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Water splitting — thermal reduction cyclic studies with NiFe,0, redox materials were performed in a differential fixed-bed
laboratory reactor in the temperature range 700—1,400°C to quantify the effects of operation temperatures and steam mole
fraction on hydrogen and oxygen yields. Hydrogen yield increased drastically by an increase of the water splitting temperature
from 800 to 1,000°C reaching a plateau at 1,100°C. In parallel, a simple mathematical model was formulated describing the
water splitting process via the heterogeneous surface reactions of water vapor with the redox powder material, from which, in
conjunction to the aforementioned experiments, the kinetic parameters of the water splitting and thermal reduction reactions
were extracted. The water splitting kinetic constants exhibited weak temperature dependence between 700 and 1,100°C
suggesting the existence on the redox material of more than one type of oxygen storage sites with respect to ease of exposure
and accessibility to the gas phase. © 2012 American Institute of Chemical Engineers AICKhE J, 59: 1213-1225, 2013
Keywords: thermochemical cycles, nickel ferrite, solar hydrogen, water splitting, thermal reduction

Introduction this oxidized form releases a quantity of oxygen and trans-
forms to its reduced (lower-valence) state. During the second
(WS) step the reduced material is oxidized back to the
higher-valence one by taking oxygen from water and produc-
ing hydrogen, establishing, thus, a cyclic process.
Solar-aided hydrogen production via water

through thermochemical cycles is based on the use of con-

Thermochemical cycles are multistep processes where
water is decomposed into hydrogen and oxygen via two or
more chemical reactions that form a closed cycle. The re-
dox-pair-based thermochemical cycles in particular, are com-

prised by two reactions, the thermal reduction/TR (regenera- splitting

tion) and the water splitting/WS reaction, in general L .
described as follows centrated solar radiation as the energy source for performing
the high-temperature endothermic reactions of the cycle.
1 Direct solar irradiation can be concentrated and collected by
MOy — MOyeq + 1505(g) M a range of concentrating solar power (CSP) technologies to
MOyeq + H,0 (g) — MOy, + H,(g) ) provide medium-to-high temperature heat. Therefore, the

effective conversion of the huge energy potential of solar
radiation to chemical energy carriers such as hydrogen is of
primary technological interest.'

Current engineering challenges in the field of thermo-
chemical cycles’ ‘“solar chemistry” include synthesis of
active redox materials as well as design and operation of

The oxidized form of the redox material MO, is usually
the higher-valence oxide of a metal exhibiting multiple oxi-
dation states. During the first, higher-temperature step (TR)
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novel receiver/reactor systems capable to collect effectively
the concentrated solar radiation, and at the same time to per-
form in an efficient and elegant manner the high-temperature
reactions mentioned previously. Despite early extensive
research with respect to synthesis and evaluation of active
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redox pair materials, solar reactor concepts have only been
reported in the literature much later with the first ones being
rotating cavity reactors targeted to the solar thermal reduc-
tion of ZnO to Zn.>® The HYDROSOL research group
(including among others the present authors) has introduced
the concept of monolithic, honeycomb solar reactors for per-
forming these redox pair cycles for the production of hydro-
gen from the splitting of steam using solar energy.*> The re-
actor, inspired from the well-known automobile catalytic
conveﬁers,6 is based on the incorporation of active redox
pair powders as coatings on multichannelled monolithic hon-
eycomb structures capable of achieving and sustaining high
temperatures when irradiated with concentrated solar irradia-
tion.” When steam passes through the solar reactor, the coat-
ing material splits water vapor by “trapping” its oxygen and
leaving in the effluent gas stream pure hydrogen. In a subse-
quent step the oxygen-‘“trapping” coating is thermally
reduced (regenerated) by increasing the amount of solar heat
absorbed by the reactor. Several other solar reactor types
have been subsequently proposed like rotary-cylinders,®
spouted powder beds”'" and counter—rotating—rings.11’12 A
modular, dual-chamber,'>'* redox-material-coated-honey-
comb HYDROSOL reactor has been scaled-up to the 100
kW level, coupled on a solar tower facility (Plataforma Solar
de Almeria, Spain) and achieved continuous solar-operated
water  splitting—regeneration cycles demonstrating the
“proof-of-concept” of the proposed design.'” For an efficient
further scale-up of such reactors, although, parameters such
as the reactor volume and the loading with the redox coating
required have to be optimized by modeling and simulations,
taking into account the solar flux and the resulting tempera-
ture distribution, the heat-transfer characteristics, the reaction
rates and transient phenomena due to reactor operation at
alternating solar flux conditions. Even though the problem of
modeling the transient operation of monolithic reactors has
been studied extensively mainly in the context of automotive
catalytic converters'®!” solar reactors have their own distinct
features different than those of automotive converters. At
first the much higher temperatures needed for the two reac-
tions bring into play the radiation heat-transfer mechanism
which can be ignored for temperatures lower than 600°C
encountered in automotive converters.'® In addition, the
large temperature differences developed between wall and
gas in the channel sets into question the perimeter averaged
equations for the channels and the use of heat-transfer coeffi-
cients. Since the concept of monolithic honeycomb solar
hydrogen reactors is relatively recent, only few modeling
approaches can be found in the literature such as a single pe-
rimeter average model'* and a two-dimensional (2-D)
pseudo-homogeneous model of the whole monolith using the
library Modelica.'*° Any such model needs specific values
for the kinetic constants of the reactions which can be found
by performing isothermal experiments in differential labora-
tory reactors. In a recent work by some of the present
authors,?! a discussion of the modeling aspects of the honey-
comb reactor for solar hydrogen production was presented
and indicative results were shown to stress several aspects of
the process. These results were obtained by employing water
splitting kinetic constants computed from experimental data
obtained in packed-bed reactors with the redox material in
powder ’form;22 however, these experimental results were on
the one hand limited within a narrow temperature range, and
on the other hand, did not include the thermal reduction step
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for which the respective data were obtained by fitting experi-
mental results from monolithic reactors.

Based on the results of a recent work by the authors> this
work has a two-fold target. One objective is the optimization
of the water splitting—thermal reduction performance of a
“model redox material system” in the actual solar operation
range via a systematic parametric investigation of the pro-
cess. An equally important objective is to develop reliable
reaction models and determine the reactions’ Kkinetic con-
stants to accurately simulate the operation of such honey-
comb solar hydrogen production reactors. Even though many
ferrite compositions have been extensively tested for the par-
ticular applications,”'*'??*" in several cases their synthesis
and characterization conditions (temperature, atmosphere)
are much milder than those during the subsequently per-
formed water splitting—thermal reduction cyclic operation.
As a result, phenomena associated with the calcination of
the ferrite material at higher-than-the-synthesis-temperatures
(e.g., burnout of possible reminiscent organic precursor
materials, reduction of surface area, alteration/collapse of po-
rous structure etc.) overlap with the chemical reactions dur-
ing thermochemical cyclic operation. In other cases, testing
conditions are not representative of those during the actually
targeted operation. For instance, in several cases reduction
before water splitting takes place with chemical rather than
thermal-only means; as a result the extent of reduction can
be higher than that to be encountered during actual opera-
tion—for example, a quantity of metal can coexist with the
reduced form of the oxide. Such facts make hard to distin-
guish between competing effects and to propose appropriate
reaction mechanisms or extract reliable water splitting—ther-
mal reduction kinetic data. With this rationale, in a previous
work by the present authors, a variety of redox materials
were synthesized and then calcined under air and under
nitrogen at 1,400°C to establish a common background for
relevant comparisons.” It was found—and corroborated by
other studies reported in the literature®*>"—that among the
many ferrite materials tested for the targeted application, Zn-
containing ones exhibit Zn-volatilization problems and Mn-
containing ones phase stability problems under air atmos-
phere at high temperatures. These facts practically leave
only NiFe,0, and CoFe,O,4 as the most “robust” among the
ferrites, capable to operate reliably at the real conditions of
a solar-aided process. Between these two, NiFe,O, was the
first material selected as a “model system” for a thorough
parametric study of the water splitting—thermal reduction
reactions to quantify the effects of various operating parame-
ters presented in this work, primarily due to its extensive use
in such applications.'**~28

Experimental

In particular, the NiFe,O, material synthesized by solid-
phase self-propagating high-temperature synthesis was
employed (denoted, hereafter, as SHS NiFe,0,4), due to the
amenability of this route for the synthesis of large material
quantities. Few comparative experiments at particular cycle
conditions were also performed with a NiFe,O,4 synthesized
via solid-state synthesis (denoted, hereafter, as SSS
NiFe,04)** from the co-firing of the respective single-metal
oxides (NiO and Fe>03).

The parametric thermal reduction—water splitting experi-
ments were performed in a laboratory test rig consisting of a
20 mm dia. alumina tubular reactor enclosed within a high-
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Figure 1. Schematic (left), and actual (right) test rig for
water splitting—thermal reduction experiments.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

temperature programmable furnace (Thermcraft, Inc.) capa-
ble of reaching temperatures of 1,500°C (Figure 1). A quan-
tity of 10 g of the redox material powder to be tested was
placed in the middle of the reactor forming a bed of approxi-
mately 1 cm height supported by quartz wool. The first
step—denoted, hereafter, as “activation”—involved heating
of the powder under nitrogen with a flow rate of 2 lt/min,
with a ramp of 15°C/min up to a certain temperature; in the
particular study activation temperatures of 1,250, 1,320 and
1,400°C were tested. The dwell time at the activation tem-
perature was also varied. Subsequently, the material was
cooled under nitrogen to the desired water splitting tempera-
ture level; in this study water splitting temperatures of 700,
800 1,000 and 1,100°C were tested. When the targeted tem-
perature level was reached, steam was introduced to the re-
actor in the nitrogen stream (mole fractions of steam tested
were 8, 16 and 32%) flowing continuously over the heated
sample with the aid of a manometric water pump and a
heated evaporation line. The mole fractions of steam were
calculated by converting the liquid water flow rate from the
pump to moles of gaseous water vapor. After a particular
dwell time at the water splitting temperature, the steam flow
was switched off and the reactor was heated again with the
same ramp of 15°C/min to the TR temperature level under
pure nitrogen where it remained for a preset time. This
WS—TR procedure was repeated once more, thus, all experi-
ments involved an initial activation step under nitrogen and
two subsequent WS—TR cycles. During the whole process
the effluent, after passing through a water trap, was diverted
to a mass spectrometer (Pfeiffer, Omnistar) via which hydro-
gen and oxygen concentrations were constantly monitored
and recorded. The quantities of hydrogen and oxygen pro-
duced were calculated based on the areas of the correspond-
ing mass spectrometer (MS) peaks. In all cyclic experiments
the TR temperature was set equal to the initial activation
temperature, so in the manuscript these two terms have the
same meaning. After the end of the cyclic experiments (with
the last step always being the TR one) the reactor was
cooled down under nitrogen atmosphere, and the redox mate-
rials were collected for ex situ structural characterization by
X-ray diffraction analysis (XRD) using a Siemens D-500
Kristalloflex X-ray powder diffractometer (Cu Ko radiation).

Due to the much higher redox material amounts used in
this study in contrast to experiments reported in previous
works, water splitting and thermal reduction experiments did
not last until hydrogen/oxygen, respectively could not be fur-
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ther detected in the effluent stream but the activation/water
splitting/thermal reduction times were initially kept constant
at 30 min. This time was subsequently varied according to
the experimental findings.

Results and Discussion
Water splitting—thermal reduction experiments

Effect of Water Splitting Temperature. The first set of
the study involved experiments to quantify the effect of
water splitting temperature on the hydrogen and oxygen
yields. This effect is shown in Figure 2 for the SHS
NiFe,04, for four WS temperatures 700, 800 1,000 and
1,100°C, a constant TR temperature of 1,400°C, a steam
mole fraction of 8% and a dwell time at all steps equal to
30 min. Throughout this work, hydrogen and oxygen con-
centrations are reported as “mmol of gas produced per g of
redox material employed” and the gas concentration scale is
the same for all experimental runs shown together on each
figure. It can be seen that the amount of hydrogen produced
increases with increasing water splitting temperature seeming
although to reach a “plateau” value for temperatures higher
than 1,000°C. The hydrogen and oxygen concentration evo-
lution profiles seem to have a constant, self-similar shape
regardless of the step and the temperature, especially for WS
temperatures higher than 1,000°C. The only discrepancy in
the oxygen profiles is the sharp first oxygen peak at the first
TR step in the experiment with a WS temperature of 800°C.
This is due to the fact that in the course of the experimental
procedure at this WS temperature, after the first WS step
(marked in the graph of Figure 2) the material was taken out
of the test rig, ground in a mortar, and, thus, returned. This
resulted in an abrupt initial peak of the oxygen concentration
produced in the next step, indicating that at least some fur-
ther sintering of the material takes place at the high-activa-
tion temperature levels employed and deteriorates the materi-
als performance decreasing the gas product yield; this effect
of sintering is alleviated by grinding.

Both the hydrogen and oxygen concentration profiles ex-
hibit a maximum at the beginning and a gradual decay,
thereafter, but the hydrogen ones are much sharper indicat-
ing that the WS reaction takes place much faster than the
TR one. Since portions of the same initial batch of NiFe,O4
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material were used in all four experiments depicted in
Figure 2, the relative peak height differences among the four
oxygen evolution curves during the initial activation step
should be attributed to small differences in the material
batch used for each experiment.

Effect of Ni cation and of redox material synthesis route

The NiFe,O, synthesized by SHS was compared to the
SSS NiFe,O4 under the following conditions: TR tempera-
ture of 1,400°C (heating under nitrogen with a ramp of
15°C/min), WS temperature of 1,100°C, dwell time at acti-
vation 60 min, steam mole fraction of 8%. To further clarify
the mechanisms taking place during the activation process, a
commercial Fe;O4 powder (CERAC, purity > 99.5) was
subjected to the same testing as the mixed spinel materials
perviously. This commercial Fe;O, powder was not sub-
jected to prior calcination under air at 1,400°C like all the
rest since this would have resulted in its irreversible oxida-
tion to hematite («-Fe,O3)— as corroborated with such in a
separate experiment (as follows).

The comparative results are shown in Figure 3. It can be
deduced that the first oxygen evolution peak during activa-
tion for the two NiFe,O, materials, can be attributed to oxy-
gen that was absorbed from the samples during their prior
calcination under air where the as-synthesized ferrite absorbs
further oxygen from air and becomes ‘“saturated” with oxy-
gen; this peak is absent in the case of the Fe;O04 powder that
was not subjected to prior calcination under air. This hypoth-
esis is further corroborated from the literature, since similar
oxygen evolution curves from commercial spinel ferrites
tested in TR-WS experiments without precalcination, exhib-
ited a single oxygen peak during activation at temperature
levels in the range 1,250-1,450°C.%*?> Even without taking
into account this first peak, the favorable effect of the Ni
cation on the ferrite’s thermal reduction is obvious from the
comparison of the peaks from the three materials during acti-
vation at 1,400°C. Not only the amount of oxygen evolved
from the “plain” ferrous ferrite Fe;0, is much less than that
evolved from both NiFe,O, ferrites, but the subsequent
water splitting capability of Fe;O,4 is minimal as well.

The two NiFe,O, materials (SSS and SHS) exhibited
almost identical behavior during every process stage with
respect to the hydrogen and oxygen concentration profiles as
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well as to the oxygen evolution temperatures during thermal
reduction. This fact indicates that these two synthesis routes
(both starting from solid precursor materials) end up to
materials with very similar properties.

Postcharacterization

The XRD spectra of the commercial Fe;O, after its calci-
nation under N, at 1,400°C —i.e., after its initial thermal
reduction—and under air at the same temperature are shown
in Figure 4. It is clear that after the thermal reduction under
nitrogen, Fe;O, retains its spinel structure. The spinel peaks
are shifted to slightly higher diffraction angles due to the
evolution of oxygen from the lattice, but there are no traces
of FeO formed as it can be seen in the narrower diffraction
angle range shown in Figure 4b. This is further confirmed by
the absence of melting in the product—the melting point of
FeO is 1,370°C, lower than the thermal reduction tempera-
ture tested; should the reduced form of the oxide be that of
FeO, significant melting would have been observed. It is
also obvious from Figure 4 that, as mentioned previously,
calcination of the commercial Fe;O4 under air at the same
temperature and for the same time results in its complete
transformation to Fe,Os.

The XRD spectra of the SHS-synthesized NiFe,O, after
the various processing steps (synthesis, oxidation, activation
at 1,400°C under N, and cyclic WS—TR operation—with
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the last step always being TR) are shown in Figure 5. An
experiment involving heating the material under nitrogen but
only up to 1,100°C was also performed to “isolate” the ma-
terial after the completion of the first oxygen evolution peak
and investigate any phase differences compared to the mate-
rial heated under nitrogen at 1,400°C. As mentioned previ-
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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ously,? after postsynthesis calcination under air at 1,400°C
the product is ‘“oxygen-saturated” single-phase NiFe,O4
(traces of free Ni that existed in the as-synthesized state
have all been oxidized and incorporated in the NiFe,Oy4
spinel’s lattice). It can be seen in Figure 5 that the material
is still, after each process step, single-phase spinel with no
other phases having been formed. Even after TR at the high-
est temperatures tested (1,400°C) there is no evidence of
separate divalent metal oxide phase that being either FeO or
NiO (Figure 5b where the x-scale is the same with that of
Figure 4b for a direct comparison). Thus, it can be con-
cluded that under the temperatures and times tested in this
study, the “oxygen-saturated* ferrite is thermally reduced to
its “oxygen-deficient” structure NiFe,O,4.s and not to FeO or
NiO. The only difference among the various process steps is
at the relative peaks height: a single calcination of the oxi-
dized powder under nitrogen results in a decrease of the peak
height (more intense for the calcination at 1,400°C) due to
the observed oxygen loss. Subsequent repetitive exposure at
the high WS—TR temperatures (800, 1,000, 1,110, 1,400°C)
during the WS—TR cycles induces crystallization of the ma-
terial accompanied by an increase of the peak height.

The phase evolution of the two NiFe,O, materials tested
—SHS and SSS—after each process step can be observed in
Figure 6 where the XRD spectra of the products are shown
within the diffraction angle range 35-38° (same with those
of Figures 4b and 5b). The major peak of the SSS material
at 800°C coincides as expected, with the reference cubic spi-
nel structure whereas that of the as-synthesized SHS is
slightly shifted to lower angles with traces of NiO also pres-
ent. As already mentioned, most likely, the as-synthesized
SHS spinel is an “oxygen-deficient” one since during SHS
the spinel has not “absorbed” all oxygen possible due to the
very short synthesis time. Postsynthesis calcination under air
at 1,400°C “restores” the lattice to a spinel ‘“‘saturated” with
oxygen. After this calcination under air at 1,400°C the peaks
of the two materials seem identical, a fact that explains the
similar hydrogen yields observed. This similarity with
respect to phase composition is maintained after the two
WS—TR cycles. As with Fe;Qy,, the shift of the main spinel
peak can be noticed after each processing step, due to the
distortion of the spinel structure from cubic to tetragonal as
oxygen is evolved.
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Effect of thermal reduction temperature

The effect of the TR temperature on the hydrogen and
oxygen concentrations is shown for the SHS NiFe,O, in Fig-
ure 7 for three TR temperatures 1,250, 1,320 and 1,400°C,
steam mole fraction of 8% and constant WS temperature of
1,100°C. The last value was selected from the first set of
experiments since hydrogen production was maximized at
this temperature. It can be very clearly seen that the concen-
tration profiles of both hydrogen and oxygen retain a similar
shape regardless of either the TR temperature or the cycle
number. The dwell time at the activation temperature was
increased from the highest to the lowest activation tempera-
ture in an effort to achieve the maximum possible oxygen
evolution, i.e., an oxygen final concentration close to zero.
This was practically achieved only at the activation tempera-
ture of 1,250°C for a dwell time of 102 min. For the same
reason the dwell time of the WS and the TR steps was
increased in the experiments at TR temperatures of 1,320
and 1,250°C; however, in none of these steps this dwell time
was proved long enough for the concentration of the evolved
gas to drop to zero.

It is clear that the oxygen liberated during the first, activa-
tion step decreases with decreasing activation temperature.
This has as an effect that the hydrogen produced during the
subsequent WS step—at the same WS temperature of
1,100°C— also decreases with decreasing TR temperature
(Figure 7). The oxygen concentration peak corresponding to
the lower temperature (i.e., around 883°C) is more or less
common in all three experiments, however the oxygen liber-
ated during the constant-high-temperature stage of activation
depends strongly on the final TR temperature value. Another
observation from Figure 7 is that during the two TR steps
the temperature where oxygen evolution starts increases with
increasing TR temperature. This point indicates that the ma-
terial exhibits sintering at the higher temperatures which
delays the production of oxygen; the higher the initial activa-
tion temperature, the higher the temperature where oxygen
starts to be produced during the subsequent TR step.

The important conclusion from this set of experiments is
that the maximum oxygen storage capacity of a particular re-
dox material depends strongly on its thermal reduction tem-
perature. For instance, if excessively high thermal reduction
temperatures are to be avoided, from the results shown in
Figure 7 for NiFe,O4 one may conclude that since oxygen
starts to evolve at a particular “lower” temperature (e.g., of
the order of 1,260-1,280°C) then a thermal reduction step
performed at this temperature level for a longer dwell time
will suffice to thermally reduce the material. The problem
with this approach is that the reduced state corresponding to
this TR temperature is one that has not “given away” the
maximum quantity of oxygen possible (should the thermal
reduction be performed at a higher temperature, more oxy-
gen would be released). As a result the hydrogen yield
obtained during the subsequent water splitting step is much
lower than the one that could be obtained if higher thermal
reduction temperatures were employed, as the results in Fig-
ure 7 indicate. Thus, to achieve high hydrogen yields, high
values of both water splitting and thermal reduction tempera-
tures are required. It can be concluded that at TR tempera-
tures lower than 1,400°C the NiFe,O, material has not
“given away” the maximum quantity of oxygen possible;
this also cannot be assured even for the maximum TR tem-
perature of 1,400°C tested in this work.
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Figure 8. Oxidation at 1,100°C with 4% O, in N,.

(a) “Full-scale” oxygen concentration profile during
the experiment, (b) “magnification” of (a) with y-axis
scaled to the oxygen peak height during activation,
and (c¢) comparison of oxygen concentration evolution
between water splitting with 8% steam and oxidation
with 4% O, in N, (water splitting/oxidation—thermal
reduction levels of 1,100-1,400°C, respectively, activa-
tion dwell time 60 min). [Color figure can be viewed
in the online issue, which is available at wileyonline
library.com.]

As mentioned previously,® by inspection, the amount of
hydrogen evolved in the first WS step is much less than dou-
ble of the amount of oxygen evolved during the activation
step (even without including the first oxygen peak). This
implies at first that the oxygen deficiency of the reduced fer-
rite after the activation step is not replenished in full by the
oxygen abstracted from steam during the subsequent WS
step. In other words, only a part of the oxygen vacancies
occurring during activation is filled with oxygen coming
from steam during water splitting—at least within the reac-
tion times employed in this study. To corroborate this obser-
vation the following experiment was performed: the same
SHS NiFe,0, material precalcined at 1,400°C was again
subjected first to an activation step similar to the aforemen-
tioned (calcination under N,, dwell at 1,400°C for 60 min);
then it was cooled to 1,100°C under N, where it was
exposed to a mixture of 4% O, in N, for 30 min. In other
words, the oxidation of the reduced ferrite was performed
with O, instead of steam (the percentage of 4% O, was
selected so that the amount of oxygen in the gas phase to be
the same as in the case of oxidation with 8% steam in N»).
Then a TR step was performed, as before, by heating the
powder under N, to 1,400°C, and a dwell time at 1,400°C of
30 min. The oxygen evolution profile from this experiment
is compared to that from the oxidation with 8% steam in
Figure 8. In Figure 8a the oxygen concentration during the
whole experiment is shown in full-scale (where a minor drop
of the oxygen concentration during the oxidation step can be
observed, but due to the high level of oxygen concentration
a quantitative estimate of the oxygen absorbed during oxida-
tion cannot be made). Figure 8b and 8c are “magnifications”
at oxygen concentration levels encountered during activation
and water splitting/oxidation. It can be clearly seen (Figure
8b) that the oxygen evolution during the TR step after the
oxidation with 4% O, is almost an exact replicate—both in
height and in shape—of the second oxygen peak observed
during activation. This means that the TR process in the
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Figure 9. NiFe,0,4, SHS: Effect of steam mole fraction

on hydrogen and oxygen concentration evo-
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dwell time 60 min.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

temperature range 1,100-1,400°C is completely reproducible
when the oxidation is performed with oxygen: the oxygen
absorbed during this oxidation is evolved in full during the
subsequent thermal reduction step in the same way and tem-
perature range where it was evolved during the initial activa-
tion stage (Figure 8b). Compared to the respective activa-
tion-WS—TR experiment (Figure 8c) it can be seen that the
rate of oxygen desorption is much faster in the case of oxy-
gen abstracted from the 4% O, mixture than that of the oxy-
gen abstracted from steam. In addition, the difference in the
areas under the two oxygen concentration curves—from oxi-
dation with O, and from WS—during the TD step at
1,100°C shows that the redox material did not abstract from
steam the same amount of oxygen with that abstracted from
the 4% O, mixture— one reason might being that the WS
reaction was not given enough time for completion. In other
words, the area under the curve during TR from the oxida-
tion with 4% O, shows the “upper” limit of possible oxygen
evolution at the particular TR temperature; whether this
upper limit can be reached with oxygen abstracted from
steam has to be determined from experiments at longer times
that will allow for full exhaustion of the gas hydrogen/oxy-
gen products (see the following discussion).

Effect of steam mole fraction

The effect of the steam mole fraction on the hydrogen and
oxygen concentration between a TR temperature of 1,400°C
and a WS temperature of 1,100°C is shown for the SHS
NiFe,0O, in Figure 9 for three values of the steam mole frac-
tion 8, 16 and 32%. In this set of experiments the activation
time was set to 60 min and the dwell times for both the TR
and the WS steps to 30 min. The values of the initial rates
of hydrogen production, i.e., the maximum values of the
hydrogen concentration curves are listed in Table 1 from
where it can be considered—at least as a first approxima-
tion—that the initial rate of hydrogen production increases
almost linearly with increasing steam mole fraction, and,
thus, the reaction can be considered as first-order with
respect to steam concentration. This point is discussed in
detail in the following section devoted to modeling.
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Calculations of hydrogen/oxygen yield

As already mentioned, all the WS—TR experiments were
terminated before completion since the time required for ei-
ther the hydrogen or oxygen concentration to drop back to
zero would have been impractically long. Therefore, the rel-
evant oxygen/hydrogen concentration curves are ‘““truncated”
and the areas under these curves that give the total amount
of hydrogen/oxygen moles produced per each reaction step,
do not correspond to the maximum possible quantities of
hydrogen/oxygen that could be produced under the specific
conditions. Nevertheless the total measured hydrogen/oxygen
yields (mmol of H,/O, produced per g of redox material)
were calculated for each experiment and are summarized in
Table 2 and in Figure 10 (in the cases where the dwell time
of either the WS or the TR step were different than 30 min,
the yields for the first 30 min are listed in Table 2 and plot-
ted in Figure 10 for a direct, objective comparison).

With the exception of one experiment (activation tempera-
ture 1,250°C and dwell time 102 min) the dwell time at the
activation stage was not enough for oxygen concentration to
reach a value close to zero. Therefore, during activation, the
redox material did not give away the maximum quantity of
oxygen possible at the specific activation temperature. As a
result, there is really no means to distinguish which part of
the oxygen produced during the next two thermal reduction
steps is due to the oxygen abstracted from water during the
previous water splitting step, and which part is due to the
“continuation” of the thermal reduction process that was
“interrupted” before completion during the activation stage
(i.e., is oxygen that pre-existed in the redox material before
the introduction of steam). Given that the ratio of (hydrogen
produced during the WS step)/(oxygen produced during the
TR step) does not have to be equal to 2:1 as predicted by
the WS reaction stoichiometry. Another reason for discrep-
ancy from the 2:1 ratio is that the two reactions are not
equally fast, so the amount of the one gas produced in, for
instance, 30 min does not necessarily have to be in stoichio-
metric analogy to the amount of the other gas produced in
the same time. The “efficiency” of the TR process—i.e., the
percentage of oxygen abstracted from water that is subse-
quently released at each particular TR temperature—can be
accurately determined only from experiments where the ini-
tial activation step lasts until the oxygen concentration curve
reaches a zero value; thus, any oxygen that will be produced
during subsequent TR steps at the same temperature is safely
attributed to that absorbed from steam.

With this rationale and based on the aforementioned find-
ings with respect to the experimental conditions maximizing
the gas product yield at each step, an additional set of

Table 1. Maximum Hydrogen Production Rates for SHS
NiFe,O4 as a Function of Steam Mole Fraction (Activation/
Thermal Reduction Temperature 1,400°C, Water Splitting

Temperature 1,100°C, Dwell Time at Activation 60 min)

Maximum
hydrogen Ratio of
Steam production rate maximum
mole Ratio of (mmoles Hy/min*g hydrogen
fraction  steam mole of redox material) production rate
(%) fraction step 2™step  1step 2" step
8 1 0.00280  0.00164 1.00 1.00
16 2 0.00428  0.00369 1.53 2.25
32 4 0.00834  0.00837 2.98 5.10
Published on behalf of the AIChE DOI 10.1002/aic 1219



Table 2. Measured O,/H, Produced (mmol/g of Redox Material) During the First 30 min per Material and per Process Step

mmoles of gas/g of
redox material

mmoles of gas/g of
redox material

Steam mole Activation WS-TR T Ratio Ratio

Redox material fraction time °C) Activation 1" WS I TR H,/O, 2" ws 2" TR H,/O,
NiFe,O, (SHS) 8 % 30 min 1400-700 0.146 0.016 0.026 0.615 0.022 0.018 1.222
8 % 30 min 1400-800 0.131 0.028 0.020 1.400 0.017 0.011 1.545

8 % 30 min 1400-1000 0.125 0.067 0.024 2.792 0.068 0.017 4.000

8 % 30 min 1400-1100 0.073 0.069 0.014 4.928 0.068 0.011 6.182

8 % 60 min 1320-1100 0.145 0.023 0.013 1.769 0.020 0.011 1.818

8 % 102 min 1250-1100 0.084 0.016 0.006 2.666 0.010 0.005 2.000

8 % 60 min 1400-1100 0.169 0.053 0.020 2.650 0.041 0.017 2.412

16 % 60 min 1400-1100 0.189 0.071 0.021 3.381 0.064 0.021 3.048

32 % 60 min 1400-1100 0.209 0.140 0.035 4.000 0.132 0.039 3.385

NiFe,O4 (SSS) 8 % 60 min 1400-1100 0.203 0.043 0.021 2.048 0.041 0.019 2.158

experiments was performed consisting of one activation and
two full WS—TR cycles under the following conditions: TR
temperature of 1,400°C, WS temperature of 1,100°C, steam
mole fraction of 32%. In this experimental set, the dwell
times at each step were extended significantly (in the range
of few hours each) until a point where the gas product (ei-

HiFe,0,; TR: 1400°C
ws: T00°c Y,
ws: 500°C [,
ws: 1000°C I,
ws: 1100°C M,

"Measured™ H, yield va

0.08 {t, ,=30 min)

0.04 4

1" cycle 2" cycle

0.04 4

H, yield (mmoles/g of redox material)

1% cycle 2" cycle

—
Y
~

Number of cycles

T T
“Measured” H,, O, yield values

0.08 - (t,,;= t,,= 30 min)

wite0, TR on'C

0.04

H,, O, yield (mmoles/g of redox material)

0.00
1% cycle
0.08 -
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Figure 10. (a) Measured hydrogen yields (mmol of H,
per g of redox material) during the 30 min
time of the water splitting experiments, and
(b) comparison to the respective measured
oxygen yields (mmol of O, per g of redox
material) during the 30 min time of the ther-
mal reduction experiments.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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ther oxygen or hydrogen) concentration curve reached an
(almost) zero value (taking into account the practical time
limitations on performing these experiments in the labora-
tory). The respective concentration evolution profiles are
shown in Figure 11, where also the total mmoles of gas pro-
duced/g of redox material at each process step, as calculated
from the area under the respective concentration curve, is
reported. A very interesting feature revealed from these
experiments is the observation that the ratios of hydrogen to
oxygen produced at the two steps of the two WS—TR cycles
are very close to the stoichiometric analogy 2:1: 1.98 and
2.25, respectively. This observation also explains any devia-
tions from full-reversibility between the WS and the TR
steps of a cycle observed for experiments that did not last
until completion. The nonreversibility in the present experi-
ments is due to the fact that the two steps of the cycle occur
for fixed time intervals without accounting for the balance
between oxygen entering and leaving the redox material,
leading to continuous evolution of the amount of oxygen in
the redox material This amount affects the rate of the pro-
cess so in case of “unbalanced” cycles it is not sure that
convergence to a steady state will be achieved even after
many cycles. On the other hand for balanced cycles (i.e.,
such that the time intervals of WS and TR are such that the
molar ratio of produced H, and O, to be 2:1) the steady
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Figure 11. Effect of reaction duration on hydrogen and
oxygen concentration and yield for SHS
NiFe,0,4; activation and thermal reduction
temperature 1,400°C, water splitting temper-
ature 1,100°C, steam mole fraction 32%.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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state appears from the first cycle as it is evident from
Figure 11. Further such experiments are scheduled next,
together with parametric experiments with CoFe,O4 to
quantitatively compare the two materials and generalize the
reaction mechanisms discussed later.

From the values reported in Table 2, it can be concluded
that the hydrogen yields in this study varied within an order
of magnitude (0.016-0.140 mmol/g of redox material)
depending on the testing conditions. The maximum value of
0.140 mmol Hy/g of redox material (for a WS reaction time
of 30 min) was achieved for a WS temperature of 1,100°C,
a TR temperature of 1,400°C and a steam mole fraction of
32%. This value is agreement with similar hydrogen yield
values reported in the literature for NiFe,O,4, e.g., 0.186
mmol H,/g of redox material,”> and 0.4 mmol H,/g of redox
material,?’ taking into account differences among the various
studies with respect to steam mole fraction, WS/TR tempera-
tures and duration of the water splitting step. As shown in
Figure 11, under the same temperature and steam mole frac-
tion conditions, hydrogen yields can increase from 0.140 to
0.248-0.291 mmol/g of redox material by extending the
reaction times.

Modeling—derivation of kinetics

The hydrogen/oxygen concentration evolution profiles are
very informative and can be employed to obtain significant
information from their shape. In addition, they can be used
to determine the kinetics of the water-splitting/thermal
reduction reactions from the simple laboratory reactor exper-
imental setup. These kinetic constants can be subsequently
introduced in the detailed models of the solar reactor that
are necessary for the design and optimization of its operation
strategy. As already argued in previous publications, the con-
ditions in the experimental water splitting—thermal reduc-
tion laboratory reactor (low conversions, absence of diffu-
sion limitations) permit to ignore as a first approximation the
variation of conversion along the redox material bed and
assume the water vapor concentration to be constant and
equal to its inlet value. In addition, the low-reaction rate
ensures that the heat of reactions is not enough to render the
problem nonisothermal. Based on the aforementioned, the re-
actor can be considered as a differential one and for the
water splitting step of the cycle, the following mass balance
with respect to hydrogen can be written

Fy, = Rws 3)

where Fy, is the molar flow rate of hydrogen coming out of the
reactor (moles of hydrogen per min) per gram of redox
material, and Ryws is the water splitting reaction rate in terms
of moles of H, produced per gram of redox material per
minute. The water splitting reaction may be actually consisting
of several elementary steps, but the purpose here is not to find
the exact mechanism but to determine the simplest overall
reaction rate expression that can describe the experimental
data. In the literature, an empirical scheme for the water
splitting kinetics has been proposed®® according to which the
reaction rate depends on the partial pressures of water and
hydrogen and not to the state of the redox material. A much
simpler rate with a linear dependence on the water concentra-
tion has also been proposed.29 The most general approach to
the kinetics is based on finding candidate kinetic expressions
from the extensive list referred to gas-solid reactions.***' The
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simplest choice is to assume a reaction rate (i.e., a hydrogen
production rate) of n-th order with respect to vapor
concentration Cy,o, and first-order with respect to the empty
oxygen storage sites on the surface of the redox material
(unimolecular decay law in gas-solid reactions terminology)

Rws = kws'¥(1 — y)Ch,0 4)

where kws is the temperature-dependent rate constant (units:
m®/moles/min) of the water splitting reaction, and ¥ is the
maximum oxygen storage capacity of the redox material
(expressed in moles H, produced per g of redox material).
Finally, y is the instantaneous actual storage normalized by the
maximum one and takes values between 0 and 1. The quantity
(1—y) is proportional to the number of empty sites for oxygen
storage on the redox material. It is noted that the exponent n
can take in general values from O to 1 depending on the
dominant step in WS reaction. For the range of vapor
concentration experiments performed here it was found that
the exponent is close to 1 implying that the WS process is
dominated by the vapor adsorption to the redox material step
(Table 1). It is noted that the reaction mechanism proposed
here is not expected to be able to describe the complete redox
kinetics. It is just a fundamental mechanism describing the
reaction of the surface layers of the redox material.
Phenomena such as reaction in the bulk material and
associated oxygen transport kinetics are not considered.
Nevertheless, the deviations between the simple model and
the experimental data are expected to suggest how to
incorporate these phenomena in the model.

Thus, the hydrogen mass balance in the bed takes the
form

Fy, = kws'¥(1 — y)Ch,0 Q)

The dynamics of the storage sites on the redox material
leads to the equation

d
‘P% = Rws = kws®(1 — y)Cino ©6)

We introduce at this point a new variable ¢ which it is
defined as

o =" -y) @)

i.e., ¢ it is the instantaneous capacity of water splitting of the
redox material (in moles of produced hydrogen per g of redox
material). In this way, the two variables y and ¥ are replaced
by the variable ¢, eliminating the theoretical quantity ¥ which
may be inaccessible in practice (at least for the experimental
reaction times of this work). The quantity ¢ can be considered
as the instantaneous “driving force” for the reaction. Such a
simplification is possible only in the case of a linear relation
between Ry s and y as the one described in Eq. 4. Replacing ¢
in Eq. 5 leads to

d
7? = —kws$Cn,0 (8
from which we obtain
¢ = 4)Oe*kwscﬂzof )
Published on behalf of the AIChE DOI 10.1002/aic 1221



where ¢q is the value of ¢ at the beginning of each water
splitting cycle. Substitution of 9 and of definition in Eq. 5
leads to

Fr, = kwsCryopge ¥sCmo! (10)

This is the final working equation to be used to extract the
temperature-dependent parameters kws and ¢o from the ex-
perimental curves. The procedure is as follows:

1. Each hydrogen concentration evolution profile—as
obtained from the mass spectrometer in units of moles (or
mmol) of hydrogen per min— is fitted with an exponential
decay function of the form y = ae"® from where a and b
are calculated;

2. From the relationship b = — kws Cn,0 (Cn,o is the
vapor concentration and can be calculated at the water split-
ting temperature of each experiment) kys can be calculated;

3. From the relationship a = kws Cu,o ¢o (With Cy,o.
calculated as earlier, and kyy already calculated from step 2
above, ¢ can be calculated also.

Thus, we can obtain values for the constants kywgs and ¢q
from each WS step of the cycle performed at each water
splitting temperature.

Similarly, for the thermal reduction (regeneration) step,
the starting equation is the mass balance for oxygen

Fo, = Rt (1)

where Fg, is the molar flow rate of oxygen coming out of the
reactor (moles of oxygen per minute) per g of redox material,
and Rygr is the thermal reduction reaction rate in terms of
moles of O, produced per g of redox material per minute. A
simple first-order expression for the reaction rate is

R = krY 12)

where 1/ is the instantaneous concentration of adsorbed oxygen
(moles of O, per gram of redox material). The variables v, ¥,
and y are related by

v ="V¥y/2 (13)
d
d—‘f = —kmrY (14)
Y = ppe ™ (15)

where VY, is the initial value of y at the beginning of the
thermal reduction step. Substitution of (15) in (11) leads to

Fo, = krrippe™ ™ (16)

which is the working equation for the analysis of the
experimental data of the thermal reduction step and can be
used, similarly to the procedure for water splitting, to extract
the temperature-dependent parameters krg and /o from the
experimental oxygen concentration evolution curves. The
procedure is again as follows:

1. each oxygen concentration evolution profile is fitted
with an exponential decay function of the form y = ae‘™®"
from where a and b are calculated;

2. from the relationship b = — ktg, krr is calculated

3. from the relationship a = kg Yo and kg already cal-
culated from step 2, /o can be calculated also.
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Figure 12. NiFe,0,4, SHS, activation and thermal reduc-

tion temperature 1,400°C, water splitting
temperature 1,000°C.
(a) Experimental oxygen/hydrogen concentration pro-
files during the whole cycle; (b) and (c) magnification of
the water splitting/thermal reduction steps and fitting
curves for hydrogen/oxygen concentration, respectively.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Thus, we can also obtain values for the constants ktg and
Yo (from each TR step of the cycle performed at each ther-
mal reduction temperature).

Equations 10 and 16 were employed to fit the experimen-
tal hydrogen/oxygen concentration evolution profiles, respec-
tively, and extract the respective kinetic parameters for the
case of NiFe,Oy. It should be mentioned that only the part
of the hydrogen/oxygen concentration profiles after their re-
spective peaks (exponential-like decay) should be and was
included in the fitting procedure. Ideally, the product gas
(hydrogen/oxygen) concentration should reach instantane-
ously its highest value and thereafter decrease. However, in
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Table 3. Calculated Kinetic Constants for the Water Splitting and the Thermal Reduction Reaction of SHS NiFe,0,

Experiments with varying WS temperature and constant TR temperature

Cycle step ¢o (mmoles/g redox) kws (m*/min*mole) kg (1/min) Yo (mmoles/g redox)
WS 700 TR 1400
1st 0,012 0,0814 Ist 0,0297
2nd 0,014 0,0897 2nd
WS 800 TR 1400
Ist 0,028 0,0599 Ist
2nd 2nd 0,0194 0,023
3rd 0,400 0,0454 3rd 0,0561 0,018
4th 0,464 0,0504 4th 0,0165 0,036
WS 1000 TR 1400
1st 0,067 0,0565 Ist 0,0290 0,030
2nd 0,072 0,0538 2nd 0,0196 0,036
WS 1100 TR 1400
Ist 0,072 0,0694 Ist 0,0532 0,010
2nd 0,076 0,0549 2nd 0,0222

Experiments with varying TR temperature and constant WS temperature
Cycle step ¢o (mmoles/g redox) kws m3/min*mole) kg 1/min) Yo (mmoles/g redox)
WS 1100 TR 1250
1st 0,019 0,0514 1st 0,0198 0,012
2nd 0,023 0,0226 2nd 0,0229 0,010
WS 1100 TR 1320
Ist 0,038 0,0324 Ist 0,0301 0,019
2nd 0,047 0,0218 2nd 0,0274 0,016
WS 1100 TR 1400
1st 0,072 0,0694 1st 0,0532 0,010
2nd 0,076 0,0549 2nd 0,0274 0,016

the experimental configuration the diffusion of the evolved
gas in the line to the mass spectrometer has as a result the
gradual increase of the measured product gas concentration
from zero to its maximum value. Indeed, the time interval
required for hydrogen concentration to reach its highest
value is characteristically around 50-100 s for all the experi-
ments, regardless of the materials composition. If the gradual
rise of hydrogen productions was due to a physical mecha-
nism on the redox materials’ surface its duration would be
expected to be material-dependent.

Typical comparisons between the fitting and the actual ex-
perimental hydrogen and oxygen gas concentration evolution
curves are shown in Figure 12 for the case corresponding to
thermal reduction at 1,400°C and water splitting at 1,000°C;
similar results were obtained for practically the whole set of
experiments. In Figure 12a, the whole experiment consisting
of one activation and two water splitting/thermal reduction
steps is shown. Figure 12b shows a magnification of the two
hydrogen production peaks, and Figure 12c¢ the respective
magnification of the oxygen production peaks, which were
subsequently fitted with an exponential-decay function y =
ae"™ (red/orange and black/gray curves for the first/second
step, respectively).

With respect to the hydrogen concentration profiles it can
be observed that, the fitting curve lies significantly under-
neath the actual experimental curve (Figure 12b). This
means that the simple first-order reaction rates employed
here can describe adequately only the first part of the experi-
mental hydrogen evolution curves. This part corresponds to
a reduction of the initial reaction rate of about 30%. In other
words, the linear theory (Eq. 4) predicts smaller reaction
rates at higher reaction times than the experimental ones.
This implies that the number of the active surface sites of
the redox material is not reduced in accordance to the reac-
tion rate. A possible explanation is that slow transfer of
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adsorbed oxygen molecules takes place from surface sites to
another region of the redox material not initially directly ac-
cessible by the gas phase (steam). In this way the number of
the surface empty sites is not reduced very fast (as fast as
predicted by Eq. 4), and the reaction is sustained as sug-
gested by the experimental results. In other words, perhaps
more than one “population” of oxygen storage sites partici-
pate in the water splitting reaction as this is evolving. The
same trend— i.e., underprediction of the gas evolution rate
by the linear theory, even though to a lesser extent —can be
also observed in the oxygen concentration profiles (Figure
12¢). This suggests that more complicated reaction models
taking into account the structure of the redox material are
needed to describe the whole extent of the experimental
data. At this point no attempt can be made to simulate the
second part of the curve even using the phenomenological
gas-solid reaction kinetic laws because in any case (except
the linear rate law used here) the total reaction capacity
must be explicitly known. The linear reaction model is the
only one for which the reaction rate depends only on the in-
stantaneous state of the material and on no other parameter
like . To extent the reaction model of this work, the whole
experimental hydrogen/oxygen concentration evolution
curves up to the exhaustion of the storage sites are required;
such experiments are scheduled as the next part of the work.
Nevertheless, the first-order model employed here is appro-
priate for the description of the dynamics of the surface
adsorbed oxygen, being an important part of the whole redox
system dynamics.

The results of the analysis with respect to the calculation
of the kinetic parameters are summarized in Table 3 (the
omission of some results is due to the fact that the fitting
was poor for the particular step/experiment, not leading to
reliable calculations). With respect to the water splitting
reaction, it can be observed that the values of the rate

DOI 10.1002/aic 1223



constant are of the same order at each experiment and do
not seem to depend strongly on the water splitting reaction
temperature. This fact, taking into account the rather large
water splitting temperature range spanned (700-1,100°C),
does not seem to correspond to an Arrhenius-type tempera-
ture dependence of kyg. In addition, the dependence of kyg
on the initial activation temperature does not seem to be so
strong either. This is an indication that the rate-controlling
step during water splitting perhaps is not a chemical reaction
per se (depending exponentially on temperature), but rather
another elementary step (e.g., adsorption-like), much less
strongly temperature-dependent.

The values obtained for k7% for the thermal decomposition
step (oxygen release) suffer from more scattering. With
respect to the values provided in the upper half of Table 3
(from experiments with varying WS temperature and con-
stant TR temperature), a trend of with respect to the (previ-
ous) water splitting temperature cannot be established. On
the contrary, from the results in the lower half of Table 3
(from experiments with varying TR temperature and constant
WS temperature) it appears that kyp increases with increas-
ing activation (thermal reduction) temperature, but some
more experiments are needed to quantify this trend through
the estimation of the activation energy of the reaction. De-
spite the large scatter of the kinetic constant values between
cycles one could say that (1) there is not a specific pattern
of WS temperature influence on k7, and (2) krr increases
with the TR temperature. Both observations are compatible
with expectations based on the existing picture of the
process.

The calculated values of ¢o—which is the instantaneous
capacity of water splitting of the redox material at the begin-
ning of each water splitting cycle, expressed in moles of pro-
duced hydrogen per g of redox material—are increasing with
an increase of both the water splitting temperature as well as
the activation/thermal reduction temperature. However, it is
not a fundamental quantity; it just refers to the start of each
WS cycle and depends on the history of the redox material
treatment (initial activation and WS, TR cycles). The unex-
pectedly high values of observed in the third and fourth
steps of the cycle between 1,400 and 800°C (in red) are due
to the grinding that took place before the third step which
had as an effect the modification of the structure of the re-
dox material and the enhancement of the surface area
directly accessible for oxygen adsorption from the gas phase.

Conclusions

Cyclic thermal reduction—water splitting parametric
experiments with in-house synthesized NiFe,O4 powders
were performed to quantify the effects of operational param-
eters on hydrogen and oxygen yields and extract the kinetic
data of the water splitting and thermal reduction reactions. It
was determined that hydrogen yield depends on both thermal
reduction as well as water splitting temperature. High-ther-
mal reduction temperature has, as a result, the evolution of
higher quantities of oxygen and the consequent production
of higher quantities of hydrogen during the subsequent water
splitting steps. For constant thermal reduction temperature,
the quantity of hydrogen produced increases with increasing
water splitting temperature with a drastic increase of hydro-
gen yield taking place between 800 and 1,000°C; however,
the yield seems to reach a “plateau” value in the tempera-
ture range 1,000-1,100°C.

1224 DOI 10.1002/aic

Published on behalf of the AIChE

During this cyclic operation and after the thermal reduc-
tion stage, there was no evidence of formation of the diva-
lent iron oxides (wiistite/FeO or NiO); the material remained
single-phase spinel practically during the whole cyclic opera-
tion, however with different oxygen content after each step.
To induce water splitting capability on the material, an ini-
tial “oxygen deficiency” has to be caused on it (by thermal
reduction under inert atmosphere). However, this oxygen
deficiency is not ‘“‘fully” exploited during the subsequent
water splitting step; only a part of the empty oxygen sites is
occupied by oxygen abstracted from water during water
splitting (at least within the water splitting temperature range
tested in this study).

The experiments with varying steam mole fraction per-
formed showed that the water splitting reaction can as a first
approximation considered first-order with respect to steam
concentration. Models linear with respect to the number of
oxygen storage sites were proposed for both WS and TR
reactions. It was found that this linear model follows the ex-
perimental hydrogen production reaction rate up to a reduc-
tion of about 30% of its initial value. After this point, the
experimental rate sustains higher values than those predicted
by the model, implying a variation of the reaction mecha-
nism (probably the reaction continues in internal oxygen
storage sites where the oxygen is transferred through solid-
state diffusion). Further modeling of the reaction kinetics
requires the complete hydrogen/oxygen production reaction
rate curves up to the exhaustion of the gas products.

The calculation of kinetic constants for the water splitting
reaction has resulted in a very weak temperature dependence
in the temperature region 700-1,100°C studied in this work.
This fact indicates that perhaps the rate-controlling step is not
a chemical reaction per se (for which an Arrhenius-type tem-
perature dependence would be expected), but rather another
less strongly temperature-dependent step like the adsorption
of steam molecules on the redox material’s surface. This
assertion is compatible to the linear dependences of the reac-
tion rate from steam concentration and oxygen storage sites.
Regarding the thermal reduction kinetic constant, it is shown
that there is no influence by the WS reaction temperature and
there is an increase as the TR temperature increases. A com-
plete picture of the WS—TR process has been revealed based
on the findings of this work and specific ways to further
quantify the process are set forth.

As previously mentioned, this work is focused on the de-
velopment of “refined” kinetic models, taking into account
these experimental findings; e.g., incorporating various oxy-
gen storage sites populations. This analytical work is sched-
uled to be complemented by experiments at longer activa-
tion—water splitting—thermal reduction times as well as
with experiments with CoFe,O4 to verify and generalize the
trends observed so far. These ‘“‘refined” kinetic parameters
will then be employed in a single channel reactor model to
simulate the hydrogen production in monolithic reactors
under different operation strategies and identify the effects
of crucial operating parameters.
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Notation

C
F

k
R

a

= gas species concentration, moles of gas/m’

= molar gas flow rate, moles of gas per minute per g of redox
material

= temperature-dependent reaction rate constant, m3/moles/min

= reaction rate, moles of gas produced per minute per g of redox
material

= absolute temperature, K

Greek letters

v

¢

y

= maximum oxygen storage capacity of the redox material, moles
of H, produced per g of redox material

= instantaneous capacity of water splitting of the redox material,
moles of H, produced per g of redox material

= instantaneous actual oxygen storage normalized by the maximum
one

Y = instantaneous concentration of adsorbed oxygen, moles of O, per

g of redox material

Subscripts
H, = hydrogen
» = oxygen
WS = water splitting
TR = thermal reduction
0 = initial (at the beginning of the cycle step)
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