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Abstract

Carbon monoxide production from carbon dioxide via isothermal reverse water-gas shift chemical looping (RWGS-CL) is studied
with a modified iron oxide oxygen carrier material (80 wt% Fe,03-Ce 5Zro50,). The material is characterized by TEM, XRD and
thermogravimetry at temperatures from 750°C to 850°C and gas mole fractions of H, and CO, from 0.05 to 0.75, respectively. High
temperature and high reactant concentrations favor the oxidation and reduction of the material during repeated redox cycles. The
reaction rate of reduction is always faster than that of oxidation applying the same gas concentration of H, and CO,, respectively.
The long term stability of the material is investigated with 500 redox cycles in a plug flow reactor. The material shows gradual
deactivation lowering the CO yield during the first 100 redox cycles. After that, a steady state CO yield is reached for the next 400
redox cycles. Deactivation is attributed to surface sintering which results in slower reaction kinetics. TG data was used for a kinetic
analysis applying the master plot method. The experimental data for oxidation and reduction indicated reaction mechanisms, which
are well described by a reaction order and a geometrical contraction model. After parameter estimation, a good agreement between
the model and the TG data was achieved with the reaction order and geometrical contraction model for oxidation and reduction,
respectively. The RWGS-CL process can be used for sustainable CO production from CO; if the energy for the process and for H,
production is supplied by renewable sources.
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1. Introduction processes and challenging material handling. Milder conditions
can be applied by using reducing agents (e.g. H, or CHy) for

The Intergovernmental Panel on Climate Change stated in  he reduction of the material [4]. Introducing H, for material
their most recent report [1] that the human influence on cli-  redyction leads to the reverse water-gas shift chemical looping
mate change is unequivocal. The rapid rise of anthropologi- (RWGS-CL) process, which was investigated by Galvita ef al.
cally generated CO, within the last decades and its effect on [6, 7] and Daza et al. [8]. It is the chemical looping equivalent
global warming necessitate the development of carbon-neutral of the conventional reverse water-gas shift (RWGS) reaction, in

processes to close the carbon cycle. However, because of its which H, and CO, react according to equation (T).
low reactivity CO, has few applications in industry and is of-

ten exhausted into the atmosphere. Finding ways to use the H; + CO, = H,0 + CO (H
massive amounts of CO, produced every year makes processes
greener and might be economically and environmentally bene-
ficial [12, 3]].

In recent years, research on (thermo-)chemical looping pro-
cesses has increased substantially with chemical looping com-
bustion as the main research area for inherent CO, separation
and capture. Thermochemical looping has been shown to be a
viable process for the production of CO, H, or a mixture of both
(syngas) by splitting CO, or water in a cyclic process applying
a solid oxygen storage material (OSM) [4}22]. It has been esti-
mated that thermochemical processes have the highest present
and future sun-to-fuel (STF) efficiency [5] for the conversion
of CO, from fossil power plants to sustainable fuels. How-
ever, temperatures exceeding 1000°C are typically needed for
the thermal reduction of the OSM, resulting in energy intensive

In this work, a mixed oxide of 80 wt% Fe,O3 and 20 wt%
Ceos5Zry50, was used as OSM for RWGS-CL. In a previous
study regarding the optimal composition of Fe,03-Ce sZry 5O,
for H, production via chemical looping, Galvita et al. 9] con-
cluded that a composition of 80 wt% Fe, O3 and 20 wt% Ce 571950,
led to the highest H, yield and good material stability. Although
Ce(s5Zry 50, did not increase the oxygen capacity of the mate-
rial, the supporting oxide was found to be of great importance,
since it improves the structural properties compared to those
of the pure Fe/Fe;O4 couple. ZrO, is known to increase the
micro-structural stability against sintering [[10], whereas CeO,
increases material activity, enhancing the rate of reaction [6]].

In the RWGS-CL process, two temporal stages can be iden-
tified: the reduction of the modified iron oxide with H, and
subsequently its re-oxidization with CO, which yields the de-
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sired product, CO. The simplified reaction scheme (assuming
that the support metal oxide, Ce( sZry50,, does not participate
in the reactions) is given by equations (2) and (3).

Reduction: Fe;O4 +4H; = 3Fe + 4H,0 2)

Oxidation: 3Fe +4CO,; = Fe304+4CO  (3)
Redox reactions are considered to occur between Fe;O4 and
Fe, since the fully oxidized state, Fe,Os3, is not achievable by
oxidation with CO, at the considered reaction conditions.

The main advantage of RWGS-CL compared to conven-
tional RWGS is the inherent gas separation. Therefore, un-
wanted side reactions (e.g. methanation) are eliminated and
product separation is simplified. In contrast to thermochemical
looping, the RWGS-CL process can be operated isothermally,
eliminating the need for solid-phase heat recuperation, which
is crucial for process efficiency and economics [11]. Thus,
reactor design and operation is simplified. Additionally, the
oxygen storage capacity of the material can be exploited effi-
ciently using H,. While typical thermochemical cycles make
use only of a small range in material non-stoichiometry (e.g.
ceria-based) [12]], here a much higher difference in oxidation
state is achieved between the material’s reduced and oxidized
state. For the modified iron oxide used in this work (80 wt%
Fe, 05 and 20 wt% Cey 5Zr( 50, ), the thermodynamically possi-
ble CO yield per cycle is 13.8 mol_, /kg of Fe304-Ceq 5Zrp 50,
(Ceg5Zr( 50, is assumed to be inert). This is more than 20 times
the amount that can be produced by using cerium oxide. A max-
imum CO yield of 0.58 mol, /kg,, is achievable assuming a
cycle between CeO, and CeO,_s with a non-stoichiometry of

2. Experimental

2.1. Material Synthesis
The Fe,03-Ce 5Zry 50, samples were synthesized by urea

hydrolysis using Fe(NO3)3 - 9H,0 (99.0%, Fluka), Ce(NO3)s - 6H,O

(99.0%, Fluka) and ZrO(NO3); - 6H,O (99.0%, Fluka). The
mixed metal salt solution (0.1 M) was added to a 0.4 M solu-
tion of urea (99.0%, Fluka) to yield a salt to urea solution ratio
of 2 : 1 (v/v). The precipitate solution was mixed at 100°C
for 24 h. After the suspension was cooled to room temperature,
the precipitate was separated from the solution. The solid prod-
uct was washed with ethanol and dried overnight in an oven
at 110°C. Finally, the prepared Fe,03-Ce(sZry 50, was calci-
nated at 800°C.

Since the synthesized, finely powdered material was un-
suitable for a plug flow reactor (large pressure drop, high ten-
dency towards sintering), the material was pelletized, crushed
and sieved to obtain particles of a defined size between 260 and
520 pm.

2.2. Material Pretreatment and Stabilization

The aim of the experiments was to obtain kinetic informa-
tion about the material. It is well known that the activity of
oxygen storage materials decreases over repeated redox cycles
[[LSL 21]. The deactivation mainly occurs due to sintering of the
particles and changes in their crystallographic structure. Thus,
it can be expected that kinetic measurements with as-prepared
material will not yield representative results. Therefore, the ma-
terial sample was exposed first to repeated redox cycles to sta-
bilize its structure before thermogravimetric experiments were

6 = 0.1. In the literature, CO yields of approximately 0.15 mol, /kgemnducted.

were reported for ceria [12] and 0.2-1.0 mol,, /kg for state-of-
the-art perovskite type materials [13] [14]. All reported values
here are normalized to the material mass in the highest achiev-
able oxidation state in the corresponding redox cycle.

Current research on chemical looping is exploring materials
with high oxygen capacity and structural stability over repeated
cycling, like (doped or undoped) ceria and new types of per-
ovskites, which show very promising results [8| [15 [16]. The
modified iron oxide, as used in this work, is inexpensive but
lacks structural stability at temperatures above approximately
1000°C. However, since the temperature for RWGS-CL is lower
than that of typical thermochemical looping processes, the use
of modified iron oxide is justified.

In this work, the effect of repeated cycling on the crystallo-
graphic structure of the OSM is investigated via TEM and XRD.
Further, a kinetic analysis of the modified iron material is pro-
vided as a basis for process design and analysis. A systematic
methodology is applied to identify a kinetic model for the oxi-
dation and reduction of the material, enabling the mathematical
description of the process. Precise kinetic information available
in the literature for various materials is still rather limited and
often restricted to oxidation kinetics for thermochemical cycles
[L7, (181 [19L 20]. To the best of our knowledge, there are as of
yet no detailed kinetics reported for the RWGS-CL process.

For material stabilization, a sample of 250 mg was fixed in-
side a quartz reactor with glass wool. The reactor was placed
in an oven and heated to the reaction temperature (800°C) un-
der inert atmosphere. The gas composition was then repeatedly
switched between a mole fraction of x; = 0.5 of either H, (ma-
terial reduction) or CO, (material oxidation) balanced with He
as inert gas. The reaction time for reduction and oxidation was
5 min with 3 min of inert gas flushing (He) between the steps,
which were repeated until 500 cycles were reached. During the
pretreatment, the outlet gas composition was followed by mass
spectrometry (Agilent 5973Network MSD) to obtain informa-
tion about material activity over repeated redox cycles.

2.3. TEM

A morphological and local elemental analysis was carried
out in a microscope JEOL JEM-2200FS, Cs-corrected, operated
at 200kV and equipped with a Schottky-type field-emission
gun (FEG) and EDX JEOL JED-2300D. Samples were pre-
pared by immersion of a lacey carbon film on a copper support
grid into the powder. Particles sticking to the carbon film were
investigated. A beryllium sample retainer was used to eliminate
secondary X-ray fluorescence in EDX spectra originating from
the sample holder.



2.4. Conventional and in situ XRD

The crystallographic changes in the sample were followed
in a homebuilt Bruker-AXS D8 Discover apparatus (Cu Ke ra-
diation of 0.154 nm). The reactor consisted of a stainless steel
chamber with Kapton window to allow X-ray transmission. The
sample was uniformly spread on a Si wafer and no interaction
of sample with Si wafer was observed during the reaction. The
diffraction data were recorded using a linear Vantec detector
which allowed capturing diffracted X-rays in a 20° window
with an angular resolution of 0.1°. The reactor chamber was
evacuated to a base pressure of 4 Pa by a rotation pump before
reaction. Gases were supplied to the reactor chamber from a rig
with calibrated mass-flow meters. H, (xg, = 0.05 in He) was
used as reducing gas, CO; (xco, = 0.3 in He) for oxidation and
pure He for purging the reactor. The in situ experiment was per-
formed at a temperature of 800°C. After heating to the reaction
temperature in He, the sample was monitored with in situ XRD
during isothermal cycling.

2.5. Thermogravimetric Analysis

The mass change of 100 mg of the stabilized sample was
recorded under alternating gas composition in a thermogravi-
metric analyzer (Mettler Toledo TGA/SDTA 851e). The sam-
ple was placed in a cylindrical sample holder and a constant gas
flow rate of 100 ml/min was applied in all experiments. Addi-
tionally, a constant flow of 20 ml/min of He was added to pro-
tect the precision balance from reactive gas. Therefore, the total
gas flow rate was 120 ml/min. For the reduction and oxidiza-
tion steps, H, and CO, were used in varying concentrations,
respectively, balanced with He as inert gas.

The sample was heated to the desired temperature in the
TG unit with a constant rate of 20 °C/min under an inert atmo-
sphere (He). Then, reactive gas was applied under isothermal
conditions. At first, a reducing environment was established
with H,, ensuring that the sample was completely reduced to
Fe. The next 45 min an oxidizing environment (CO;) was ap-
plied to re-oxidize the sample to Fe;O4. This was followed by
45 min of reduction with H,. At last, the sample was cooled to
ambient conditions with a constant rate of 10 °C/min.

The outlet gas composition was analyzed by mass spec-
trometry (Pfeiffer Vacuum GSD320) to assure that no other
gaseous substances were produced.

Blank runs were conducted without sample before each ex-
periment to account for buoyancy effects. The mass change
without sample was subtracted from the experiment with sam-
ple. Thus, the recorded mass change is only attributable to the
mass change of the sample. The same sample was used in all
the experiments with various gas concentrations and tempera-
tures.

Preliminary experiments showed that reaction rates drop at
temperatures below 750°C. Conversely, at temperatures ex-
ceeding 850°C, the material’s structure collapsed due to sin-
tering up to the point of surface melting (not shown) which led
to severely decreased activity . Measurements were conducted
at temperatures 750, 800 and 850°C and reactive gas mole frac-
tions of 0.08, 0.25, 0.5 and 0.75. Due to the slow rate of reac-
tion, the experiment with a reactive gas mole fraction of 0.08 at
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Figure 1: CO yield per cycle for 500 redox cycles at 800°C with a reactive
gas mole fraction of 0.5 for CO; and H; in He, respectively. OSM refers to
the oxidized material (Fe304-Ceg 5Zr9507). Reaction times for oxidation and
reduction were 5 min each with 3 min inert gas (He) flushing between. The CO
yield per cycle decreases gradually during the first 100 cycles, then reaches a
steady state.

750°C was omitted. Therefore, 11 TG experiments were con-
ducted in total.

3. Results and Discussion

3.1. Material Pretreatment

The CO production per cycle during the stabilization treat-
ment is shown in Figure [T} In the first cycle, » 72% of the
theoretically possible amount of CO was obtained. After the
gradual deactivation of the material during the first 100 cycles, a
steady CO yield was achieved for the next 400 cycles, yielding
a stable CO yield of approximately 1.0 mol/kgosm per redox
cycle. Even though only a fraction of the theoretically possible
value was achieved, the measured CO production per cycle in
steady state is comparable to the numbers reported by other re-
search groups with more advanced materials (e.g. perovskites)
at temperatures well above 1000°C [12,13] (see also section.
The long time stability and the reaction kinetics of the oxygen
storage material may be further improved by nanostructuring as
recently demonstrated by Gao et al. [22].

3.2. TEM

The HR-TEM images of the as-prepared and 500 times cy-
cled sample are displayed in Figure 2] and [3] The TEM micro-
graph for the as-prepared material (Figure 2h) shows the pres-
ence of particles (~ 35 — 50 nm) with similar morphology. The
elemental composition of this material was identified by means
of EDX mapping, showing the presence of Fe (red), Ce (green)
and Zr (blue) (Figure ). Zr is distributed throughout the sam-
ple (Figure[2f), as is Fe (not shown), whereas strong clustering
of Ce (Figure[2[d) is observed. Prolonged cycling of the sample
results in increased particle sizes (Figure [3) due to sintering.



Figure 2: HR-TEM image of as-prepared Fe,03-Ceg 5Zr9 50, showing (a) the
sample morphology; (b) the EDX mapping of the constituent elements (Fe, Ce,
Zr) along with the individual elemental maps of (c) Zr and (d) Ce.

However, this phenomenon led to an evolution into two parti-
cles with different morphologies. In the first type (Figure [3p),
very large particles are observed (~ 200 — 600 nm), consisting
of segregated Fe rich and Ce-Zr rich phases, based on the EDX
overlay of images (Figure 3p). Compared to the as-prepared
sample (Figure [2p), the distribution of Ce is more uniform in
the Ce-Zr rich phase. In the second type of morphology (Figure
[3) small particles (~ 100 nm) are incorporated inside relatively
large particles (~ 300 nm). The EDX mapping (Figure [3d) re-
veals Ce and Zr are both spread out throughout the large par-
ticles, while Fe is located in smaller particles inside the Ce-Zr
phase.

3.3. XRD Analysis

The crystalline phases in as-prepared and 500 times cycled
Fe,03-Ce 5Zry 50, were identified using XRD (Figure E]) The
as-prepared materials (Figure [dp) show diffraction peaks cor-
responding to Fe,O3 (33.15°, 35.61°, 40.85°, 49.48°, 54.09°,
PDF: 00-033-0664), CeO, (28.55°,33.08°,47.47°, 56.33°, PDF:
00-033-0394) and Ceq 5Zry 50, (29.10°, 33.70°, 48.50°, 57.50°,
PDF: 00-038-1439) phases. The diffraction pattern of Fe;O3
is clearly identified, whereas CeO, and Cegs5Zry50, show a
close overlap of peak positions. However, the presence of sep-
arate CeO; and Ce( 5Zry 50, phases can be discerned from the
diffraction peaks at higher angles (~ 48° and ~ 57°) where they
are relatively well resolved in comparison to lower angles (~
29° and ~ 33°). The lattice parameter calculated from the over-
all peak at ~ 29° yielded a value of 0.5361 nm, which is inter-

mediate to Ceg sZr 50, (0.5301 nm) and pure CeO, (0.5410 nm).

Based on the resolved diffractions at higher angle, it is likely
that this low angle diffraction equally contains contributions

100 nm

Figure 3: The TEM micrograph of a 500 times cycled sample with different
morphologies. (a) Morphology with separated particles (b) EDX mapping of
Fe, Ce, Zr. (c) Morphology with embedded structure, and (d) the EDX mapping
showing the distribution of constituent elements.

from CeO, and Ce(s5Zry50,. The TEM images reveal homo-
geneous distribution of Zr with strong clustering of Ce (Figure
and 2d). The results from TEM and XRD hence imply the
existence of Ce in solid solution between Ce and Zr, present
throughout the sample, and in separate dispersed CeO, clusters,
next to the Fe, O3 phase. On the other hand, no separate diffrac-
tion peaks of ZrO, were identified. Similarly, in the 500 times
cycled sample (Figure @b), phases of Fe3O, (30.10°, 35.45°,
47.17°, 43.09°, 53.45°, 56.98°, PDF: 03-065-3107) along with
Cey.5Zrys0O; are identified. Unlike the as-prepared sample no
diffraction peaks pertaining to Fe,O3; and CeQO, are present.
Reoxidation of reduced material with CO, results in the for-
mation of Fe;0y, instead of Fe, O3, which can only be obtained
by using oxygen/air as re-oxidizing agent [23]. No peaks or
shoulders typical for pure CeO, are noticed. Further, the lat-
tice parameter calculation for the peak at ~ 29° exhibits a value
of 0.5312nm indicating a solid solution between Ce and Zr.
Hence the XRD patterns represent a mixed Ce-Zr phase in line
with the TEM images (Figure [3) where Ce and Zr are more
evenly distributed in comparison to the as-prepared sample.

In situ XRD for one complete redox cycle is depicted in
Figure[5] At the start of the experiment, only Fe;0, is detected
in He atmosphere. At 2.5 min, the gas mole fraction of H, was
switched to 0.05 H; in He, resulting in a reducing environment,
in which Fe;O4 was first converted into FeO and then into Fe.
At ¢ = 17.5 min an oxidizing environment was established with
xco, = 0.3 in He. Again, FeO is formed in an intermediate
step, which reacts further to Fe;O4. The results indicate that
under the investigated conditions full conversion for reduction
and oxidation is achieved according to equations (2) and (3).
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Figure 4: XRD patterns of (a) as-prepared and (b) 500 times cycled Fe;O3-
Ce.5Zr0.502. (o) Fe2 O3, (W) Fe304, (A) Cep5Zrg502 and (V) CeO,.
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Figure 5: In situ XRD for one full redox cycle at 800°C and a total gas flow of
11/min. Fe3Oy is reduced to Fe with H; and re-oxidized to its initial state with
CO;. In both transitions, the presence of FeO is detected, which is formed in
an intermediate step. Both reduction and oxidation yield to full conversion, as
described in equations @ and (E[)
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Figure 6: Thermogravimetry results for stabilized OSM (green, right axis) at
800°C and a reactive gas mole fraction of 0.75 for CO, (oxidation) and Hj
(reduction) balanced with He together with mass spectrometry signal of the
corresponding outlet gas (left axis). The MS signal was corrected by subtracting
the measured signal from the blank run without OSM in the TG unit. The red
and blue lines indicate the MS signal for CO and H;O, respectively.

3.4. Thermogravimetric Analysis

In Figure [6] TG data of the stabilized OSM is shown to-
gether with the MS signal of the outlet gas composition dur-
ing oxidation and reduction at 800°C with reactive gas mole
fractions of 0.75 for both CO, and H,. The production of CO
during oxidation and water formation during reduction of the
material was observed according to equations (3) and (2). No
other substances were detected apart from the reactants. The
rate of CO production is directly coupled with the material oxi-
dation according to equation (3). Initially,CO yield is high and
then gradually decreases until the material is fully oxidized.

The mass change of the stabilized OSM under different con-
ditions is shown in Figure |Z| for oxidation (left) and reduction
(right). The measured mass of the sample was normalized to
the mass of the sample in its oxidized state (1.00 for Fe;O4-
Ceo5Zrps0O;). In the experiments, a normalized mass of ap-
proximately 0.78 was measured initially, which is very close the
theoretical normalized value of 0.779 for the reduced state Fe-
Ce.5Zry 50, (assuming Ceg 5Zr( 50O, is not reduced). This indi-
cates that the mass change upon reduction is likely due to the re-
duction of iron oxide only and Ce(sZry 50, is not reduced. If it
is assumed that Ce( sZr( 50, is reduced to Ce 5Zr( 5O, slightly
lower values of 0.765 could be obtained theoretically. Upon
oxidation, values of approximately 1.00 are reached (in some
experiments, the reaction rates for oxidation were too slow to
reach the final oxidation state). Overall, the reaction rates of
oxidation and reduction increase as a function of temperature
and concentration of reactive gas, while the rate of reduction is
higher than that of oxidation. Even at low gas concentration of
x,, = 0.08, the reduction at 800°C leads to complete conver-
sion within 25 min, while during oxidation the material is still
not fully oxidized after 45 min.
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Figure 7: Thermogravimetry results for stabilized OSM (dotted lines) and simulated model (solid lines) for oxidation (left, R2 model) and reduction (right, R2
model) at 750, 800 and 850°C. Different colors indicate the corresponding mole fractions of CO, and H; (balanced with He), respectively. The mass is normalized
with the mass of the oxidized sample (Fe304-Ceg 5Zrp502).



Even though the material showed deactivation during 500
redox cycles in the stabilization pretreatment (see Figure[I)), the
mass change of the material in the subsequent TG experiments
indicates that the material is cycled between Fe and Fe;O4 ac-
cording to equations and (3). The observed deactivation
during the pretreatment obviously did not influence the attain-
able oxidation states of the material in TG experiments. The
observed decline of CO yield during the material pretreatment
(see Figure [T) is likely explained by reduced rate of reactions
due to sintering. During oxidation and/or reduction the material
is not completely converted within the limited reaction time in
the plug flow reactor.

3.5. Master Plot Analysis

The rate equations for various reaction mechanisms were
compared to the experimental TG data by master plot analy-
sis [24]. This graphical method allows to deduce and compare
kinetic models with the experimental data without prior identi-
fication of the kinetic parameters of the rate equations. Thus, a
qualitative indication about the reaction mechanism is obtained
and possible erroneous conclusions due to weakly identified pa-
rameters can be avoided. Finally, the parameter estimation can
be done only for the most probable model instead of for numer-
ous models.

To apply the method, the generalized solid-state kinetic rate

expression

da

— =Kexp ( )f (@) f(xi) “

EA

dr RT

is used, where « is the reaction extent at time ¢, f(@) a function

depending on the reaction mechanism, f(x;) a function of the

reactive gas mole fraction x;, E, the activation energy, k° the

pre-exponential factor of Arrhenius, and T the absolute temper-

ature. By introducing the generalized time, ® (reaction time to
attain a certain « at any temperature), defined as

S l £, d 5
- el v

the kinetic rate expression at any temperature can be derived by
differentiation of eq. (3))

d® E,
E = exp (—ﬁ) (6)
The combination of eq. (@) and (6) yields

da .
0 - K f(a)f(x:) (7

Using a reference point at @ = 0.5, the following equation is
derived from eq.

de/d®  f(@) @)

(da/d®),—0s  f(0.5)

Being only dependent on «, eq. compares the experimen-
tal data (left-hand side) with the suggested model (right-hand
side). Both sides are equal when the chosen model exactly de-
scribes all experimental data points. Thus, by plotting the ex-
perimental data against various theoretical models according to

Table 1: Used gas-solid kinetic equations for master-plot analysis, adapted from
Heidebrecht et al. [26].

Name f(@)
Contracting Cylinder (R2) (1 — a)!/?
Contracting Sphere (R3) (1-a@)?3
Reaction Order (Fn) (1-a)
Power Law (Pn) a"

(1 - a)[-log(l - )]'?
(1 - @)[-log(l - &)??
(1 -a)[-log(l —a)P/*

Avrami-Erofeev (A2)
Avrami-Erofeev (A3)
Avrami-Erofeev (A4)

1D Diffusion (D1) 1-a)°(1 =1 -a)H)!
2D Diffusion (D2) 1 -a)'2(1 = (1 —a)/?!
3D Diffusion (D3) (1= -1 -a)?!

eq. (8), one obtains a graphical way to choose a suitable model
without determination of the kinetic parameters.

A list of the common kinetic functions for gas-solid reac-
tions is given in Table[I] The gas-solid reaction kinetics consid-
ered here are categorized in the geometrical contraction (Rn),
the reaction order (Fn), the nucleation (Pn and An) and the dif-
fusion groups (Dn), where n is the reaction order. For geometri-
cal contraction models (Rn), a rapid nucleation is assumed and
the rate is dependent on the progress of the reaction interface
towards to the crystal center. Reaction order models (Fn) are
based on homogeneous mechanistic assumptions. Power law
models (Pn) are applicable for reactions where the formation
and growth of nuclei are rate limiting. Avrami-Erofeev models
(An) include further restrictions on nuclei growth like coales-
cence and ingestion. Thus, they yield s-shaped curves which
account for a restricted rate of reaction in the final stage. Diffu-
sion models (Dn) are used to describe reactions where the rate
is controlled by the limited diffusion of reactants or products to
or from the reaction interface. Khawam et al. provided a de-
tailed discussion about the theoretical foundations of solid-state
reaction kinetics [25]].

Figure [§] shows the master plots for the experimental data
(eq. (), Lh.s.) together with theoretical models (eq. (8), r.h.s.)
from Table 1| for oxidation (Figure and reduction (Figure
[Bb). For clarity, not all theoretical models were plotted but only
representative ones from each model category. While all points
coincide at the reference point of @ = 0.5, they disperse clearly
in the range of @ < 0.5, allowing for model discrimination.

For oxidation (Figure [8a)), most of the experimental points
are located between the geometrical contraction model (R2) and
the reaction order model (F2). We chose the R2 model as the
most appropriate kinetic model to describe the material oxida-
tion. However, by comparing the R and F models, one observes
that they are mathematically very similar and only differ in their
respective exponents. Thus, the exponent n,, is estimated in sec-
tion [3.6]to allow for more flexibility and to minimize the devia-
tion between model simulation and experimental data.

For the reduction stage, a different behavior was observed
for experiments with xy, = 0.75 and for experiments with gas
mole fraction of xy, = 0.5 at temperatures of 750 and 850°C.
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Figure 8: Master plot results for oxidation and reduction ‘ Experimental results shown as markers, theoretical models as lines with their respective
abbreviations (see Table Ep Thick lines indicate the chosen models for oxidation and reduction, respectively.

The data of these experiments correlate better with a diffusion
limited reaction model (D3). This behavior was observed only
for reduction. However, similarly to oxidation most experi-
mental observations for reduction are well described by the R2
model. The exponent 7, of the R2 model for the reduction was
estimated together with all other parameters as discussed in the
following section.

3.6. Parameter Estimation

Master plot analysis showed that kinetic models of the ge-
ometrical contraction group (the R2 model in particular) are
most appropriate to describe the kinetic behavior of material
oxidation and reduction. Since the observed mass change in
TG experiments indicated that Ce 5Zry 50, is not participating
in the redox reactions, a mathematical model was derived based
only on the oxidation and reduction of iron oxide (see equations
and (2), respectively). The intermediate step through FeO
was not explicitly modeled as the reactions from Fe to FeO and
from FeO to Fe;O4 (and vice versa) seem to proceed at a very
similar rate. Therefore, the TG data the did not allow for a
clear discrimination between the reaction steps. The proposed
model follows an engineering approach and provides a trade-off
between simplicity and accuracy. Using the R2 model, the re-
action rates for oxidation and reduction are described by equa-

tions (9) and (I0), respectively.

E n
_ 10 A0 o m,
r, = ko exp (— RT )(l - xFeO4/3) xag )
E
10 _ Far _ nr
re =k, exp( RT ) (1-x.) x{{';R (10)

Here, k°, E., n and m are adjustable parameters for oxidation
(index O) and reduction (index R), adding up to a total of eight

parameters. For modeling details, see [Appendix _A]

Table 2: Estimated kinetic parameters and 95% confidence intervals for oxida-
tion and reduction reaction described by equations (9) and (T0), respectively.
Parameters valid from 750 to 850°C with reactive gas mole fractions xp, co,
from 0.08 to 0.75. OSM refers to the material in its oxidized state Fe3Og4-
CeO,SZrO,SOZ.

Estimated parameter Oxidation Reduction
n 1.002 £ 0.004  0.724 + 0.008
m 0.618 £0.002 0.461 +0.004
K / mol/kg,, /s 18199 + 827 1140 + 125
E, / kJ/mol 111.6 £0.4 80.7£0.9
R? 0.9930 0.9827

Parameter estimation was done with the statistics toolbox
in MATLAB. The nonlinear least-squares regression function
nlinfit was used for parameter estimation. The confidence in-
tervals were calculated with the function niparci and the co-
efficient of determination R> was determined by the following
equation

2
Rzzl_Zi(Yi_fi) ’ an
TiGi— 9
where y; are the experimental observations and f; are the pre-
dicted values from the model at each point i. The mean of the
experimental points is denoted by ;.

The estimates for all kinetic parameters are given in Table
2l In Figure[7} the gravimetric data (dotted line) are shown
together with the model prediction (solid line) for the differ-
ent experimental conditions. For oxidation, the model simu-
lates the data very well, which is reflected in a high R? value
of 0.9930. For the reduction, slight deviations of the model
prediction from the experimental data are observed for the ex-
periments with gas mole fractions of xy, > 0.5, as discussed



in section[3.5] The deviations are more pronounced in the later
stages of the reduction (see Figure[7). Here, the model predicts
a slightly higher reaction rate than observed in the experiments.
However, a value of R* = 0.9827 for the reduction indicates an
acceptable agreement between model and experimental data.

The estimated value of n, = 1.002 confirms the previous
conclusion from master plot analysis, that the reaction order for
the oxidation lies between the Rn and Fn group. However, the
value indicates that the F1 model is most appropriate for the
description of material oxidation. For reduction, the estimated
value of n, = 0.724 corresponds closely to the R3 model. The
narrow confidence intervals for oxidation and reduction con-
firm a good correlation of the experimental data with the pro-
posed models. The slightly larger confidence interval for k,?
(z11.01 %) indicates that part of the experimental data for ma-
terial reduction is weakly described by the model.

The reaction orders (m;) for the gas concentrations are lower
than one, indicating that the reaction rates increase only mod-
erately for increasing reactive gas mole fractions. This is also
observed experimentally. In Figure [/ the increase of the re-
action rates from reactive gas mole fractions of 0.25 to 0.5 is
larger than that from 0.5 to 0.75 at all temperatures. This phe-
nomenon is more pronounced in material reduction.

4. Conclusions

The redox behavior of modified iron oxide (80 wt% Fe,O3-
Ceo5Zr950,) was investigated for the RWGS-CL process. The
material was stabilized for 500 redox cycles. Deactivation takes
place during the first 100 cycles. For the remaining 400 cycles,
a steady CO yield per cycle was achieved. Repeated cycling
led to increased crystallite sizes due to sintering and a phase
segregation into Fe rich and Ce-Zr rich phases in the sample.
Surface sintering is likely to be the main cause for material de-
activation as it leads to slower reaction kinetics and a lower CO
yield within a fixed time. The stabilization pretreatment us-
ing repeated cycling did not influence the attainable oxidation
states of the material as was evidenced by the observed mass
change in TG experiments, which closely matched the theoret-
ically possible mass change according to equations (2) and (3).
The kinetics for material oxidation with CO, and reduction with
H, were studied by means of TG experiments. The reaction
rates of reduction are always faster than those for oxidation un-
der equivalent conditions. Low reaction rates (7 < 750°C) and
material instability (7 > 850°C) limited the temperature range
for TG experiments. CO was generated during material oxida-
tion and no other substances were formed. The experimental
data were modeled and kinetic parameters were estimated. Ox-
idation and reduction were best described by a reaction order
model and a geometrical contraction model, respectively. The
model presented here can be used for further analysis and de-
sign of the process as well as for comparison of RWGS-CL to
other chemical looping processes.
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Appendix A. Modeling

Appendix A.l1. Balance Equations

For the ease of modeling, equations [3| and [2| were normal-
ized so that the oxidized state of iron oxide has one iron atom.
Thus, the considered reactions for oxidation and reduction are

given by equations (A.T) and (A.2)), respectively.
Fe +4/3CO, = FeOy3 +4/3CO
FCO4/3 +4/3H, = Fe +4/3H,0

Oxidation: (A.1)

Reduction: (A2)

The mole balances used to describe the TG unit are given in
terms of mole fractions for the gas (x;) and solid phase (x;)

according to equations (A.3) and (A.4).

Ay,  F [ Mosn

— = —\X; - X))+ i A3

a VTC, (xl X ) Crg Vm VikTk ( )
with i = {CO, CO,, H,, H,O}

dx]‘

E = MOSMV]"](V]( (A4)

with j = {Fe, FCO4/3}

Here, index k = {O, R} for oxidation (eq. (A.I)) and reduction
(eq. ), respectively. F is the total gas flow rate, which was
120 ml/min for all experiments and V,, is the volume of the
thermogravimetry unit (38 ml). The mole fractions of the inlet
gas stream are denoted by xﬁi’l). The total gas concentration, ¢, g,
is calculated from the ideal gas law according to

p

Crg = —, AS
6= Bor (A5)
where R is the universal gas constant and p and T are the sys-
tem pressure and temperature, respectively. Since the process
is operated at high temperature and ambient pressure, the use
of the ideal gas law is justified. The mass m,,, and the molar

mass M., of the OSM at each point in time can be calculated

by equations and (A.7).
m (A.6)

(A7)

s = WrMp, + WFeO4/3 mFeO4/3

=x. M., + X0, M

FeOy/3 1" FeOy3

0.

M

OSM

Here, w denotes the mass fraction, which can be calculated from
the mole fractions by

x;iM;

= A8
" 2 XM A8



Appendix A.2. Kinetics

The reaction rates for oxidation and reduction are described
by the following equations, respectively

ro = ko f@,)X2 (A.9)
Ty = ka(cyR)x’:zR, (A.10)

where ko and kg are the kinetic constants. Their temperature
dependency is described by the Arrhenius equation:

E
k =k exp|-—=
exp( RT)

The function f(a) for the reaction extent of oxidation and re-
duction is depending on the reaction model used (see Table
|D' The reaction extent is equivalent to the solid mole fraction,
since only two different solid states are distinguished. Thus, the
reaction extents for oxidation (¢, ) and reduction («,) are equal
t0 Xpo, , and x, , respectively. The influence of the reactive gas
mole fraction is described by xg"ouz and x}”;’*. The reaction rates
are, therefore, functions of the temperature 7', the reaction ex-

tent @, and the reactive gas mole fractions x, and x, .

(A.11)
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