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f pure hydrogen, carbon dioxide
and nitrogen in a 10 kW fixed-bed chemical looping
system

Sebastian Bock, * Robert Zacharias and Viktor Hacker

The transition of our current carbon-based economy towards a sustainable energy system poses major

challenges for all stakeholders. Harmful carbon dioxide emissions have to be substantially decreased and

even negative emissions are mandatory to avoid a global mean temperature rise above 2 �C unless

stringent regulatory measures are taken within the next decade. Chemical looping is a promising method

to sequestrate pure carbon dioxide from fossil and renewable energy resources within the framework of

carbon capture and storage (CCS) or utilization (CCU) technologies. The presented study demonstrates

the generation of high-purity hydrogen exceeding 99.997% as a zero-emission energy carrier with the

inherent co-generation of pure carbon dioxide (99%) and nitrogen (98.5%) in the largest fixed-bed

chemical looping research system worldwide. The feedstock utilization of up to 60% in the context of

pure hydrogen generation is highly competitive compared to other systems for decentralized hydrogen

generation with the benefit of inherent carbon dioxide sequestration. The use of renewable primary

energy sources as biogas qualifies the process as a negative emission technology (NET) if carbon dioxide

is appropriately utilized.
Introduction

The mitigation of human-caused global warming is one of the
great challenges in the 21st century. Signicant progress in all
energy-related areas must be achieved within the next few
decades including advances in energy efficiency, sustainable
energy technologies and sustainable lifestyle. In a sustainable
energy system, hydrogen will become important as a secondary
energy carrier both in storage and distribution. Nevertheless,
hydrogen as a secondary energy carrier can only contribute to
sustainability if there is emission-free production. At present,
more than 95% of the hydrogen produced comes from fossil
energy sources.1 In addition to electrolysis as a well-known
technology for regenerative hydrogen production from solar,
wind and hydropower, the conversion of biogenic residues for
biogas production can contribute to a future energy system. The
output power of such decentralized biogas plants ranges from
a few hundred kilowatts to several megawatts.2

The biogas produced is a potential energy carrier for future
hydrogen production. For the conversion of biogas into
hydrogen, various technology options are currently proposed
and demonstrated, such as dry reforming, autothermal
reforming or membrane reforming.3–6 In addition to the
importance of allocating renewable energy sources, carbon
capture and storage (CCS) technologies and so-called negative
hemical Engineering and Environmental
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emission technologies, which bind atmospheric carbon
dioxide, are also seen as important pillars to limit the global
temperature rise.

According to the COP21 commitment and targets of the
international panel on climate change (IPCC), carbon capture
and storage (CCS) and carbon capture and utilization (CCU)
technologies are expected to play an important role in allevi-
ating harmful greenhouse gas emissions and to limit the mean
global temperature rise to 2 �C. IPCC models associated with
more than an even chance of accomplishing the 2 �C target are
characterized by a cumulative carbon dioxide storage capacity
of 800–3000 GtCO2

by the end of the century.7 A highly recom-
mended review of CCS was presented by Bui et al.7 Several
authors contributed to the comprehensive review on potential
technologies and critically discussed the role carbon capture
and storage technologies can play within a future sustainable
energy system. They conclude that most integrated assessment
models for global warming cannot nd a solution to limit the
global temperature rise to below 2 �C without the integration of
carbon capture and storage technologies. Several post-
combustion technologies are already in demonstration for
carbon dioxide sequestration such as liquid-phase absorption,
adsorption or calcium looping. Chemical looping is a promising
next-generation carbon capture technology for power and heat
generation with inherent carbon dioxide sequestration for fossil
feedstocks and even a negative emission technology (NET), if
energy is supplied from renewable energy sources.8,9
Sustainable Energy Fuels, 2020, 4, 1417–1426 | 1417
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Chemical looping is based on the ability of several metal
oxides to oxidize gaseous or solid fuels by reducing the lattice
oxygen itself. The regeneration of the oxygen carrier is
commonly performed with ambient air to restore the initial
oxidation state. This process extracts the heat of combustion
from the fuel, while separately oxidizing the fuel and
consuming oxygen from ambient air to sequestrate a pure,
undiluted carbon dioxide stream as product gas.

Chemical looping with iron-based oxygen carriers, oen
referred to as chemical looping hydrogen (CLH), chemical
looping with water–gas shi reaction (CLWGS) or the steam–

iron process (SIP) is a promisingmethod to generate high-purity
hydrogen. In this process, air as an oxidizing medium is
substituted with steam, and hence hydrogen is generated by the
reoxidation of the metal oxide. Several layouts of chemical
looping systems with a focus on hydrogen production are sug-
gested in uidized, moving and xed-bed operation.10,11 The
advantage of the xed-bed scheme compared to moving or
uidized beds lies in the simple and compact process layout,
which is especially benecial for small-scale applications.
Hacker et al. included a steam reformer and a xed-bed
chemical looping section within a single reactor, which
enables concurrent hydrogen production and purication12,13

with an efficiency of up to 73% according to thermodynamic
studies.14 Based on this scheme, a 10 kW lab system was pre-
sented by our research group for the conversion of methane and
synthetic biogas with a capacity of up to 20 kg oxygen carrier in
combination with an upstream steam reformer for syngas
generation15,16 (see Fig. 1).

In the rst process step, the reduction phase, a carbonaceous
feed is converted into a synthesis gas by a steam- and dry-
reforming reaction (eqn (1)–(3)) in the reformer section.
According to previous studies, an oxidative to reductive species
Fig. 1 Schematic representation of the experimental setup and the fixed

1418 | Sustainable Energy Fuels, 2020, 4, 1417–1426
ratio (O/R ratio) was dened analogous to the S/C ratio for steam
reforming as the proportion of oxidative compounds (H2O and
CO2) to reductive compounds (CH4) in the reforming reaction
(eqn (4)).

CH4 + CO2 / 2CO + 2H2, DHR,1073 K ¼ 259.3 kJ mol�1 (1)

CH4 + H2O / CO + 3H2, DHR,1073 K ¼ 225.2 kJ mol�1 (2)

CO + H2O / CO2 + H2, DHR,1073 K ¼ �34.1 kJ mol�1 (3)

O=R ratio ¼ ½H2O� þ ½CO2�
½CH4�

�
mol mol�1

�
(4)

3Fe2O3 + H2/CO / 2Fe3O4 + H2O/CO2,

DHR,1073 K ¼ �6.7/�40.9 kJ mol�1 (5)

Fe3O4 + H2/CO / 3FeO + H2O/CO2,

DHR,1073 K ¼ 46.7/12.6 kJ mol�1 (6)

FeO + H2/CO / Fe + H2O/CO2,

DHR,1073 K ¼ 17.2/�16.8 kJ mol�1 (7)

4Fe3O4 + O2 / 6Fe2O3, DHR,1073 K ¼ �482.9 kJ mol�1 (8)

The generated syngas reduces the iron(III) oxide present in
the oxygen carrier in the rst step to iron(II,III) oxide and
subsequently to iron(II) oxide and elemental iron according to
eqn (5)–(7). The thermodynamic equilibrium of iron(III) oxide
reduction enables the full conversion of the syngas that is fed in
and thus a pure carbon dioxide stream is produced as dry lean
gas in the reduction phase. The subsequent reduction of
iron(II,III) oxide only partly converts the syngas and thus leads to
considerable amounts of excess carbon monoxide and
hydrogen in the lean gas stream.
-bed chemical looping system.

This journal is © The Royal Society of Chemistry 2020
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In the second process step, the steam oxidation phase,
elemental iron and iron(II) oxide are reoxidized to iron(II,III)
oxide by steam and hydrogen is released by the reverse reactions
of eqn (6) and (7).

In the third process step, the air oxidation phase, the full
oxidation state (iron(III) oxide) is restored by oxidation with
oxygen e.g. from ambient air. This is not a prerequisite for
hydrogen production, but it enables the full oxidation of the
carbonaceous feed in the subsequent reduction phase and thus
the possibility of carbon dioxide sequestration.

CO / 0.5Cs + 0.5CO2, DHR,298 K ¼ �86.2 kJ mol�1 (9)

CH4 / Cs + 2H2, DHR,298 K ¼ 74.6 kJ mol�1 (10)

It is crucial to avoid solid carbon deposition during the
reduction phase to ensure the purity of the product gases, as
solid carbon is reoxidized in the steam and air oxidation phase
and causes the occurrence of carbon monoxide and carbon
dioxide impurities. The underlying thermodynamic equilib-
rium for carbon formation is described by the Boudouard and
the direct methane decomposition reaction (eqn (9) and (10)),
which are favored at temperatures below 700–750 �C and above
900–950 �C, respectively. However, a low O/R ratio is necessary
to attain highly reactive syngas for the reduction of iron oxides,
although through the high carbon monoxide share in the
syngas the carbon deposition is more likely. According to recent
studies, a minimum amount of excess steam has to be co-fed to
avoid harmful carbon deposition.16,17

In recent years, various studies have been presented on the
conversion of different fossil and bio-based raw materials to
hydrogen using chemical looping in small scale lab systems and
great efforts have been made to enhance the material lifetime
and kinetics.10,11,18 Several research groups also demonstrated
the utilization of chemical looping processes for hydrogen
generation with inherent carbon dioxide sequestration from
fossils as gasied coal, methane or renewables as gasied bio-
oils in enlarged systems, most of them in uidized bed opera-
tion. The following is an overview of relevant research activities
on kW-scale chemical looping systems with hydrogen produc-
tion and carbon dioxide sequestration.

Bohn et al. demonstrated the feasibility of hydrogen gener-
ation and carbon dioxide sequestration in a xed-bed micro-
reactor and generated pure hydrogen from a synthetic gas
mixture of carbon monoxide and carbon dioxide.19 In order to
avoid the energy intensive compression of gaseous hydrogen,
several authors presented the hydrogen production from xed-
bed chemical looping with a release pressure up to 100 bar,
indicating purity levels of up to 99.99%.20–22 Based on these
results, Zacharias et al. demonstrated the generation of pure,
pre-pressurized hydrogen with a release pressure of 20–25 bar
and inherent carbon dioxide sequestration from synthetic gases
in amicro-reactor.22However, the attained hydrogen quality was
too low for fuel cell applications (91.9–99.3%).

Only a few authors presented experimental studies on
chemical looping hydrogen production with inherent carbon
dioxide capture in the kW-range. At Ohio State University, a 25
This journal is © The Royal Society of Chemistry 2020
kW sub-pilot plant and a 250 kW pilot plant were tested for their
ability to produce pure hydrogen. Both plants incorporate
a moving-bed reducer and steam oxidizer and an entrained bed
riser for air oxidation. Sridhar et al.23 presented preliminary
tests on hydrogen generation with the 25 kW sub-pilot plant
and a synthetic gas feed (10 NL min�1 CO and 5 NL min�1 H2)
resulting in a hydrogen purity of 94.5% in a steady state. The
carbon dioxide purity was given as 99.5%. Tong et al.24 extended
the experimental evaluation and presented a 300 hour long-
term operation with a typical hydrogen purity of 95–99.67%
and a peak purity of 99.99%. Neither of these authors, however,
provided sufficient data to estimate the process efficiency or
feedstock utilization for hydrogen generation.

Hsieh et al.25 presented a 250 kWth pilot-plant based on the
above mentioned 25 kW sub pilot plant and investigated the
capability for hydrogen generation. Low oxygen carrier conver-
sion was attained when the system was operated with inherent
carbon dioxide capture, which in turn led to a low hydrogen
output. Further experiments without carbon dioxide seques-
tration resulted in a higher oxygen carrier conversion and
a hydrogen output ow of 60 mol h�1 (�4.7 kWHHV, 99%
hydrogen purity) from a syngas feed of 150 kWHHV. The overall
syngas conversion was 65%, and thus no pure carbon dioxide
stream was sequestrated. The results show a very low feedstock
utilization of hH2

¼ 0.03 (according to eqn (12)) for hydrogen
production, although no carbon dioxide was sequestrated.

Rydén and Arjmand26 from the Chalmers University of
Technology published the operation of a uidized bed system
for hydrogen generation. 0.2 kWHHV hydrogen was produced
from a synthetic gas mixture, but no specic data are given for
the purity of hydrogen. From the experiments, a feedstock
utilization according to eqn (12) of about hH2

¼ 0.60 was
calculated. Carbon dioxide sequestration was only attained for
a short period at the process start, as the systemwas designed as
a two-compartment chemical looping system, and thus the
stable syngas conversion dropped to between 67 and 81%.

Zeng et al. from Southeast University in Nanjing investigated
the conversion of a non-aqueous phase bio-oil for hydrogen
generation in a dual uidized bed system.27 According to data
for the bio oil feed and the hydrogen output, the efficiency
varied between 17% (98% purity) and 30% (84% purity). The
system had a hydrogen output of up to 0.3 kWHHV.

Cho et al. from the Korea Institute of Energy Research pre-
sented the continuous operation of chemical looping for
hydrogen production from methane in a three-compartment
uidized bed system.28 The hydrogen product gas had a purity
of 99.15–99.95% with an output power of 0.1 kWHHV, resulting
in a feedstock utilization of about hH2

¼ 0.6. The fuel conversion
related to methane as feedstock was given as 94.15%, with the
result that no pure carbon dioxide stream was sequestrated.

In conclusion, several authors investigated systems for
hydrogen generation with at least 1 kW fuel input. In most
cases, a hydrogen purity between 95 and 99.99% is not sufficient
for low-temperature fuel cell applications. The carbon dioxide
composition from the reduction step is generally in between 95
and 99.5%. With higher feedstock conversion in the reduction
phase and thus a higher carbon dioxide purity, the hydrogen
Sustainable Energy Fuels, 2020, 4, 1417–1426 | 1419
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generation efficiency generally decreases.25,28 The experimental
data, however, oen lack explicit data to estimate the process
efficiency of hydrogen generation, the carbon dioxide and
hydrogen product gas composition and/or additional data such
as the internal temperature distribution. None of the authors
considered pure nitrogen from the air oxidation reactor as
valuable product gas; furthermore all of the presented systems
with above 0.1 kW output power were designed as moving or
uidized bed systems.

Based on the state of the art presented in literature reviews,
the focus of the present study was placed on the following
points: the chemical looping process in a xed bed congura-
tion is assumed to be capable of co-producing high-purity
hydrogen, pure carbon dioxide and nitrogen but has not been
investigated in the kW-range so far. The focus of the investi-
gation was to determine (i) the potential feedstock utilization,
(ii) the attainable product gas purity for hydrogen, carbon
dioxide and nitrogen with respect to carbonaceous impurities in
the single-digit ppm-range and (iii) the heat distribution in
a large-scale xed-bed chemical looping research reactor as
basis for future design approaches.

The utilization of both fossil and renewable feedstocks is
possible to either produce hydrogen as a secondary energy
carrier, while inherently sequestrating carbon dioxide for CCS
or CCU from fossil resources, or even represents a negative
emission technology by using renewable feedstocks for bio-
energy carbon capture and storage (BECCS). Based on previous
ndings,15,16 the impact of two synthetic biogas compositions
and methane as feedstock on the process applicability was
determined. The experimental study was performed in the
largest 10 kW xed-bed chemical looping research system
currently available worldwide.
Experimental

The experimental study was carried out in a xed-bed chemical
looping system. The system consists of a reformer section
comprising a commercial steam reforming catalyst (3 kg) and
a chemical looping section with an iron-based oxygen carrier
material (15 kg). Both are situated in a common reactor tube (di
¼ 124 mm; L ¼ 1800 mm). The pelletized oxygen carrier mate-
rial (d ¼ 1–3 mm) consists of commercial iron oxide (Fe2O3,
80 wt%) and aluminum oxide (Al2O3, bal.) as an inert material.
An external electric furnace with multiple separately controlled
heating sections maintains the process temperature in the
reactor system. Thermocouples were introduced through side
tubes to measure the temperature distribution in the reactor
system. In order to avoid carbon formation in cold zones,
nitrogen was applied to these side tubes as purge gas ( _VN2,tot ¼ 5
NL min�1).

The feed gas composition was adjusted with thermal mass
ow controllers (Bronkhorst High-Tech). Steam was fed using
a direct evaporator system (ADrop DV-3) with a liquid ow
controller (Bronkhorst High-Tech), mixed with methane and
heated to 200 �C in an integrated superheater. An inert pre-
heating bed consisting of SiO2 (1/800 pellets, Alfa Aesar) at both
1420 | Sustainable Energy Fuels, 2020, 4, 1417–1426
ends of the reactor preheats the feed gases to the respective
process temperature.

The product gas conditioning system consists of a condenser
and a demister for cooling and drying the exhaust gases. The
exhaust gas ow was continuously measured with a bellows-
type gas meter (Ritter BG4).

The gas composition was determined with a m-GC down-
stream of the gas conditioning in the rst tests (cycles 1–10).
However, the analytical results, especially in the oxidation
phase, were signicantly inuenced by gaseous residues in the
product gas conditioning system from incomplete purging aer
the reduction phase. For this reason, the sampling system for
cycles 10–20 was modied to exclude the inuence of the
product gas conditioning system: a sample gas ow (1–5
NL min�1) was taken with a membrane pump before the
product gas conditioning and then cooled to 4 �C with a sample
gas cooler (ABB). Furthermore, this measure resulted in
a signicantly enhanced response of the gas analysis system to
the varying product gas composition.

The m-GC (Incon Fusion) was equipped with a 10 m
molecular sieve column, a 12 m PoraPlot Q column and
a separate mole sieve module for the detection of CO and CH4 in
the ppm-range. The detection limit was 3 ppm for CO2, CO and
CH4 and 100 ppm for O2 and H2. Determined trace gas amounts
below the respective detection limit are not shown in the cor-
responding diagrams to avoid confusion for the reader, as they
would have to be shown either with the respective detection
limit or as a zero value, both of which could lead to misinter-
pretation by the reader.

The gas quality of the product gases nitrogen and synthetic
air was chosen according to the experimental detection limits
for CO2 (<2 ppm), CO (<2 ppm) and total hydrocarbons (<0.2
ppm). Methane had a gas quality of N25 with total impurities of
air, CO2 and total hydrocarbons below 5000 ppm. The total
carbon amount of the high-purity water for steam generation
was 0.096 mg L�1.

Each experiment (cycle) consisted of three phases:
(1) In the reduction phase, the fuel gas was converted into

a synthesis gas in the reformer section. The oxygen carrier
(Fe2O3) was subsequently reduced in the downstream chemical
looping section to iron oxides (Fe3O4 and FeO) or iron (Fe),
depending on the reduction progress. Therefore, the syngas was
oxidized to steam and carbon dioxide as long as a sufficient
amount of Fe2O3 is present in the reactor. The reduction was
performed until the concentration of carbon monoxide in the
dry product gas exceeded 1%, according to Zacharias et al.,22 to
obtain a pure carbon dioxide stream as product gas.

(2) In the steam oxidation phase, steam (24 g min�1) was fed
into the chemical looping section and oxidized the reduced iron
oxide (FeO) and iron, resulting in the formation of hydrogen.
The reformer section was bypassed to minimize gas contami-
nation by the reoxidation of solid carbon in the reformer. The
reoxidation was carried out until complete oxygen carrier
conversion to Fe3O4 was achieved.

(3) In the air oxidation phase, synthetic air (21% oxygen, 79%
nitrogen, and 20 NL min�1) was fed into the system to complete
the reoxidation of the iron oxide material from Fe3O4 to Fe2O3.
This journal is © The Royal Society of Chemistry 2020
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As long as sufficient Fe3O4 is present, a pure nitrogen stream is
attained as product gas.

Throughout the experiments, the reactor wall temperature
was set to 880 �C for the reformer section and to 800 �C for the
chemical looping section. During reduction and steam oxida-
tion phases, nitrogen was supplied as an internal standard
along with the feed gas (5 NLmin�1) and through the side pipes
(5 NL min�1). In the air oxidation phase, only the reformer
section was continuously purged with nitrogen (6 NL min�1) in
order to prevent the harmful reoxidation of the nickel-based
reformer catalyst with excess oxygen.

Gas residues were removed between the experimental phases
by reactor evacuation with a vacuum pump (nine evacuations,
0.2 bar(a)). Simultaneously the downstream off gas treatment
system was purged with nitrogen to exclude gas remains in the
gas sampling system.

According to previous experimental investigations,15,16 three
different gas mixtures were specied as a reducible gas feed
(Table 1). The rst composition represented a typical steam
reforming feed gas comprising methane and steam with an S/C
ratio of 1.2 (¼O/R ratio). The second and third represented
biogas compositions with 80% and 50% CH4 respectively and
carbon dioxide (bal.). For both, steam was co-fed to ascertain an
O/R ratio of 1.2 and 1.6, respectively, in line with a previous
experimental series to avoid severe carbon formation (Table 1).

Although the applied reformer catalyst was not explicitly
proposed for dry reforming, the results of preliminary reformer
tests are comparable to the expected thermodynamic equilib-
rium. The feed gas ow was dened according to a preliminary
reformer test, to ensure a methane conversion of more than
85% for all operating points. For future industrial applications
separate reformer catalyst characterization is suggested to
ascertain the suitability for the respective feedstock. However,
the performance of these tests was outside the scope of the
study.

Two process parameters, the steam ratio and the carbon
dioxide ratio (see eqn (11) and (12)), characterize the gas–solid
equilibrium of iron oxide reduction and oxidation according to
the Bauer–Glaessner diagram.12 All variables for the carbon
dioxide ratio were determined by the gas analysis system,
whereas the amount of steam was calculated from the hydrogen
mole balance, and the steam ratio was thus more inaccurate.

XH2O ¼ ½H2O�
½H2 þH2O�

�
mol mol�1

�
(11)

XCO2
¼ ½CO2�

½CO2 þ CO�
�
mol mol�1

�
(12)
Table 1 Operating points studied in the experimental series

Feed gas CH4, NL min�1 CO2, NL min

1 9 —
2 9 2.25
3 9 9

This journal is © The Royal Society of Chemistry 2020
Thermodynamic calculations for the system heat balance
were performed with ASPEN Plus v8.4 with the Peng–Robinson
EOS by minimizing the Gibbs free energy and HSC Chemistry
5.1.
Experimental results

The scope of this study was to demonstrate the feasibility of
generating pure streams of carbon dioxide, hydrogen and
nitrogen in a xed-bed chemical looping lab system on an
industrially relevant scale. First, the results of a standard exper-
iment are presented. Subsequently potential improvements are
determined by describing the inuence of specic process
parameters on the product gas purity and system behavior.
Furthermore, the thermal behavior of such a system is described.

The general system behavior and the attainable product gas
purity were determined by conducting several experiments in
accordance with the procedure presented in the Experimental
section. The results are divided into (i) carbon dioxide produc-
tion in the reduction phase, (ii) hydrogen production in the
steam oxidation phase and (iii) nitrogen production in the air
oxidation phase.

In the reduction phase, syngas from an upstream steam
reformer, primarily comprising hydrogen, carbon monoxide
and methane as reducible compounds, was oxidized by lattice
oxygen from the iron-based oxygen carrier. In the course of this,
a full conversion of the syngas to carbon dioxide and steam was
attained and only minor levels of carbon monoxide below
100 ppm were detected for as long as a sufficient amount of
lattice oxygen from the present iron(III) oxide was available (see
Fig. 2). Aer a certain time, the conversion of the syngas
decreased and in accordance with the experimental procedure,
the reduction was aborted if more than 1% carbon monoxide
was detected by the gas analysis system.

The resulting mean carbon dioxide purity was between 98.5
and 99.2% calculated from at least two experiments performed
for each fuel composition. A standard deviation of �0.6% (abs.)
was calculated for the feed gas composition 2 from four per-
formed cycles. Methane was present as the main impurity
accounting for about 97–99% (typ.) of the total impurities for all
operating points. The great share of methane in the carbon
dioxide product gas is caused by a relatively low methane
conversion in the reformer accounting for 2–3% of the dry
reformer gas. However, excess methane was completely con-
verted by the iron(III) oxide at the beginning of the reduction
phase (see Fig. 2) as methane was below the detection limit of
3 ppm, but rose constantly within the reduction phase up to
about 2–4% of the product gas stream. Carbon monoxide and
hydrogen were almost completely converted since only small
�1 H2O, g min�1 (NL min�1) O/R, —

8.8 (10.95) 1.2
6.8 (8.46) 1.2
4.3 (5.35) 1.6
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Fig. 2 Representative carbon dioxide product gas flow in the reduc-
tion phase (cycle 3, feed gas 2, and excl. nitrogen) with trace gas
compounds H2, CO and CH4 (top) and mean carbon dioxide purity for
different feed gases (bottom). Trace gas concentrations below the
respective detection limits for H2 (<100 ppm, before min. 15) and CO/
CH4 (<3 ppm, before min 4) are not displayed.

Fig. 3 Representative hydrogen product gas flow in the steam
oxidation phase (feed gas 2 and excl. nitrogen) with trace gas
compounds for cycle 3 (thin dashed) and cycle 13 (thick solid) (top).
Hydrogen purity for different feed gas compositions in cycles 12–14
(bottom).
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amounts below 100 ppmCOwere present in the product gas until
a distinct increase became visible towards the end of the cycle.

Aer completion of every reduction, steam oxidation and air
oxidation, the reactor was evacuated in order to remove gaseous
residues for the respective subsequent phase. The reactor tube
was evacuated nine times to 0.2 bar(a), while the off-gas
conditioning system was purged with nitrogen. Aer the evac-
uation, only 0.512 ppm (¼0.29) of the initial gases have
remained in the reactor tube. However, a signicant amount of
carbon dioxide (200–500 ppm typ.) was still found in the
purging gas before starting the oxidation phase as a result of
signicant gas remnants in the gas conditioning system.

In the steam oxidation phase, elemental iron and iron(II) oxide
within the partly reduced oxygen carrier are reoxidized to
iron(II,III) oxide by steam and hydrogen is produced as oxygen
atoms bond to the metal lattice. Higher oxidation stages of
iron(II,III) oxide and iron(III) oxide should not be affected by the
steam oxidation but do not contribute to the hydrogen
production either.

A representative product gas from the oxidation phase
(cycles 3 and 13) and the respective trace gas compounds are
presented in Fig. 3. The hydrogen ow in cycle 3 (dashed lines)
rose continuously and levelled at about 20 NL min�1. The slow
increase of the hydrogen output in cycle 3 is attributed to the
response time of the direct evaporator, as the liquid water feed
was set and it took some time until a steady state was reached.
1422 | Sustainable Energy Fuels, 2020, 4, 1417–1426
Hence, in the subsequent cycles (see cycle 13, solid lines) the
evaporator was rst initialized to a steady state bypassing the
reactor, which caused different characteristics of the product
gas ow. However, in both cycles, a steady-state steam conver-
sion of 66–74% was attained with respect to a feed gas ow of
24.2 g min�1 (30 NLmin�1), which is consistent with the Bauer–
Glaessner diagram and previous experimental series.15,16

Carbon monoxide and carbon dioxide were found as trace
gas compounds in the product gas, and methane was success-
fully excluded by the evacuation of the reactor system before-
hand. In the rst experimental cycles (cycles 1–10), relatively
high gas remnants were still present in the product gas condi-
tioning system aer the purging phase. This in turn had
a negative effect on the determined gas quality in the oxidation
phase (as presented in Fig. 3, cycle 3), since the gas composition
was analyzed with the m-GC downstream of the product gas
conditioning system in cycles 1–10 (Fig. 1, “m-GC cycles 1–10”).

Accordingly, an improved sampling system withdrew
a separate sample gas stream directly aer the reactor outlet as
presented in the experimental section (Fig. 1, gas analysis
system), which led to a signicant enhancement of the analytic
quality, which was not further inuenced by remnant gases in
the gas conditioning system. A membrane pump drew
a continuous gas sample immediately aer the reactor outlet
preceding the off-gas conditioning system. The detected
product gas quality increased signicantly with this new
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Representative nitrogen product gas flow in the air oxidation
phase (cycle 3, feed gas 2, and excl. purging gas) with trace gas
compounds (top) and mean nitrogen purity concerning carbonaceous
compounds for different feed gas compositions (bottom). Trace gas
concentrations which were below the respective detection limit for
CO2 (intermediate points in the graph) are not presented.
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sampling system, resulting in a superior hydrogen quality
between 99.996 and 99.999% with a carbon dioxide content
below 30 ppm and carbon monoxide and methane below the
respective detection limits of �2 ppm (see Fig. 3, cycle 13).

In the air oxidation phase, remaining iron(II,III) oxide formed
in the steam oxidation phase was oxidized to iron(III) oxide to re-
establish the ability of carbon dioxide sequestration in the
subsequent cycle. In the course of the experiment, it was
important to permanently purge the reformer with nitrogen to
avoid harmful oxidation of the nickel-based reformer catalyst.
The air oxidation started with an air feed gas ow of 20
NL min�1 until excess oxygen was detected in the product gas;
aerwards the feed gas ow was lowered to 5 NL min�1 to
minimize backmixing of excess oxygen in the reformer section.
Pure nitrogen as product gas was only attained while the reac-
tivity of the iron(II,III) oxide was high enough to establish a full
conversion of gaseous oxygen.

The total amount of pure nitrogen as product gas from the
air oxidation phase was about 800 NL for all experiments.
Throughout the air oxidation the only contaminant determined
in the product gas was carbon dioxide with values consistently
below 10 ppm. It was likely that this originated from reoxidation
of solid carbon residues in the system. The mean quality of the
nitrogen produced was about 99.999% considering carbona-
ceous impurities. However, it is important to remind the reader
This journal is © The Royal Society of Chemistry 2020
that the detection limit for oxygen was about 100 ppm, with the
result that very low amounts of oxygen could not be detected.

The chemical looping process with cyclic reduction and
oxidation of iron oxides includes several strongly exothermic
and endothermic reactions (see eqn (5)–(8)). Although the
thermal behavior is not the primary scope of this publication,
the presented system is currently the largest xed-bed chemical
looping system with an inner reactor diameter of 124 mm.
Hence the thermal behavior gives important hints on the heat
distribution e.g. for research on oxygen carrier development or
future industrial implementations.

Three pair of thermocouples were situated in the reactor, two
about 50 mm before the upper and lower ends of the oxygen
carrier bed and one in the middle. The reduction and steam
oxidation reactions in the experiments had only minor inu-
ences on the bed temperature, although in both phases the
clear inuence of the reaction front is visible. Unexpectedly, the
temperature in the oxygen carrier bed rose in the reduction
phase. This may be caused by the exothermic reduction of
iron(III) oxide to iron (II,III) oxide or iron(II,III) oxide to elemental
iron with carbon monoxide.

In the air oxidation phase, the strongly exothermic oxidation
reaction leads to a distinct increase in the oxygen carrier bed
temperature. The thermocouple situated in the middle of the
reactor was the most representative because of the uniform heat
distribution up- and downstream. The fast kinetics of the reac-
tion of iron(II,II) oxide to iron(III) oxide with oxygen led to a steep
temperature increase from 800 �C to 1300 �C with a gradient of
up to 200 �C min�1. This is an order of magnitude higher
compared to the steam oxidation in earlier experiments.15,16 The
temperature gradient on top of the reactor near the gas outlet
was signicantly lower but showed a broader peak, caused by
a lowered gas feed of 5 NL min�1 (before: 20 NL min�1).

Discussion

In the reduction phase, the carbon dioxide product gas stream
had a purity of 98–99% and no signicant difference was found
between the operating points. Methane was the main contam-
inant with about 98%, whereas carbonmonoxide and hydrogen,
which contributed by approx. 1% each to the total impurities,
were almost completely converted. The latter two accounted for
an absolute amount of 100 ppm each in the reduction phase
until a distinct increase marked the end of iron(III) oxide
conversion (see Fig. 2). However, the methane content rose
steadily to about 2–4%. Therefore, an additional experiment
with half of the feed gas ow and gas composition 1 was per-
formed. Compared to former experiments, the carbon dioxide
purity increased from 98.2% to 99.1%. Consequently,
increasing the conversion of hydrocarbons in the feed gas
stream in order to attain a preferred gas composition of solely
carbon monoxide and hydrogen has benecial effects.

The carbon dioxide purity level obtained is similar to the
results presented for uidized and moving-bed systems with
a comparable hydrogen output in the kW-range (95–99.5%) as
discussed in the Introduction. However, some research groups
investigated synthetic gases which comprised solely carbon
Sustainable Energy Fuels, 2020, 4, 1417–1426 | 1423
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Fig. 5 Temperature trend of the oxygen carrier bed in reduction,
steam oxidation and oxidation phases (cycle 3 and feed gas 2)
measured on the axis (dashed line) and at radius 30 mm (R30, solid).

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 7

:5
6:

58
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
monoxide and hydrogen,23,26 whereas from the results it is noticed
that the product gas purity is especially critical for unconverted
methane as the main impurity. A higher thermodynamic
conversion of methane in the reformer and thus a higher product
gas purity are possible with increased process temperatures of
above 800 �C. In addition, a higher amount of excess steam
reduces the amount of unconverted methane, but in the long run
leads to a lower hydrogen output in the oxidation phase.

The results presented in this study show that a carbon
dioxide purity of up to 99.99% for a suitable feed gas is feasible.
However, the purity of the carbon dioxide attained in the
experiments is sufficient for transport and permanent storage
applications, as carbon dioxide purities of 95% are typically
discussed for CCS.7

hH2
¼ nðH2; prodÞ �HHVH2

nðH2; consÞ �HHVCH4

½ ��� � (13)

In the next process step, the steam oxidation phase, hydrogen
is generated by conversion of the reduced iron(II) oxide and
elemental iron to iron(II,III) oxide. The efficiency of hydrogen
generation was quantied by a utilization factor hH2

, considering
the higher heating value of hydrogen as the valuable product with
regard to the higher heating value of methane as the valuable
feed (eqn (13)). As presented in Fig. 6, the highest hydrogen yield
was attained in the rst two cycles for feed gases with a low O/R
ratio of 1.2 (gas compositions 1 and 2). The efficiency was
generally lower with a higher O/R ratio of 1.6 (gas composition 3).
Apparently, the utilization factor for hydrogen generation
decreased over time for all gas compositions. The reason for this
is likely to be decreasing reactivity, as the oxygen carrier is a very
basic dry-mixed material which typically exhibits a signicant
activity decrease in xed-bed lifetime tests within the rst few
cycles transitioning to a reasonably steady conversion, as pre-
sented in former publications.15 However, it is likely that a stable
utilization factor of 0.55–0.6 or higher will be attained with
a more sophisticated oxygen carrier.

In the rst cycles (1–11), the hydrogen gas purity was
between 99.9 and 99.99% with carbon dioxide (90% rel.) and
carbon monoxide (10% rel.) as the only gas impurities, deter-
mined by a micro-GC downstream the gas conditioning system.
However, gas remnants from the incomplete purging of the gas
conditioning system dominated the achieved results, especially
in the oxidation phase. Accordingly, an improved gas sampling
system was installed as presented in the Experimental section.
The attained results with the improved gas analysis system
exhibited a superior hydrogen product gas purity of above
99.996% for all operating points (cycles 12–15). Carbon dioxide
was the only contaminant determined in the product gas, and
carbon monoxide was below the detection limit of 2 ppm
throughout the experiments. This result is consistent with
previous studies on hydrogen production without carbon
dioxide sequestration15,16 and signicantly exceeds the results
presented from synthetic gas mixtures in amicro-reactor system
presented by Zacharias et al.22

The results suggest that a combined reformer and chemical
looping reactor is advantageous, since low temperature areas
1424 | Sustainable Energy Fuels, 2020, 4, 1417–1426
are avoided for the reformate gas with a high carbon monoxide
content. The results also show that at a low O/R ratio of 1.2,
strong carbon deposition was avoided and a pure hydrogen
product gas stream was achieved.

Compared to results presented by other research groups, the
hydrogen quality is one to three orders of magnitude higher and
sufficient for use in low-temperature fuel cell applications. The
syngas utilization was hH2

¼ 50–60% and lies in the upper range
of the studies. For industrial implementation the heat integra-
tion must be taken into account, since a certain amount of heat
is required for the strongly endothermic steam reforming
reaction, which may be derived from the strongly exothermic air
oxidation reaction (see Fig. 5).

In the air oxidation phase, about 800 NL of pure nitrogen
were attained until a distinct breakthrough of oxygen in the
xed-bed was recognized. Carbon dioxide was identied as the
only impurity with values almost entirely below 10 ppm. Oxygen
was below the detection limit of 100 ppm until the distinct
breakthrough aer about 60minutes occurred (see Fig. 4). From
the results, a nitrogen purity of at least 99.99% considering all
impurities and 99.999% considering carbonaceous impurities
is likely. For industrial applications, however, ambient air is
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Utilization factor of hydrogen production from methane and
respective gas purity. The respective cycle number is displayed as
a number in the annotations.
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applied and hence the nitrogen quality decreases to about
98.5% considering 400 ppm carbon dioxide and 0.93% argon in
ambient air. This may inuence applications where a very high
gas purity is required, but the gas may still be applied e.g. as
protective gas in industrial processes or for food packaging, as
long as other prerequisites are met.

A nal question which arose was whether carbon dioxide
sequestration in the reduction phase has a negative impact on the
feedstock utilization for hydrogen generation, as the reduction of
iron(III) oxide to iron (II,II) oxide may compete with a further
conversion to iron(II) oxide and elemental iron. This would
consequently lead to a lower hydrogen output and thus a lower
feedstock utilization. The impact was determined by a compar-
ison of two experimental cycles, where (i) the rst one started
from iron(III) oxide with a reduction and steam oxidation step and
thus (ii) the following cycle started from iron(II,III) oxide. The
duration of the reduction phase was set to 60 minutes.

The conversion of the syngas was characterized by the carbon
dioxide ratio according to eqn (11) presented in Fig. 7. The
difference is clearly visible, as also the area of carbon dioxide
sequestration in the rst 20 min if the reduction phase starts
from iron(III) oxide. In the subsequent oxidation phase the total
amount of hydrogen was comparable for both cycles, charac-
terized by a utilization ratio of hH2

¼ 0.527 starting from iron(III)
oxide and hH2

¼ 0.511 starting from iron(II,III) oxide. That said,
the carbon dioxide sequestration which is obtained by the
Fig. 7 Carbon dioxide ratio in the reduction phase starting from
iron(III) oxide (solid) and without iron(II,III) oxide (hollow) for a fixed
reduction time of 60 minutes.

This journal is © The Royal Society of Chemistry 2020
complete oxidation of the oxygen carrier to iron(III) oxide does
not inhibit the feedstock utilization for hydrogen generation and
therefore has no disadvantages in terms of process efficiency.

Conclusions

The present study demonstrates the combined production of
pure hydrogen, nitrogen and carbon dioxide by chemical loop-
ing in the largest xed-bed research system currently available.
The system sequestrates a pure carbon dioxide stream (98–99%)
from fossil or renewable feedstocks.

Non-converted methane (�95% rel.) from the reformate gas
was detected as the main impurity whereas hydrogen and
carbon monoxide were almost completely converted. Hence,
a carbon dioxide quality up to 99.98% is feasible with a higher
methane conversion in the syngas generation unit.

Hydrogen as valuable product gas had a purity between
99.996 and 99.999% with carbon dioxide being the only
contaminant. To the authors' knowledge, this is the purest
hydrogen product gas presented to date in a chemical looping
system with inherent carbon dioxide sequestration. The feed-
stock utilization of 50–60% is comparable with the results of
smaller uidized-bed systems (<0.5 kW hydrogen output) and
exceeds the results for moving-bed designs with a similar
output power (�5 kW hydrogen output). Furthermore, it was
ascertained that the reduction reaction of iron(III) oxide does
not compete with the further reduction of iron(II,III) oxide to
elemental iron in xed-bed chemical looping. Hence, carbon
dioxide sequestration has no negative impact on the feedstock
utilization for hydrogen generation.

With the air oxidation step, pure nitrogen was obtained as
product gas (99.999%) from synthetic air. In industrial
processes, however, a purity of about 98.5% seems feasible,
since several trace gas compounds such as argon and carbon
dioxide are already present in ambient air.

Finally, the 10 kW xed-bed chemical looping system
exhibited a superior product gas purity for the co-generation of
hydrogen as a zero-emission fuel for fuel cell vehicles with the
inherent sequestration of pure carbon dioxide and nitrogen as
valuable by-products. The technology for hydrogen generation
is a prospective negative emission technology (NET) to remove
carbon dioxide from the atmosphere if biogas or biomass is
used, as the pure carbon dioxide product gas is applicable for
further use in CCS and CCU applications.
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abs.
 Absolute

bal.
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bar
 Pressure in bar
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 Absolute pressure in bar

BECCS
 Bioenergy carbon capture and storage

CCS
 Carbon capture and storage
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 Chemical looping
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 Chemical looping hydrogen
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 United Nations Framework Convention on Climate

Change, 21st Conference of the Parties, Paris 2015

g
 Mass in grams

h
 Time in hours

HHV
 Higher heating value

IPCC
 Intergovernmental panel on climate change

kg
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kW
 Power in kilowatts

LHV
 Lower heating value

mg
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n
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NET
 Negative emission technologies

NL
 Standard liter

O/R
ratio
Oxidizing to reductive compounds ratio
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prod.
 Produced

rel.
 Relative

S/C
ratio
Steam to carbon ratio
SIP
 Steam iron process

m-GC
 Micro-gas chromatograph

hH2
Utilization ratio for hydrogen production

�C
 Temperature in degree Celsius
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