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ABSTRACT: Pentalithium ferrite (LiFeO,) was tested as
possible CO, captor, both by theoretical calculations and
experimental measurements. The pristine Li;FeO, compound
with orthorhombic structure was synthesized via solid-state
reaction and it was structural and microstructurally characterized.
Later, sample was heat-treated at temperatures from room
temperature to 900 °C under different CO, or CO,-0,
atmospheres. Li;FeO, exhibits excellent CO, chemisorption
abilities with a capture capacity about 12.9 mmol/g, which is
outstanding in comparison to other previously reported ceramic
captors. This material is able to react with CO, from 200 °C to
approximately 715 °C showing a high kinetic of reaction even at
CO, partial pressure values as low as 0.2. Additionally, results
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suggest that oxygen addition does enhance the CO, chemisorption on LisFeO, at temperatures below 700 °C, although oxygen
addition seems to favor the desorption process at higher temperatures.

B INTRODUCTION

Carbon dioxide is the principal contributor to global warming
among the different greenhouse gases (the amount of CO, is
80% of greenhouse gases),l’2 and the emission of this gas into
the atmosphere keeps growing. Major CO, emission comes
from the fossil fuels combustion, which usually has high
temperatures. Therefore, carbon capture and storage (CCS) is
considered as an option to control CO, emissions.’

CCS refers to a number of technologies available that capture
CO, at some stage from the different processes. Nowadays,
there are some available technologies for CCS which include
postcombustion, precombustion, oxy-fuel combustion, and
chemical looping combustion processes.” As aforementioned,
the major CO, emissions are in the form of flue gases from
fossil fuel combustion; for that reason, postcombustion is the
most studied technology. In this regard, in the last years several
materials have been proposed as possible CO, captors: amines,
hydrotalcites, zeolites, metal—organic frameworks (MOFs), and
metal oxides, among others. Some of these materials are used in
order to reduce the emissions. However, all of them have some
advantages and disadvantages to be considered suitable
materials for CCS.*™® An ideal capture material should have
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certain properties, such as large capacity of capture, adequate
kinetics, thermal stability, and cyclability among others.”
Lithium ceramics are materials that have been recently widely
studied as possible CO, captors under different physicochem-
ical conditions, where some of them satisfy the properties
describe above, for example, lithium zirconates (Li,ZrOs,
LigZr,0,),”~ "% lithium silicates (LigSiO4, LiySiO,,
Li,Si0;),"* "¢ lithium aluminate (LisAlO,),"” lithium cuprate
(Li,Cu0,),"®*° and lithium titanate (Li,TiO,).”' These
ceramics are able to chemisorb CO, at high temperatures
(400—800 °C), where the CO, chemisorption is carried out in
two different stages, (i) superficial and (ii) bulk processes.
Initially, carbon dioxide reacts with the superficial particles of
the lithium ceramic, forming a product shell of lithium
carbonate and different secondary phases, depending on the
initial lithium ceramic composition. After that, the unreacted
lithium ceramic core reacts with CO, through different
processes but mainly depending of different diffusion
mechanisms including the CO, diffusion through the external
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carbonate shell, as well as the lattice and grain boundary
diffusion of lithium and oxygen.****

On the other hand, the Li—Fe—O phase diagram reports
three ternary compounds, LiFeO,, LiFe;Oq, and LisFeO,.”*
These materials have been used for electrical applications, such
as lithium-ion batteries,”> > but there are only three reports
where LiFeO, has been tested as CO, captor (reaction 1).
These reports show that LiFeO, is able to chemisorb CO,
between 200 and 500 °C. Nevertheless, it only captures small
amounts of CO,.*" "> Therefore, the aim of this work was to
evaluate, theoretically and experimentally, a different lithium
ferrite composition, the pentalithium ferrite (Li;FeO,), as a
possible CO, material captor under different physicochemical
conditions, according to the following reaction (reaction 2)

2LiFeO, + CO, — Li,CO; + Fe,0, 1)

0.5Li;FeO, + CO, — Li,CO, + 0.SLiFeO, @)
where the maximum CO, amount that Li;FeO, can chemisorb
is equal to 12.9 mmol of CO, per gram of ceramic. Of course,
this value is importantly higher in comparison to the LiFeO,—
CO, reaction system, where the maximum chemisorption is 5.2
mmol of CO, per gram of LiFeO,.

B EXPERIMENTAL SECTION

Pentalithium ferrite (Li;FeO,) was synthesized by solid state
reaction using lithium oxide (Li,O, Aldrich) and iron oxide
(Fe,Os, Aldrich). Initially, the powders were mechanically
mixed and pressed into pellets (15 MPa). Subsequently, the
pellets were heated to 850 °C for 20 h. Twenty mol % of Li,O
excess was used due to its tendency to sublimate.

After the LisFeO, synthesis, the sample was structural and
microstructurally characterized. For the structural character-
ization, X-ray diffraction (XRD) pattern was obtained from a
diffractometer (Siemens DS000) coupled to a cobalt anode X-
ray tube. LisFeO, crystalline phase was identified using the
Joint Committee Powder Diffraction Standards (JCPDS)
database. On the other hand, some microstructural features
were determined by N, adsorption—desorption measurements,
where the surface area was determined using the Brunauer—
Emmett—Teller (BET) model. This analysis was performed
using a Minisorp II instrument from Bel-Japan. The experiment
was performed at 77 K, using a multipoint technique, where the
sample was previously degassed at room temperature for 24 h
in vacuum.

After the sample characterization, different thermal analyses
were performed using a QSOOHR instrument from TA
Instruments. Initially, the Li;FeO, sample was dynamically
heated from room temperature to 850 at 5 °C/min, using
different CO, or CO,—0, partial pressures (CO, Praxair grade
3.0 and O, Praxair grade 3.0) N, balanced (Praxair, grade 4.8),
where the total flow rate was 60 mL/min in all the cases. The
Po, and Py, were determined by their fraction of the total feed
flow rate and the total pressure. Afterward, different isothermal
analyses were performed between 350 and 800 °C, using
different P, and Py, values N, balanced. For the isothermal
experiments, each sample was heated to the corresponding
temperature into a N, flow. Then, once the temperature was
reached, the gas was switched from N, to the different P, and
Py,. Moreover, all the isothermal products were recharacterized
by XRD in order to elucidate the different carbonation
products.

3456

To better understand the experimental results, the ab initio
thermodynamic calculations, by combining density functional
theory (DFT) with lattice phonon dynamics, were performed
on the LiFeO,—CO, and LiFeO,—CO, systems. The
detailed description of the calculation method can be found
in previous studies.”” > In addition, Figure 1 shows the

Figure 1. Li;FeO, (A) and LiFeO, (B) crystal structures involved in
the CO, carbonation process. Red ball stands for oxygen, purple
stands for lithium, and gray stands for iron atoms (c-axis is vertical).

LisFeO, (1-A) and LiFeO, (1-B) crystallographic structures
used for the thermodynamic analysis: The LisFeO, ortho-
rhombic structure with space group Pbca (#61) and the LiFeO,
trigonal structure with space group R3mH (#166).***” The
Vienna ab initio simulation package (VASP***) was used to
optimize the lithium ferrite structures in order to obtain their
DFT energies. Then, the corresponding supercells were created
for phonon calculations. In the phonon calculations, displace-
ments of 0.03 A of nonequivalent atoms were generated. After
that, DFT calculations were performed again to obtain the force
on each atom due to displacements. These forces are carried
back to PHONON package™ to calculate the phonon
dispersions and densities from which the partition function
can be carried out and used to obtain free energies and
entropies. From the calculated DFT energy, phonon free
energy, and entropy of each reactant and product, the
thermodynamic properties (AH(T), AG(T), AS(T), and the
temperature-CO, pressure relationship) can be obtained and
used for evaluating the CO, capture reactions 1 and 2 by
LisFeO, and LiFeO,.

B RESULTS AND DISCUSSION

Figure 2 shows the calculated heat of reaction and free energy
change of the reactions 1 and 2. Although both reactions are
exothermic processes (Figure 2A) in the analyzed temperature
range, when Li;FeO, captures CO, it releases almost the
double amount of heat in comparison to LiFeO,. Additionally,
from the free energy change (Figure 2B) it can be seen that
LiFeO, only can react with CO, under T < 250 °C, whereas
Li;FeO, can react with CO, up to 820 °C. All these data
strongly support the LiFeO, carbonation process. Moreover,
Figure 2C shows the relationship between the CO, pressure
versus temperature for the same reactions. From this curves, it
is clearly evident that at postcombustion conditions (Pcg, =
0.1) LiFeO, only can capture CO, below 192 °C whereas
LisFeO, performs the carbonation process up to 700 °C. On
the other hand, under precombustion conditions Li;FeO, can
capture CO, up to 970 °C, whereas LiFeO, only reacts up to
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Figure 2. Calculated thermodynamic properties of reactions of
Li;FeO, and LiFeO, capturing CO, versus temperatures. (A) Heat
of reaction, (B) free energy, and (C) the calculated vant’ Hoff plots of
the relationships among the free energy (AG), temperature (T,) and
gas pressure (P in logarithmic scale) for Li;FeO, and LiFeO,. Only
AG = 0 curves are shown explicitly. P = Pcp,/P,, where P, is the
reference pressure set to 1 bar. For each reaction above the AG = 0
curve, the sorbent absorbs CO, and the reaction goes forward (AG < 0
region) to form Li,CO,, whereas below the AG = 0 curve, the
carbonate releases CO, and the reaction goes backward to regenerate
the sorbent (AG > 0 region).

340 °C. On the basis of these results calculated under different
conditions, the LisFeO, is able to trap CO, chemically in a large
temperature range, producing Li,CO; and LiFeO,, where
LiFeO, does not present as convenient CO, capture
conditions, at least thermally.

After the thermodynamic analysis, Li;FeO, was synthesized,
characterized, and evaluated as a possible CO, captor. Figure 3
shows the XRD pattern of the Li;FeO, fitting with the 00-037-
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Figure 3. XRD pattern and N, adsorption—desorption curve (square
inset) of the Li;FeO, sample synthesized by solid state reaction
method.

1151 PDF file, the orthorhombic crystalline phase of the
pentalithium ferrite. Moreover, the square inset of Figure 3
shows the N, adsorption—desorption isotherm for the LisFeO,
sample corresponding to a type II isotherm, usually obtained in
nonporous materials.”’ Additionally, the surface area of the
sample was estimated to be 2.6 m?®/g using the BET model.
This microstructural analysis is in good agreement with the
solid-state synthesis method.

After the LiFeO, characterization, this material was
evaluated as CO, captor varying different physicochemical
conditions, such as temperature, Pcq, effect, and the oxygen
addition effect into the gas mixture (Pco,—Poy). In this
reaction, it has to be assumed that Li;FeO, reacts partially with
CO,, where LiFeO, does not react with CO,. In fact, previous
papers have shown that LiFeO, is able to chemisorb very low
quantities of CO, (<2 wt %) between 200 and 450 °C and after
460 °C the CO, desorption occurs.’’™*> Moreover, the
negligible LiFeO, reactivity was probed below during the
XRD analysis performed to the LisFeO, isothermal products.

Therefore, Li;FeO, is able to trap 12.9 mmol of CO, per
gram of ceramic, considering that LiFeO, does not contribute
to the CO, chemisorption. Figure 4 shows the dynamic
thermogravimetric analysis of the LisFeO, in the presence of a
saturated CO, atmosphere. As reported for other lithium and
sodium ceramic,””** the CO, chemisorption was divided in two
different temperature ranges, from 205 to 480 °C and from 600
to 715 °C. The first weight increment corresponds to the
superficial CO, chemisorption process, where a complete
Li,CO;—LiFeO, external shell is produced covering the
Li;FeO,. Then, CO, chemisorption is only reactivated when
different diffusion processes are thermally activated. Thus, the
bulk CO, chemisorption is produced during the second weight
increment observed in the dynamic thermogram.

Although the general behavior presented in the LisFeO,—
CO, system was similar to other lithium-based materials, the
superficial CO, chemisorption presented here showed some
fluctuations as it was evidenced in the DTG curve. The
formation of these variations may be attributed to different
factors such as a partial sintering, the CO, chemisorption—
desorption of LiFeO,, and thermal LisFeO, phase trans-
formation processes.
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Figure 4. Dynamic TG and DTG curves of the LisFeO, in a saturated
CO, atmosphere (60 mL/min). In addition, the dynamic TG curves of
the of the LisFeO, using different P, are presented.

All these effects may induce variations on the surface
availability modifying the CO, capture and consequently the
weight gained, qualitatively. In fact, these effects are in good
agreement with the literature (LiFeO,—CO, chemisorption—
desorption® %) or evidenced in the present work (sintering
and phase transitions) during the isothermal analysis and the
isothermal products characterization.

On the basis of the previous results other dynamic
thermograms were performed with different Pco, in the
absence and presence of oxygen (Pg, = 0.05), all of them N,
balanced. The same Figure 4 shows the CO, chemisorption
dynamic thermograms with Pcg, of 0.1 and 0.2. It is clearly
evident that these thermogram trends did not vary in
comparison to the CO, saturated atmosphere curve. Perhaps,
the main difference observed in these thermograms is that the
superficial CO, chemisorption produced between 230 and 480
°C was not as efficient as in the CO, saturated atmosphere.
Moreover, using the lowest Pcp, showed some thermal shift
during the bulk CO, chemisorption process and the CO,
desorption process was activated at lower temperatures. These
effects may be attributed to CO, sorption—desorption
equilibrium changes produced in the solid—gas interface due
to the CO, concentration. Besides, the effect of the oxygen

addition was evaluated on the same thermal and CO,
concentration conditions. Thus, Figure 5 shows the dynamic
thermogravimetric curves with the CO, concentrated (P, =
1.0) and with only a P, of 0.2, both in the presence of a P,
equal to 0.0S. In these cases, the oxygen addition seemed to
have a more evident effect when P, was equal to 0.2. In this
case, there were some temperature ranges (320—410 °C and
430 and 60S °C) where the CO, capture was qualitatively
improved due to the oxygen addition. Both oxygen improve-
ments seem to be at a superficial level, before the different
diffusion process are activated. Therefore, in order to further
analyze the Pcg, and Pco,—Pg, effects different isothermal
analyses were performed.

Figure 6 shows the four isothermal sets where the carbon
dioxide concentration is analyzed in the absence or presence of
oxygen. The LisFeO, carbonation process into a saturated CO,
atmosphere is shown in the Figure 6A and as it could be
expected all the isotherms presented an exponential behavior.
Nevertheless, isotherms were visually separated in two different
groups, depending on temperature: from 350 to 650 °C and
from 700 to 800 °C. The lowest temperature used was 350 °C,
where the final weight increment was 6.4 wt %. Then, at 400 °C
the final weight increment was not so different, 6.8 wt %,
although the exponential trend did vary in comparison to the
previous isotherm. At 400 °C, most of the weight increment
was produced during the first reaction moments (~10 min),
while at 350 °C the chemisorption was produced much more
slowly. This chemisorption behavior confirmed that LisFeO,—
CO, reactivity is increased as a function of temperature, but as
the diffusion processes have not been thermally activated the
carbonation is limited to the initial surface area, being it the
same in both cases. On the contrary, when temperature was
increased to 500 °C the carbonation seemed to be as fast as at
400 °C during the first reaction moments but the final weight
increment was decreased to only S wt %. These results indicate
a partial LisFeO, sinter during the initial heating process,
diminishing the surface area and consequently the sample
carbonation. Isotherms performed at 600 and 650 °C increased
their final weight increments to 9.7 and 17.9 wt %, meaning
that the diffusion process has been partially activated in this
temperature range. Consequently, the LisFeO, sintering
process is no longer important. Actually, after these temper-
ature isotherms presented the second visual behavior, almost all
the CO, chemisorption was produced in the first reaction
moments and the final weight increments were high. Between
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Figure 6. Isothermal TG curves of the Li;FeO, using two different P, partial pressures (1.0 or 0.2) in the presence and absence of oxygen (P,

was 0 or 0.05).

700 and 800 °C, the final weight increments were 47.4, 44, and
50.3 wt %, although the variations observed in this temperature
range could be attributed to different factors as the lithium
carbonate melting process and the decarbonation equilibrium
activation. In the first case, Li,CO; melting may favor the CO,
diffusion, enhancing the LisFeO, carbonation. On the contrary,
the decarbonation activation must establish different Li;FeO,—
CO, carbonation—decarbonation equilibriums as a function of
temperature.

All the other isothermal sets presented very similar general
behaviors, as it is summarized in the Figure 7, where the final
isothermal weight increments are presented. All the isothermal
sets presented two different weight increment trends: between
350 and 650 °C and between 700 to 800 °C. Additionally,
Li;FeO, tends to sinter, diminishing its surface area, at around
500 °C. Nevertheless, there are some specific differences among
the isothermal sets that must be pointed out. When the
isotherms were performed using a P, = 0.2 (Figure 6B), the
CO, chemisorption was very similar to that previously
described for the Pco, = 1, which means low concentration
of CO, does not decrease the capture capacity in lithium ferrite,
at least qualitatively. Moreover, if oxygen was added to the
isotherms (Figure 6C,D) the final weight increments were
improved, as can seen in Figure 7. In this figure, the final weight
increments were higher in the isotherms performed in the
oxygen presence at almost any temperature. Additionally, the
kinetics seems to be highly improved as well, as it is evidenced
during the first minutes of the isotherms performed at 400 °C
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Figure 7. Evolution of the final weight increments observed after the
LisFeO, carbonation process at different temperatures, varying the
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(this assumption is going to be attested below). It is worth
noting that using a Pco, = 0.2 in the presence of oxygen the
maximum capture is reached at 700 °C; after this temperature,
the chemisorption decreases as a function of the temperature,
which means that oxygen seems to favor the desorption
process.
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All these results clearly show that LisFeO, has a high CO,
chemisorption capacity at high temperatures; specifically, this
material presents very good CO, captures between 700 and 800
°C under different gas concentrations. Within this context,
LisFeO, presents as high CO, chemisorption C%Pacities as other
alkaline ceramics, such as LigSiOq"* Li,SiO,," "¢ LigZr,0.,*
Li;,AlO,,"” Na,ZrO;,* and K,Ti,O5,"" among others. More-
over, the oxygen addition enhances the CO, chemisorption,
which may be explained due to the following different factors:
(1) oxygen may have been dissociated over the LisFeO,,
favoring the formation of carbonate formation or (2) oxygen
may have reacted with LisFeO, producing Li,O, which
consecutively reacted with CO, producing the final Li,CO,
phase.

After the isothermal experiments, all the isothermal products
were recharacterized by XRD. Figure 8 shows the XRD patterns
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Figure 8. XRD patterns of the LisFeO, after the isothermal processes
performed at 600 °C, varying the CO, and O, partial pressures. The
pristine LisFeO, was included for comparison purposes.

of all the isothermal products obtained at 700 °C in addition to
the pristine Li;FeO, sample for comparison purposes. All these
isothermal products showed the formation of lithium carbonate
(Li,CO;) and a different lithium ferrite (LiFeO,) crystalline
phase, which possesses a lower Li/Fe molar ratio than LisFeO,.
The LiFeO, phase was identified with the PDF card No. 00-17-
0938. In fact, these products are in very good agreement with
the proposed reaction 1. Therefore, 1 mol of Li;FeO, does

react with 2 mol of CO,. These results confirmed that LiFeO,
does not contributed to the CO, chemisorption, as it has been
probed that LiFeO, only has a small CO, chemisorption—
desorption process between 300 and 500 °C.*°™*” Further-
more, these results are in good agreement with the
thermodynamic data described above, where the LiFeO,—
CO, reactivity is limited to temperatures below 250 °C.

On the basis of the Li;FeO,—CO, reactivity results
previously described and in order to further analyze the
isothermal curves presented in Figure 6, the CO, saturated
atmosphere data were fitted to the first order reaction model to
respect to LisFeO,, with and without oxygen. This model has
been previously used for other alkaline ceramics, where several
processes are being produced and therefore only the first
moments of the whole mechanism are kinetically analyzed. In
other words, only the superficial CO, chemisorption is
analyzed. "™ The rate first order reaction model can be
assumed as follows

In[LiFeQ,] = —kt 3)

where k is the reaction rate constant, t is the time, and
[Li;FeO,] corresponds to the molar concentration of the
ceramic. The obtained k-values are presented in Table 1. In the
Pco, =1 case, and as it could be expected, the k-values tend to
increase as a function of temperature, except at temperatures
equal or higher than 750 °C. In this temperature range, the
CO, chemisorption—desorption equilibrium is active, as it was
previously described. Thus, the reactivity should have been
modified. Additionally, when oxygen (Po, = 0.05) was added to
the gas flow the k-values again increased as a function of
temperature as in the oxygen absence. However, these k-values
resulted to be slightly better than those obtained without
oxygen. Moreover, only the 750 and 800 °C data presented
lower k-values in the absence of oxygen. Finally, both sets of k-
values were fitted to the Eyring’s model, which is used for
heterogeneous reactions 4

( k ) —AH? AS*
In|—|= +
T RT R+ C 4)

where are AH* and AS? are the activation enthalpy and entropy
respectively, T is temperature, k is the rate constant, R is the
universal gas constant, and C corresponds to a constant
equation value.

Therefore, the k constant values obtained for the Li;FeO,—
CO, system in a certain temperature range were used to
determine the activation enthalpy (AH?), in presence and
absence of oxygen. Figure 9 shows the corresponding In k/T
versus 1/T plots, where the AH* values obtained were 88.29

Table 1. Kinetic Constant Values Obtained from the First Order Reaction Model for the CO, Chemisorption on Li;FeO, into a
CO, Saturated Atmosphere in the Presence or Absence of Oxygen

Pcop = 1.0 Pcoy = 095 and Py, = 0.05
temp (°C) k (sec™?) error R? k (sec™!) error R?
350 0.00109 12823 x 107° 0.9974 0.00219 49507 x 107° 0.9858
400 0.00238 6.6881 X 107° 0.9844 0.00231 40635 X 107° 0.9920
500 0.00233 6.7492 X 107° 0.9997 0.00333 4.5013 x 1073 0.9954
600 0.00154 2.0361 X 1075 0.9968 0.00214 23336 X 107° 0.9978
650 0.00210 7.9017 x 1075 0.9777 0.00260 7.2143 X 107° 0.9878
700 0.00424 74181 x 1073 0.9933 0.00464 5.9921 x 1073 0.9963
750 0.01081 2.1963 x 107* 0.9909 0.00825 1.6675 x 107* 0.9923
800 0.00569 2.0501 x 107* 0.9783 0.00761 1.2336 X 107* 0.9934
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Figure 9. Eyring-type plot of In(k/T) versus 1/T for data obtained
assuming a first-order reaction of LisFeO,, using a CO, (Pcp, = 1) or
C0O,—0, (Pco, = 095 and Py, = 0.05) atmospheres.

and 60.17 kJ/mol in the absence and presence of oxygen,
respectively. These results indicate that the CO, chemisorption
in LisFeO, becomes less thermal dependent when oxygen is
present in the gas mixture.

On the basis of all these results, it can be said that oxygen
addition does enhance the CO, chemisorption on Li;FeO, at T
< 700 °C. At higher temperatures than 700 °C, oxygen
addition seems to favor the desorption process.

B CONCLUSIONS

The CO, capture properties of Li;FeO, were theoretical and
experimentally demonstrated. Results regarding ab initio
thermodynamic calculations on the LisFeO,—CO, system
show the capability of the material to chemically trap CO, in
a wide range of temperatures under different CO, partial
pressure conditions. According to theoretical results, thermog-
ravimetric analyses of the capture process showed the high
reactivity of the material with CO, from 200 to 750 °C and
CO, partial pressure values from 0.2 to 1. Besides, TGA
suggests that this material is able to capture CO, through the
same mechanism of chemisorption—desorption reported
previously for other lithium-containing ceramics captors,
wherein diffusion is identified as the limiting step in the
whole chemisorption process. Moreover, pentalithium ferrite
would be considered as an interesting alternative for CO,
capture due to its high capture kinetics as well as high capture
capacity of about 12.9 mmol/g. Additionally, the chemisorption
performance observed at low CO, partial pressure values (Pcq,
around 0.2) suggest the capability of the sorbent to be used
under postcombustion conditions. Finally, results showed that
the presence of small quantities of oxygen may enhance the
CO, chemisorption on LisFeO, at temperatures below 700 °C,
whereas at higher temperatures oxygen addition seems to
promote the desorption process.
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