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High CO, Chemisorption in a-LisAlO, at Low Temperatures (30—80
°C): Effect of the Water Vapor Addition
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ABSTRACT: a-Li;AlO, was synthesized using a solid-state reaction, and then different water sorption experiments were
performed using N, and CO, as carrier gases. When the N,—H, O flow gas was used, a-Li;AlO, showed a water vapor sorption
because of two different processes: superficial hydration and hydroxylation. However, if CO, was used as the water vapor carrier
gas, the @-Li;AlO, carbonation process was observed at low temperatures (30—80 °C), although this reaction is only produced at
high temperatures (200—700 °C) under dry conditions. In this case, the carbonation process was induced by the lithium ceramic
superficial hydroxylation. The results clearly showed that a-Li;AlO, is capable of chemisorbing up to 8.4 mmol of CO,/g of
ceramic, a considerably high capture at low temperatures compared to different materials. Finally, a kinetic analysis indicated that
the CO, chemisorption in @-Li;AlO, is highly favored in the presence of water vapor.

B INTRODUCTION

The capture of CO,, either physically or chemically, onto solid
sorbents is receiving increasing attention, which has led to
different materials being tested as possible captors. Some of
these materials include zeolites, hydrotalcites, amines, poly-
meric membranes, calcium oxide, and different lithium
ceramics.' > These types of materials are in demand because
they can be used in advanced zero-emission power generation
technologies"*> and steam methane-reforming processes for
enhanced hydrogen production.*” In addition, all possible
applications of the CO, capture process would help to mitigate
the impact of the greenhouse effect. For this reason, different
lithium ceramics have been tested for use as possible CO,
captors through a chemisorption process.® 26 Among these
ceramics, lithium aluminate (a-Li;AlO,) appears to be one of
the best options because of its high theoretical chemisorption
capacity (15.9 mmol of CO,/g of ceramic).'®**"** Note that
LisAlO, is capable of chemisorbing CO, over a wide range of
temperatures (200—700 °C), irrespective of its different
polymorphs.*® However, note that the a-LisAlO, polymorph
has the best experimental CO, chemisorption capacity per gram
currently reported.*®

In addition, water vapor is commonly found to coexist with
CO, during post-combustion CO, capture applications. Typical
power plant flue gases contain approximately 72% N,, 8—12%
CO,, 8-10% H,O, and smaller concentrations of other
polluting species. Consequently, studying and understanding
the capture of CO, in CO,—H,0 systems are very important;
however, there are relatively few sorption data sets available in
the literature for this binary system.”*° Specifically, among the
alkaline ceramics, as in general, there are only a few papers
showing the effects of water vapor during the CO, absorption
on these ceramics.'”>' 7> Most of these works mention that
water vapor appears to improve the CO, chemisorption
because of the superficial hydroxylation, which thermodynami-
cally enhances the CO, capture according to the following
reaction mechanism:*
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H,0,)
AC ACsuperﬁcially hydroxylated

co,
— A,CO; or AHCO; + MO, (1)

where AC represents the alkaline ceramic, A;CO; and AHCO;
correspond to the alkaline carbonate and the acid alkaline
carbonate, respectively, and MO, is the residual metal oxide.

Therefore, the aim of the present work is to study the CO,—
H,O capture process on a-Li;AlO,, which is one of the most
promising ceramic materials for the capture of CO,. These
experiments were performed over a moderate temperature
range (30—80 °C).

B EXPERIMENTAL SECTION

The a-LisAlO, polymorph was synthesized using a solid-state reaction
that employs lithium oxide (Li,O, Aldrich) and y-aluminum oxide (y-
ALO;, Aldrich). The powders were first mechanically mixed and
pressed into pellets (2.5 tons/cm?). The pellets were then heated at
500 °C for 24 h. Finally, the a-Li;AlO, pellets were pulverized.”® To
obtain pure a-LisAlO,, a 30 wt % excess of lithium was used during
synthesis because of the tendency of lithium to sublimate. The
formation of a-Li;AlO, was confirmed by powder X-ray diffraction
(XRD) (data not shown).

Dynamic and isothermal experiments were performed using a
humidity-controlled thermobalance (TA Instruments, model
QS000SA) at different temperatures and relative humidities (RHs).
The experiments were performed using distilled water and two
different carrier gases: nitrogen (N,, Praxair grade 4.8) or carbon
dioxide (CO,, Praxair grade 3.0). The total gas flow rate used in all of
the experiments was 100 mL/min, and the RH percentages were
automatically controlled by the QS000SA instrument. Dynamic water
vapor sorption/desorption experiments were performed at different
temperatures (between 30 and 80 °C) while varying the RH from 0 to
80% and then from 80 to 0% at a rate of 0.5%/min. Different
isothermal experiments were performed at specific temperatures and
RHs for 4 h with the use of CO, as a carrier gas. Afterward, the
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products (~3 mg) were characterized to identify the hydration
products. The samples were analyzed using XRD and thermogravi-
metric analysis (TGA). A standard X-ray diffractometer (Bruker AXS,
D8 Advance) equipped with a copper anode X-ray tube was used for
the XRD measurements. The Joint Committee Powder Diffraction
Standards (JCPDS) were used to identify a-Li;AlO, and the phases of
the products from the diffraction data. The TGA measurements were
performed under an air atmosphere using a TA Instruments, model
QS00HR thermobalance at a heating rate of 5 °C/min.

B RESULTS AND DISCUSSION

The a-Li;AlO, water sorption—desorption curves obtained
using N, as a carrier gas are shown in Figure 1. It is clearly
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Figure 1. Water vapor isotherms of the a-Li;AlO, sample, generated at
temperatures between 30 and 70 °C, using N, as the carrier gas.

evident that all of the sorption isotherms corresponded to type
III, according to the International Union of Pure and Applied
Chemistry (IUPAC) classification. Additionally, the water
sorption varied as a function of the temperature, and it was
not completed or limited to the sorption curves, because during
some part of the desorption process, the samples continued
gaining weight. When the a-Li;AlO, sample was treated at 30
°C, the maximum water sorption was equal to 15.1 wt %, but
this quantity increased as a function of the temperature to 29.2
wt % at 70 °C. Afterward, the water desorption was
proportional to the temperature, which may be attributed to
water evaporation. In fact, at 30 °C, the water desorption
process was almost not detected. At 40 °C, water desorption
occurred at a RH of 10% and the weight loss corresponded to 5
wt %. Then, between 50 and 70 °C, the weight lost increased
and this process was initiated at a higher RH. Finally, in other
alkaline and earth alkaline ceramics, it has been shown that the
weight gained at the end of the isothermal experiments can be
attributed to H,O that is physically and/or chemically
trapped.®' —*°

Figure 2 shows the a-Li;AlO, water sorption—desorption
curves with the use of CO, as the carrier gas. Although the
sorption curves were type III (as in the N, case), the water
desorption process and the final weight increments differed.
During the sorption process, the weight increments increased
as a function of the temperature (see Figure 2B). In addition,
note that the weight increments began increasing at
approximately 20—30% RH (in the N, case, the weight
increments began increasing at a RH higher than 50%). It
appears that the flow of CO, produces faster and higher
sorption processes. During the desorption process, the final
weight increment increased between 30 and 60 °C, from 22.5
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Figure 2. (A) Water vapor isotherms of the a-Li;AlO, sample,
generated at temperatures between 30 and 80 °C, using CO, as the
carrier gas. (B) Initial sorptions of the same isotherms.

to 39.6 wt %. However, at T > 60 °C, the weight increments
decreased. It appears that the CO,—H,0 flow produced the
carbonation and hydration of a-Li;AlO,, and the hydration may
have been reduced at high temperatures because of evaporation.

To analyze the a-Li;AlO,/N,—H,0 and a-Li;AlO,/CO,—
H,O hydration products, some of the isothermal products were
analyzed using XRD. Figure 3 shows two XRD patterns that
correspond to the a-Li;AlO, isothermal products treated at 60
°C in N,—H,0 and CO,—H,0 flows. In both cases, several
new phases were detected, which provides evidence of the a-
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Figure 3. XRD patterns of the a-Li;AlO, rehydrated samples at 60 °C,
using (A) N, and (B) CO, as the carrier gases. The different phases
were labeled as follows: (@) a-Li;AlO,, (A) y-LiAlO,, (M) Li,CO,,
(O) LiOH, and (A) LIOH-H,0.
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LisAlO, reactivity in both flows. When a-Li;AlO, was treated in
a N,—H,O flow, the obtained products were lithium hydroxides
(LiOH and LiOH-H,0), lithium carbonate (Li,COs, which
must be produced later because of the environmental CO,),
LiAlO,, and LisAlO,. Therefore, the reaction process occurring
under these conditions on the a-Li;AlO, particle surfaces is

a-Li,AlO, + 2H,0 — LiAlO, + 4LiOH @)

However, the XRD peak intensities suggest only a partial a-
Li;AlO, hydroxylation, which is in good agreement with the
final weight increments observed in Figure 1.

When a-Li;AlO, was treated in a CO,—H,O flow, the
products were LiOH, LiOH-H,O, Li,CO; LiAlO,, and a-
Li;AlO,. However, in this case, the Li,CO; phase must be
produced during the isothermal experiment and the Li;AlO,
peak intensities decreased considerably, which suggests a much
higher reaction efficiency. It has been described in the
literature®®™>® that Li;AlO, is able to chemisorb CO, but at
T > 200 °C. Nevertheless, in this case, the water vapor addition
allowed the CO, chemisorption to occur at much lower
temperatures (30—80 °C). Perhaps the water molecules reacted
with Li;AlO, superficially, producing Li—OH superficial bonds.
Then, superficially activated Li;AlO, must be more reactive to
CO,. In fact, in a previous work, it was reported that LiOH is
capable of chemically trappin% large amounts of CO, at
considerably low temperatures.”® Therefore, a-Li;AlO, may
have reacted with CO, at low temperatures because of a
superficial hydroxylation, according to the following reaction
mechanism:

H,0

Li,Al0, — Li,AlO,

superficially activated

co,
—3 LiAlO, + 2Li,CO, 3)

where LisAlO, gperficially activated MUSt correspond to the Lis;AlO,
phase that was mainly hydroxylated at the surface, producing a
mixture of LiAlO, and LiOH, according to reaction 2 and the
different results observed by XRD.

To further understand and quantify the CO,—H,0 reactivity
on a-Li;AlO,, different kinetic experiments are presented in
Figures 4 and S, which correspond to the experiments
performed at different temperatures and RHs with CO, flow.
Figure 4 shows the isotherms performed at 80 °C while varying
the RH (20, 40, 60, and 80%). As observed from the isotherms
in Figure 4, the weight increased as a function of the RH. While
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Figure 4. Kinetic isotherms performed at 80 °C and different RHs (20,
40, 60, and 80%), using CO, as the carrier gas.
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Figure S. Kinetic isotherms performed at a RH of 80% and different
temperatures (40, S0, 60, and 80 °C), using CO, as the carrier gas.

the sample analyzed with 20% RH gained 6.8 wt % after 240
min, the sample treated with 80% RH gained 51.3 wt % in the
same period of time. Of course, these weight increments must
be associated with different processes, such as hydration,
hydroxylation, and carbonation. Additionally, during the first
minutes of the curves, it can be observed that the RH
significantly modifies the reaction rate processes, as the slopes
of the curves varied from 0.0008 wt %/s at a RH of 20% to 1.1
wt %/s at a RH of 80%. This result indicates a 4 orders of
magnitude difference.

However, when the samples are compared as a function of
the temperature, the main variations were observed during the
final weight increments but not at the initial rate reaction
processes. For example, Figure S shows the samples analyzed
with 80% RH at different temperatures (40, 50, 60, and 80 °C).
As observed in this figure, the weight increments decreased
from 90.2 to S1.5 wt % when varying the temperature from 40
to 80 °C. These results can be explained by the water
evaporation process, which must be increased as a function of
the temperature. Nevertheless, note that the slopes of these
curves did not vary as much as in the previous case. Here, the
slopes only increased from 0.01 to 0.03 wt %/s between 40 and
80 °C, respectively. Therefore, according to the isothermal
curves, the CO,—H,O sorption process is affected more by the
RH than by the temperature over this temperature range.

To quantify the carbonation and superficial hydration and/or
hydroxylation on a-LisAlO,, under the different thermal and
humidity conditions, all of the isothermal products were
characterized using TGA. As examples, Figure 6 shows the
TGA and DTG curves of a-Li;AlO, that was isothermally
treated at 80 °C with different RHs. These thermograms show
three different, well-defined temperature ranges. Initially,
between room temperature and 300 °C, the samples treated
at 80 and 60% of RH lost weight, which could be attributed to
dehydration and some type of dehydroxylation. The dehydrox-
ylation was proposed by a very defined peak that appeared at
approximately 230 °C. The samples treated at lower RH
basically did not present this process. The weight decrements in
this part of the thermograms varied from 10.7 to only 1.5 wt %
for the samples treated at a RH of 80 and 40%, respectively.
Then, between 400 and 450 °C, the samples treated at 20, 40,
and 60% of RH presented a dehydroxylation process,
decreasing the weight lost as a function of the RH, which
must occur because of the LiOH decomposition process. In
fact, the sample treated at a RH of 80% did not show the LiOH
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Figure 6. TG and DTG curves of the @-Li;AlO, rehydrated samples at

80 °C and different RHs (20, 40, 60, and 80%).

dehydroxylation process (400—450 °C); it only presented a
superficial dehydroxylation at 230 °C. Finally, after 660 °C, all
of the samples presented a decarbonation process, which
appeared to increase as a function of the RH.

Therefore, to quantify the amounts of CO, and H,O that
were trapped (physically or chemically) by a-Li;AlO,, all of the
weight variations that were determined from the TGA
experiments were plotted in Figure 7. As observed in this
figure, when the RH was fixed at 80%, the chemisorbed CO,
increased as a function of the temperature, from 32.2 to 37.2 wt
%. However, the trapped H,O (physically and chemically)
diminished as a function of the temperature because of
evaporation. Moreover, when the temperature was held at 80
°C and the RH varied, the chemisorbed CO, increased,
although in these cases, the H,O trapped also increased, as
could be expected. In this case, the CO, chemisorption was
increased from 20.9 wt % with a RH of 20% to 37.2 wt % with a
RH of 80%. All of these results clearly show that CO,
chemisorption in a-Li;AlO, is significantly improved by the
presence of water in this temperature range, but in dry
conditions, the capture of CO, is not achieved. This result
indicates that, under the thermal humidity conditions, a-
Li;AlO, is capable of absorbing up to 35.8 wt % CO, (8.4
mmol of CO,/g of ceramic), which corresponds to an efficiency
of 53.3%. Therefore, the CO, chemisorption on a-Li;AlO,
under these thermal and humidity conditions is almost identical
to that obtained at high temgeratures and dry conditions (9.4
mmol of CO,/g of ceramic*®). Additionally, @-LisAlO, in the
presence of water vapor appears to be capable of chemically
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Figure 7. Evolution of CO, and H,O trapped (physically and
chemically) by a-Li;AlO, with varying temperatures and RHs.

trapping more CO, than any other material at low temperatures
(30—80 °C), including activated carbons, zeolites, and amines.”

Bl CONCLUSION

The CO,—H,0 sorption process of a-Li;AlO, was evaluated at
low temperatures (30—80 °C). The initial results obtained
using N, as the carrier gas showed that a-Li;AlO, is capable of
partially trapping water physically and chemically. In the second
case, a a-Li;AlO, surface hydroxylation is formed and the
quantities of physically and chemically trapped water vapor
were dependent upon the temperature and RH.

When CO, was used as the H,O vapor carrier gas, important
changes appeared in the results. Although a-Li;AlO, continued
trapping H,O by the same mechanisms, CO, was chemically
trapped as well, which produced Li,CO; and LiAlO,. In fact,
different isothermal analyses and the characterization of the
isothermal products showed that the formation of Li,COj,
increased as a function of the temperature but mainly as a
function of the RH. Finally, note that a-Li;AlO, presents
considerably better CO, chemisorption efficiencies in the
presence of water vapor (at low temperatures) because of the
initial hydroxylation of the ceramic surface, thus promoting a
higher CO, reactivity of the newly activated surfaces. In fact, a-
Li;AlO, is not capable of trapping CO, in the same
temperature range under dry conditions.

In summary, a-Li;AlO, appears to possess excellent
properties for use as a CO, captor at high and low
temperatures. In fact, at high temperatures, a-Li;AlO, has
similar capture efficiencies to CaO, which is one of the most
promising and studied CO, captors at high temperatures.
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Moreover, at low temperatures (30—80 °C) and in the
presence of water vapor, a-Li;AlO, appears to be capable of
capturing more CO, than any other material currently reported.
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