type of fuel cell. Bleeker et al. ® explored the use of pyrolysis oil
gasification to reduce iron oxides obtaining in the oxidation step a hydrogen amount equal to 840 NL/kg ar
pyrolysis oil accompanied by 7 NL/Kg dry pyrolysis oil Of carbon-based compounds. Gupta et al. ®evaluated Ni, Cu, Cd,
Co, Mn, Sn and Fe oxides for the CLH process based on thermodynamic equilibrium limitations. The study
found that Fe,0s provided the best conversion of syngas to combustion products of CO, and H,0, along with
the high conversion of steam to hydrogen. Li et al. % selected several metal oxides to be used as oxygen
carriers in the chemical looping hydrogen process. They found that iron oxide is the best choice considering
overall properties, including oxygen-carrying capacity, thermodynamic properties, reaction kinetics, physical
strength, melting points, and environmental effects. Urasaki et al. 2 investigated hydrogen production by the
steam iron reaction using iron oxide modified with minimal amounts of palladium or zirconia (0.23 mol%) at
a temperature of 450 °C and under atmospheric pressure. Their addition enhanced the H, yields suppressing
the synthetization of the iron particles. Jin et al. 2 tested (NiO: Fe,0s)/bentonite particles as the best
mediator for the chemical-looping hydrogen generation system to achieve stable continuous operation.
Galvita et al. 2 found that the addition of Ce could inhibit the sintering of the iron oxide.

The use of ethanol in hydrogen production is widely explored thanks to its low cost and its renewable nature.
Ethanol is a linear alcohol widely produced by biomass fermentation of sugar, starch and organic waste 2.
Besides, at room temperature, it is stable in liquid form and, therefore, easy to store and transport. Currently,
thanks to these excellent properties and its high calorific value, it is also used as renewable fuel ?°. Ethanol
at high temperature and ambient pressure is decomposed into a gaseous mixture mainly constituted by H»
and CO, having high reducing power. Although the ethanol decomposition pathway is the focus of many



studies in the H, production field, the complex system of reactions occurring is still not clear and therefore,
its use is in the experimental phase 2?7,

In this work, the steam iron process was studied in order to produce a pure hydrogen stream to be supplied
in a PEM fuel cell sustainably, starting from Fe,03; powder as raw iron oxide and ethanol as a reducing agent.
To obtain pure hydrogen, the optimization of the operative conditions is fundamental: several reduction
times of the Fe,Os; bed were explored, and the addition of MnO; to increase the process efficiency was
studied. The hypothesis is that MnO; can improve the degree of reduction of the solid bed, increasing
reducing species in the ethanol decomposition gas stream and, therefore, enhance the process efficiency?.
Manganese Oxides (MnOQy) are widely used in many studies as a catalyst in oxidation reactions, especially
combustion 2>, Manganese, like iron, has several oxidation states and excellent redox properties, and thus
it is also a perfect candidate to be coupled with iron in the hydrogen production 332, The combination of
iron/manganese oxides as solid oxygen carrier is already successfully explored into CLC systems, and
generally, the presence of manganese oxides promotes the fuel combustion efficiency. For example, Miller
D. D. et al. *® reported that the addition of MnO, on Fe based oxygen carried led to a higher oxygen transfer
capacity at 900 °C using methane as fuel.

However, to the best of our knowledge, no studies have been conducted coupling MnO; and Fe,0s in the
steam iron process. In this study thus the aim is to evaluate if the high redox reactivity of the Mn/Fe oxides
system reported in the CLC processes can also be exploited in the steam iron process using bio-ethanol in the
reduction step. The effect of MnO; addition in the process efficiency is investigated, focusing the attention
on the degree of reduction of iron oxide and thus on the amount of hydrogen produced.

1.1 IRON AND MANGANESE REDOX SYSTEM WITH SYNGAS

The mechanism of the reduction process from Fe,0s; to metallic iron is not trivial since iron has different
oxidation states and can produce many oxides such as hematite (Fe,03), magnetite (Fes04) and wustite (FeO).
Furthermore, the composition of the gas stream produced from ethanol decomposition is not well defined;
we know that the species having a higher concentration are CO and H,, which are considered in this work the
two principal reducing agents. At the operating condition adopted, the reduction is divided into three steps:

1° step
3Fe,0; + H, © 2Fe;0, + H,0 AH=-12.175 kJ/mol (1)
3Fe, 05 + CO < 2Fe;0, + CO, AH=-47.09 ki/mol (2)
2° step
Fe;0, + H, < 3FeO + H,0 AH= +50.61 kl/mol (3)
Fe;0, + CO & 3FeO + CO, AH=+15.70 kJ/mol (4)
3° step
FeO + H, < Fe+ H,0 AH=+15.03 kJ/mol (5)
FeO + CO & Fe + CO, AH=-19.88 kJ/mol (6)

First, Fe;0s is reduced to Fes04 (equations 1 and 2), then Fe304is reduced to FeO (equations 3 and 4 ); finally,
the complete reduction to metallic iron is achieved (equations 5 and 6) 3.

After the reduction phase, the oxidation step occurs in the presence of water vapor and the restored iron
oxide is Fes04 (equation 7). The oxidation of Fes0, to Fe,0; with water vapor is thermodynamically not
favored (AG>0), and to restore the initial iron oxide (Fe;0s), the use of air or oxygen is necessary 2. The
obtained Fe;04 can be reduced again in a subsequent reduction step, thus guaranteeing the cyclical nature
of the process. In this step, pure hydrogen is produced.



3Fe + 4H,0 < Fe;0,4 + 4H, AH=-95,646 kl/mol (7)

MnO; powder addition has the aim of improving the degree of reduction of iron oxides in order to increase
the hydrogen yields, knowing that, as reported in various studies, MnOy participates in the redox reaction
system 3%35, MinO; can also be reduced to MnO in three steps: first, MnO; is reduced to Mn,0s according to
the equation 8 and 9, then Mn,0s3 is reduced to Mns0O, (equation 10-11) which is finally reduced to MnO
(equations 12 and 13). The complete reduction to Mn cannot be achieved under the operating conditions
adopted (AG>0)%.

1° step
2MnO, + H, & Mn,05 + H,0 (8)
2Mn0O, + CO & Mn,05 + CO, 9)
2° step
3Mn,0; + H, & 2Mn30,4 + H,0 (10)
3Mn, 05 + CO & 2Mn30, + CO, (112)
3° step
Mn;0, + H, & 3MnO + H,0 (12)
Mn;0, + CO & 3MnO + CO, (13)

In the oxidation phase MnO, in the presence of water vapor, can be oxidized to Mn,03, releasing H, according
to equation 14. The oxide obtained is Mn,0s, since to restore MnO,, at the temperatures used, pressures
higher than 3000 atm are necessary 2.

2MnO + H,0 & Mn,03 + H, (14)
Therefore, MnO; plays a dual role in the steam iron process: it enhances the reduction of the iron oxides in

the reduction phase and participates as active specie in the H, production in the oxidation step. A simplified
illustration of the proposed system is reported in figure 1.
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Fig. 1: Steam-iron process in a fixed bed reactor using C;HsOH as a reducing agent and a mixture of Fe;0s;
and MnO; powders as a solid bed.

2. EXPERIMENTAL SETUP

The experiments were conducted in a fixed-bed reactor (stainless steel, ID 9 mm, length 300 mm) heated by
an external electric heater at a constant temperature of 675 °C. Both the reduction and oxidation steps were
conducted at ambient pressure. The solid bed is constituted by a powder mixture of Fe;0Os ( assay = 99%,
particle size < 5 um, provided by Sigma-Aldrich), silicon dioxide SiO, (assay = 99.9%, particle size < 74 um,
provided by Sigma-Aldrich) and manganese dioxide MnO; (assay = 99.9%, particle size < 10 um, provided by
Sigma-Aldrich). SiO, was added to avoid iron particles agglomeration and to uniform temperature profile in
the bed. All tests were performed with a constant carrier gas flowrate (Argon flowrate = 120 mL/min). The
pressure drops of the reactor were measured by an electronic manometer (Druck-DP260 equipped with a
pressure transmitter DPR 910). Due to the size of the used powders, a slight increase in the reactor pressure
is detected (0.05 atm). However, considering the use of the particles in the form of powder and comparing
the pressure drop relieved with the typical values available in the literature for fixed bed reactor %, the
pressure drops are considered negligible.

Ethanol and water flowrates were set to 4 mL/h and fed at the top of the reactor by a syringe pump (KD
Scientific); before entering into the reactor, both ethanol and water are vaporized in an evaporator heated
at 230 °C. In a typical test, 1,59 g of Fe;03 and 0.53 g of SiO, were used, while in the experiments with MnQ,,
an amount of powder of 10 wt% and 40 wt% to Fe,Os; was added. Blank experiments were performed feeding
ethanol and argon on a solid bed constituted by only the unreactive SiO,. The ethanol flow rate was kept
constant and equal to that used in steam iron tests. The amount of SiO; loaded is equal to the amount of
hematite used in the steam iron experiments.

In the reduction phase, three different ethanol feeding times were considered 25, 9 and 7 minutes, while in
the oxidation phase, distilled water was fed until complete oxidation of the solid bed particles. Between the
reduction and oxidation phase, only argon was fed to the reactor to remove all carbon-based compounds
produced in the reduction step.

Liquid products were separated by condensation and analyzed through GC-MS (Agilent 5973) and the gas
composition was determined with an on-line mass spectrometer (Hiden QGA, Quantitative Gas Analyser)
calibrated with a tailored standard gas mixture (gas cylinder by Sapio group). The used instrument measures
H,, CO,, CO, CH4, CoH4 and Ar concentrations in terms of molar percentage.

A non-dispersive infrared sensor (Ambra Sistemi, Comet 0005-14-312) calibrated with a tailored standard
mixture (gas cylinder by Sapio group) was also used to measure the CO content in the oxidation step to ensure
the concentration values were less than 10 ppm, an amount required for PEMFC application. In order to
understand the mechanism of ethanol decomposition, before the steam iron tests, the blank experiments
were conducted feeding only ethanol at 675 °C for 2 h loading the reactor with only SiO..

At least three redox cycles were considered in each test.

Figure 2 shows a simplified scheme of the laboratory plant used.
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Fig. 2: Schematic process diagram adopted for the experimental tests.

3. RESULTS AND DISCUSSION

3.1 THERMAL ETHANOL DECOMPOSITION

At the operating conditions adopted in the reduction step (675 °C and 1 atm), ethanol participates in a
complex system of reactions that are difficult to identify. In order to evaluate the main compounds resulting
from its thermal decomposition and the feasibility to use it as a source of reducing gasses (H, and CO), a blank

experiment was carried out.

The several compounds resulting from ethanol decomposition are grouped based on their physical state (gas,
liquid and solid) to understand the influence of the different reactions in which ethanol can participates.

The typical molar composition of the gaseous mixture produced as a function of time is reported in figure 3
while the carbon balance and the yields of each phase (gas, liquid and solid) are reported in table 1 and table

2, respectively.
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As shown in figure 3, a gaseous mixture mainly constituted by H, (15.06%), CO (7.13%), CH4 (4.51%) and by
traces of CoHs (1.73%) and CO; (0.22%) is produced from thermal ethanol decomposition. The equilibrium
values obtained by Gibbs free energy minimization at the same operative conditions (675 °C and 1 atm) were
also calculated. At equilibrium, the molar gas composition is H, (24.04%), CO (8.64%), CH4 (0.94%); ethanol
results to be entirely converted and CO, and ethylene are not present. The results of the equilibrium
calculation are very similar to those of experimental ones confirming the thermodynamic feasibility to
produce a high-reductive stream mainly constituted by H, and CO from ethanol. The concentration of each
species remains constant throughout the test. This result confirms that ethanol can be successfully used as a
source of reducing agent in the proposed system.

At the end of the test, the condensable products were collected, weighted and finally analyzed; from GC-MS
analysis, only water is detected in the condensate, suggesting that ethanol is completely converted. Traces
of carbon deposits on the silica bed were also relived. The amount of coke produced in the blank experiments
was quantified by controlled combustion with air in a muffle furnace. All samples are heated at 600 °C for 2
hours, to perform the complete conversion of carbon. The difference of the sample weight permits to
calculate the amount of carbon before and after the combustion treatment.

Table 1 shows the carbon balance of the reactor calculated considering all the three phases (gas, liquid and
solid) produced. The calculation confirmed the validity of the results, although a difference of 0.87% between
the input and output carbon moles was identified; nevertheless, being this deviation within the error range
of the instrument, it is considered negligible.

Table 1: Carbon balance for thermal ethanol decomposition experiments at 675 °C and 1 atm pressure.

IN ouT
C,HsOH Gas Liquid Solid A
mol C* 0.274 0.237+0.001 0.000 0.028+0.002 0.009 mol C
% mol C 100.00 86.86+0.10 0.000 10.34+ 0.15 2.8% mol C
* The measurements are repeated three times; dispersion evaluates through semi-dispersion.

Where:

mol C coxson = total mols of carbon fed with ethanol;

% mol C gas = 100*mols of carbon in the gaseous compounds/mol C causon;

% mol C jiquia = 100*mols of carbon in the condensable products/ mol C causon;
% mol C s0lig = 100*mols of coke on the SiO, bed/ mol C cansom;

Amol C = mol C caus0m - sum of mol C products

Table 2 shows the gas, liquid and solid yields obtained from ethanol decomposition (molar basis). These data
are reported to understand better what is the predominant phase in which ethanol is decomposed. As
desired, looking at the results in table 2, ethanol is principally converted into gaseous products (95.13 mol%).
At the same time, condensable (H,0) and solid compounds (coke) are obtained only in a very low amount (
0.86 mol% and 4.05 mol%, respectively) and can be considered by-products. However, despite the low coke
yield detected (4.05 mol%), to use ethanol in this technology, the reactions leading to coke formation should
be totally inhibited.

Table 2: Molar yields of products resulting from thermal ethanol decomposition at 675°C and 1 atm pressure.

CyHsOH in Products Gas Liquid Solid
mol* 0.137 0.698 +0.011 0.664 +0.010 0.006 +0.001 0.028 + 0.001
Yield (mol%) 0.00 100.00 + 1.10 95.13+1.01 0.86 + 0.05 4.05+0.15
* The measurements are repeated three times; dispersion evaluates through semi-dispersion.

Where:

mol c2nson = total mols of ethanol fed;

MOl products = total mols of products obtained;

Gas Yield (mol%) = 100*sum of the mol of gaseous products/ mol products;
Liquid Yield (mol%) = 100* mols of water/ mol products;

Solid Yield (mol%)= 100* mols of coke / mol products;



Based on the results obtained and considering the mechanisms proposed in the literature, a simplified
thermal decomposition scheme is reported. At the operating condition adopted in this work (675 °C and 1
atm), ethanol starts to decompose mainly in H,, CO and CHg4, according to equation 15 *’. However, ethanol
also undergoes in dehydration reaction producing ethylene (equation 16) and water, although with low
yields. Furthermore, due to the high-temperature, methane undergoes to cracking reaction (equation 17),
producing additional H, and carbon deposits3®%,

CH3CH,0H ¢ CO + Hz+ CH4 AH= +49 kJ/mol (15)
CH3CH,0H < C3Hs+ H,0 AH= +45 kJ/mol (16)
CH4 ¢ C+2H; AH= +74 kJ/mol (17)

Several studies about the use of ethanol about hydrogen production technologies report two additional
reactions which can be responsible for the coke formation®®*! :

2C0 &> CO+C AH= -173 kI/mol (18)

C,H4 = carbonaceous polymeric compounds (coke) (19)

The proposed set of equations, except for the Boudouard reaction (equation 18), are all endothermic
reactions, and thus thermodynamically favored at high temperatures. Therefore, it is worth underlining that,
at the high temperatures adopted, the conversion of CO into carbon according to Boudouard reaction is
thermodynamically less favored.

C +H,0 <> CO+H; AH= +131 kJ/mol (20)

CO+H,0 <>CO2+ H, AH=-41 kJ/mol (21)

3.2 DETERMINATION OF THE OPTIMAL REDUCTION TIME OF IRON OXIDES

In order to make possible the use of ethanol in this process, the study of the operating conditions that inhibit
coke formation during the reduction step is essential. For this purpose, tests at different reduction time,
ranging from 7 to 25 minutes, for one redox cycle and in the presence of Fe,0s; were performed. Figure 4
reports the flow rate of the analyzed species: the first peak regards the reduction step, while the second the
oxidation step. The results of the blank tests already shown in Fig.3 were also added in Fig.4 to better
understand the behavior of the process in the presence of the iron oxide.
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Fig.4: Trend of the flow rate of the main compounds produced during one redox cycle in the presence of
Fe,0; at different reduction time, comparison with a blank test (dashed line). A) H,; B) CO,; C) CO; D) CHg; E)

CzHa.

Except for CO,, all the species obtained have lower flow rates than those detected in the thermal ethanol
decomposition on SiO,; the decrease of CH; and C,H, suggests that using ethanol, the traditional redox




system proposed with the utilization of syngas, is not enough to fully represent the iron oxides reduction.
Looking at figures 4 D and 4 E, not only H, and CO but also CH4 and C;H4 actively participate in the reduction
process, being their flow rates much lower with respect to the results of the blank test. Furthermore, for a
reduction time of 25 minutes, it can be noticed that CH, and C;H4 present a peculiar flow rate trend as a
function of time, showing a shoulder for times higher than 15 minutes. At these reduction times, CH4 and
C2H4 cracking reactions are catalyzed by Fe® particles being produced during the reduction, leading to the
formation of additional H, and active carbon (equation 17). The produced carbon in close contact with iron
oxides can act as an additional iron reducing agent producing CO. CO can reduce again iron oxide producing
more Fe and CO,. When the complete reduction of iron oxides to Fe® has been reached, the formed carbon
is not consumed anymore. Thus it begins to be deposited on the bed particles, inhibiting CH4 and C2H4
cracking reactions. This behavior is visible in the flow rate curves of CH4 and C2H4 concentrations, which are
stabilized to a constant value. The output amounts of CO and CO; are, at this point, regulated by methane
cracking and Boudouard equilibrium reactions.

Furthermore, when the times are higher than 15 minutes, a clear increase of H; and CO; is measured (figure
4 A and figure 4 B) while CO slowly decreases over time (figure 4 C). These results suggest that the
consumption of CHs and C;Hg is strongly related to the degree of the solid bed reduction and, in particular,
to the Fe® formation. The catalytic activity of metallic iron on the CH, cracking reaction is analyzed in different
studies in which a complete CH4 conversion into pure H, and carbon is achieved already at a temperature of
700 °C 4243,

A simplified reaction scheme of the discussed mechanism for the reduction of iron oxides with ethanol is
proposed (figure 5).
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Fig 5: Mechanism proposed by CO iron oxides reduction using ethanol (675 °C, 1 atm).

Looking at the oxidation peaks reported in figure 4, it can be noted that pure hydrogen is obtained only for
reduction times of 7 minutes. This result suggests that the reduction time parameter significantly influences
the composition of the gas mixture due to the occurrence of the coke formation for higher reduction times.
When a reduction time equal to 25 minutes and 9 minutes is used, an increase of CO, and CO flowrate is
registered; the presence of carbonaceous compounds in the oxidation step points out that coke deposition
occurred during the reduction phase is in this step gasified (equation 20). However, using a reduction time
equal to 7 minutes lets to avoid carbon deposition on iron particles, but at the expense of less H, production.
This low H, amount is undoubtedly due to the worse reduction degree of hematite as time decreases.
However, only through an inferior reduction of the solid bed it is possible to obtain a pure flow of H;in the
oxidation phase and, therefore to make possible the use of ethanol to produce H; as a feed for fuel cells.



Table 3 summarizes the volume of species obtained during the oxidation step for the three times of reduction
and the efficiency of the process calculated according to equation 22, where Hy. is the hydrogen measured
from the experimental tests and Hy: is the theoretical value.

E (%) = (Hze/ Hat) *100 (22)

H2: was calculated, hypothesizing that the whole amount of Fe;0s3 loaded was reduced to metallic iron in the
reduction step and then totally oxidized to FesO4in the presence of steam. The volumes of the several species
produced in each test are calculated by integrating the peaks shown in Figure 4.

The results collected in table 3 confirm that, when reduction times of 25 minutes and 9 minutes are used,
carbon deposition occurs. This behavior is also confirmed by the amount of the experimental hydrogen
produced, which exceeds by 4.4% the theoretical maximum hydrogen value (H2,=0.595 L) at a reduction
duration of 25 minutes. Decreasing the reduction time to 7 allows the production of pure H; during the
oxidation step, meaning that coke deposition is negligible. However, hydrogen production was significantly
lower than the theoretical value (process efficiency of 39.33%) since a period of 7 minutes is not enough to
achieve the complete reduction of Fe,03 particles. Considering the adopted operating conditions and the
amount of Fe,0; added, coke deposition is avoided feeding 5 mmolcauson/gre203.

Table 3: Amount of species produced during the first oxidation peak at the operating condition of 675 °C, 1 atm and
different reduction time (25 min, 9 min and 7 min).

t red (Min) Hae (NL) CO (NL) O, (NL) E%

25* 0.621 +0.005 0.058 +0.004 0.015 +0.003 104.40 + 0.50
9% 0.257 +0.005 0.029 +0.012 0.007 +0.010 43.86 +0.50
78 0.210 + 0.069 0.000 0.000 35.29 £ 6.90

* The measurements are repeated three times; dispersion evaluates through semi-dispersion.
§ The measurements are repeated ten times; dispersion evaluates through standard deviation.

Figure 6 shows a typical trend of the molar concentration of the compounds produced in 3 redox cycles using
7 minutes as reduction time. During the reduction steps, the gaseous mixture was mainly constituted by H,,
CO, CH4, CO; and C;H4 traces. In the subsequent oxidation phase, pure H, was always achieved.

25 4

0 20 40 60 80 100 120 140
time (min)

——H2 C02 ——CO0 ——CH4 C2H4

Fig. 6: Molar concentration of the gaseous species produced in the redox cycles (T=675 °C, P=1 atm, t re¢=7 min).

Looking at figure 6, it should be noted that during the reduction step, the peak is reached at the end of the
feeding period. On the contrary, in the oxidation step, the reaching of the hydrogen peak is independent of



the water feeding but depends only on the oxidation state of iron. The H, concentration goes to zero when
iron particles are completely oxidized to Fe30a.

In addition, in the first reduction, the areas of H, and CO peaks are smaller than that in the subsequent
reduction peaks; this because the iron oxide at the beginning of the process is in the form of Fe;0s, which
requires a higher amount of reducing agents to reach the metallic state (Fe®) than that needed for magnetite.
In fact, starting from the first oxidation peak, the restored iron oxide is magnetite.

3.3 INFLUENCE OF MANGANESE DIOXIDE ADDITION IN THE PROCESS EFFICIENCY

The tests carried out so far show that in the proposed configuration system, it is possible to produce pure H,
but with low efficiency. The addition of a compound able to enhance the degree of reduction of the solid bed
avoiding coke deposition can be one of the solutions to improve the H, production.

Tests were carried out, adding different quantities of MnO, powder (10 wt% and 40 wt% with respect to
Fe,05; weight) to investigate the effect of the amount of MnO; on the process efficiency.

The influence of MnO, addition was evaluated during three redox cycles. The amounts of H, produced in the
oxidation step adding different amount of MnO; and in the presence of Fe,03; alone are compared in figure
7 A; in all the oxidation peaks, the amounts of H,, produced with MnQO,, were higher than those obtained
using Fe,0s3 alone. As shown in figure 7 B, with the addition of MnO,, also the process efficiency was
significantly improved at each oxidation cycle. From the comparison of the results obtained, the optimal
amount of MnO; was individuated to be 10 wt%.
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Fig 7: A) Hydrogen produced during three oxidation cycles with and without MnOz2; B) Process efficiency with and without
the catalyst. The measurements are repeated ten times; dispersion evaluates through standard deviation.

In the tests with MnO,, the theoretical produced H; calculations also include the amount of H, produced by
the oxidation of MnO (equation 14). Accordingly, the efficiency was obtained by equation 22, considering the
so calculated theoretical value of H,. This comparison allows us to verify if MnO; is active, as hypothesized,
in the iron oxide reduction or if it only works as iron in the oxidation reactions. According to the literature
data, under the adopted operating conditions, MnO; can be reduced at MnO during the reduction step and
subsequently re-oxidized to Mn,0Os in the oxidation phase #. Assuming that the whole amount of MnO; is
reduced to MnO and then totally oxidized to Mn,0s3, the hydrogen produced by this reaction should be equal
to 0.021 L and 0.082 L for 10 wt% MnO; and 40 wt% of MnO,, respectively. The difference between the H,
produced with and without the addition of MnO, was calculated according to equation 23.

AH; = Hae (Fe203+Mn02) - Hae (Fe203) (23)

Moreover, according to fig. 7 Aand 7 B, it is possible to evaluate that in the tests performed with the addition
of MnQ,, the first and second peaks are more repeatable than the ones obtained only with Fe;0s. In
particular, in these tests, a standard deviation of 0.01 L lower than the only hematite-based bed was



calculated. The third peaks for all the conditions present a higher standard deviation due to the incoming
deactivation of the bed affecting the stability of the process.

As reported in table 4, AH, values were always higher than the maximum hydrogen produced by MnO
oxidation, confirming that MnO. is not only a redox element but also improves the degree of the reduction
of the iron oxides.

Table 4: AHzvalues and process efficiency for experiments with the addition of 10 wt% and 40 wt% of MnOx.

10 wt% MnO, 40 wt% MnO;
N cycles AH; (NL) E (%) AH; (NL) E (%)
Experimental Theoretical Experimental Theoretical
I cycle 0.179 £0.011 0.021 65.49+£5.76 0.103 £ 0.008 0.082 52.60+£4.76
Il cycle 0.195 + 0.004 0.021 71.91+4.95 0.110 + 0.007 0.082 52.94 +4.55
Il cycle 0.103 +0.007 0.021 70.40 £5.28 0.084 +0.002 0.082 57.14 +4.85

The measurements are repeated ten times; dispersion evaluates through standard deviation.

Table 5 collects the main results of the steam iron process obtained by the literature and compares them
with the results of this work. For each study, operating conditions, type of iron-based oxygen carrier, H, yields
and H; purity are reported.

Table 5: Comparison between the H: yield, Hz purity and CO concentration in the Hz stream obtained with different iron
based solid oxides available in the literature.

Solid bed Reducing agent Tests conditions H2 yield max H; purity co Ref
(NL/g solid bed) (%) (ppm)
Fe,03/Al,05/Ce0, Syngas 750 °C - 50 atm 0.159 NA NA 14
Fe;03/A1,03/Ce0, Ethanol Red: 625 °C/700 °C - 1 atm 0.276 NA <10 37
Ox: 500 °C- 1 atm
Iron ores Syngas 750 °C /500 °C -1 atm 0.162 NA <50 45
Fe,03 / m-ZrO, Syngas 600 °C-1atm 0.039 NA NA 46
Fe,0s3 H, 700°C /900 °C -1 atm 0.044 NA NA 7
Fe,03 CcO 780°C-1atm 0.067 NA <25 a8
Fe,03 co 900°C-1atm 0.160 NA NA 49
Fe,03 composite particles Syngas 830°C-1atm NA 99.80 NA 20
Fe;03 + MnO; Ethanol 675°C-1atm 0.244 100.00 <0.2 | This work

The data reported in Table 5 highlights the effectiveness of the reducing power of ethanol in the steam iron
process. With ethanol, high hydrogen yield with high purity is produced at relatively low temperatures range
(625 °C-675 °C) and atmospheric pressure. Hydrogen yields comparable to those obtained in this study were
reported only by Hormilleja et al. 37, which tested the steam iron process using ethanol as a reducing agent
and Fe,03/Al,03/Ce0, as redox solid bed. In the present work, however, the hydrogen stream is pure since
coke deposition is avoided in the reduction step due to the optimization of the reduction duration and the
addition of MnO,.

In order to understand what is the role of MnOy in the process, the amount of the gaseous species produced
during the reduction step in three redox cycle with the addition of 10 wt% MnO; and in the presence of Fe;03
alone are compared (figure 8). As shown in figures 8 A and 8 B, no significant differences in the amount of H,



and CO are relieved; this result is unexpected because even in limited quantities also MnOx consumes
reducing agents in the reduction phase (equation 8-13). In contrast, the addition of MnO, resulted in a lower
amount of CH, and a higher amount of CO, compared to the test performed with Fe,03 alone (figure 8 C and
8 D). Finally, no differences are detected in the ethylene amount produced (figure 8 E).
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Fig 8: Comparison of the amount of the species produced during the reduction step for three redox cycle
with and without 10 wt% of MnO, A) H,; B) CO; C) CO,; D)CHg; E) C;Hs. The measurements are repeated ten
times; dispersion evaluates through standard deviation.



The results collected in figure 8 suggest that in the presence of MnOy, the methane cracking reaction is
enhanced. Several literature studies confirm that at high temperatures, also methane actively participates in
the reduction of MnOx through reactions 17, 25 and 26 %5132,

CH4 <> C +2H, (17)
MnO,+ C & CO + MnO (25)
MnO,+ CHs > MnO + CO + 2H, (26)

As already described for the case of iron oxides, in the MnOy reduction, a central role is played by the
adsorbed active carbon resulting from methane cracking reaction (equation17); MnO are characterized by
greater reticular oxygen mobility than that of iron oxides; the MnOx thus acts as oxygen donor during the
reduction step enhancing the active carbon consumption (equation 25) *1. The adsorbed carbon is oxidized
to CO, obtaining the complete reduction of MnO;to MnO and additional syngas according to (equation 26)
is produced *°. As a consequence, the equilibrium methane cracking reaction is shifted to the right side with
respect to the experiments carried out with the only Fe,0s; the additional carbon and hydrogen produced
can reduce iron oxides according to the simplified scheme already proposed in figure 5.

From the results obtained, it can be concluded that the addition of MnO; improves the reduction grade of
the bed enriching the gas phase in reducing compounds at the expense of methane and avoiding coke
formation at this high grade of reduction too. As shown in figure 8 C, a better reduction of the bed is also
confirmed by a higher quantity of CO; outgoing.

The proposed role of MnO; on the process can also explain why an increased amount of MnO; (40 wt%)
decreases the overall process efficiency. In fact, CHs is already consumed when 10 % of MnO; is used, in the
case of a higher amount of CH, is available for the reduction of MnO; and thus, only a small amount of MnO;
is reduced with the active carbon resulting from the methane cracking reaction, the remaining MnO; particles
are reduced with syngas causing a worse reduction of the Fe. As a consequence, the overall amount of H,
and CO are used to reduce not only the iron oxides but also the additional MnO,, decreasing the synergic
effect of the use of iron and manganese oxides.

The simplified scheme concerning the effect of MnOx addition in the iron oxides reduction is reported in
Figure 9.
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Fig 9: Effect of MnO, addition in iron oxides reduction with ethanol (675 °C, 1 atm).

3.4 STABILITY OF THE SYSTEM IN MULTIREDOX CYCLES

Currently, the research for metal oxides with high reactivity and stability is still the aim of several studies on
the steam-iron process. An experiment with a high number of redox cycles (6 cycles) was conducted to verify



whether the powder mixture tested in this work present also good stability in terms of the production of
pure hydrogen. The test was carried out at the optimal conditions previously identified (Fe,Os+ 10 wt%
l\/anz).
Both the amounts of hydrogen obtained and the process efficiency related to each redox cycle are shown in
table 6.

Table 6: Amounts of Hz produced and process efficiency in 6 redox cycles. Solid bed: 1.59 g Fe203 + 0.16 g MnOz2

N cycles H2 (NL / g solid bed) E (%)
I cycle* 0.222 £0.033 65.5+5.8
Il cycle* 0.244 +0.028 71949
Il cycle* 0.239 +0.026 70446
IV cycle’ 0.229 + 0.009 67.2+1.7
vV cycle® 0.214 + 0.010 63.9+1.8
VI cycle® 0.206 + 0.007 60.5+1.2

*The measurements are repeated ten times; dispersion evaluates through standard deviation.
¥ The measurements are repeated three times; dispersion evaluates through semi-dispersion.

A growing trend of hydrogen produced up to the third cycle is observed, confirming that in every cycle, the
complete reduction of the particles is not achieved; this condition is essential to ensure the high purity of the
hydrogen obtained when ethanol is used as a reducing agent since only with lower reduction grade, the coke
deposition ca be avoided. The results also show that the Fe,03; and MnO, powders do not have high stability
under the operating conditions adopted; the efficiency of the process decreases from the maximum value of
72.27% reached at the third cycle to 60.50% at the sixth cycle. This instability is highly likely to be found in
agglomeration/sintering phenomena of Fe and Mn, which cause a reduction of the reactive surface of the
bed 2. As a result, a smaller amount of magnetite is reduced and therefore, a lower amount of Fe is oxidized.
The instability of the powders used in this work suggests that the presence of inert porous support could be
an effective solution to increase the reactive surface and thus to improve the process stability >3.

4. CONCLUSIONS

The feasibility of using renewable ethanol as a reducing agent in the steam-iron process was demonstrated.
At the adopted operating conditions (T = 675 °C and P = 1 atm), ethanol is completely decomposed in a
gaseous mixture mainly composed of H, and CO with high reducing activity. To successfully use ethanol as a
reducing agent for the production of pure hydrogen, the correct evaluation of the ethanol feeding time is
crucial. At the operating condition used in this work, an amount of ethanol equal to 5 mmolcauson/gre203 (
reduction time of 7 minutes) seems to be the optimal value to avoid coke formation leading, however, to a
low degree of reduction of hematite and, therefore, poor process efficiency. The addition of MnO; has a dual
function in the process: it produces additional hydrogen participating in the redox cycles and increases the
amount of reducing gas, allowing a better reduction of the bed, avoiding coke deposition. The highest H,
yields (0.244 + 0.028 L) and process efficiency (71.9% + 4.9%) were obtained, adding 10 wt% of MnO.. Finally,
the extended duration test (6 redox cycles) shows that the overall process efficiency decreases of 16.28%
and, therefore, that the powders used are not sufficiently stable to be applied on the industrial scale. To
reduce the uncertainty sources of the process, tests with a higher number of cycles should be carried out.
For the first time, the synergic effect of MnO, and Fe,03 was tested in the steam iron process allowing a
doubled value of the efficiency, having anyway a pure hydrogen stream, ideal for PEMFC applications pure
hydrogen stream, ideal for PEMFC applications.

List of abbreviations



PEMFCs Proton-Exchange Membrane Fuel Cells

CLH Chemical Looping Hydrogen

CLC Chemical Looping Combustion

8 solid bed Grams of the solid redox bed (Fe,0; or Fe;03+MnO; )

E (%) Percentage of the efficiency of the process

Hae The amount of hydrogen produced measured in normal liter

Hat Theoretical amount of hydrogen produced by the complete oxidation of the particles

AH, Difference between the amount of hydrogen produced with and without MnO;
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