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Highly efficient Li4SiO4 (lithium orthosilicate)-based sorbents for CO, capture at high temperature, was
developed using waste materials (rice husk ash). Two treated rice husk ash (RHA) samples (RHA1 and
RHA2) were prepared and calcined at 800 °C in the presence of Li,COs3. Pure Li4SiO4 and RHA-based sor-
bents were characterized by X-ray fluorescence, X-ray diffraction, scanning electron microscopy, nitrogen
adsorption, and thermogravimetry. CO, sorption was tested through 15 carbonation/calcination cycles
in a fixed bed reactor. The metals of RHA were doped with LisSiO4 resulting to inhibited growth of the
particles and increased pore volume and surface area. Thermal analyses indicated a much better CO,
absorption in LizSiO4-based sorbent prepared from RHA1 (higher metal content sample) because the
activation energies for the chemisorption process and diffusion process were smaller than that of pure
Li4SiO4. RHA1-based sorbent also maintained higher capacities during the multiple cycles.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

At present, carbon-based fossil fuels provide ~80% of the world’s
energy needs [1], and causes increased level of atmospheric carbon
dioxide, which is a major concern regarding climate change [2,3].
However, conversion from fossil fuels to non-fossil fuel is unlikely
to occur despite increasing development of renewable (cleaner)
energy sources [4] because of the long lifetime (resulting from
economic considerations) of the energy supply infrastructure and
other reasons. Thus, development of efficient and cost-effective
means for carbon capture and (underground) storage (CCS) is
urgently needed [5]. The temperature of the flue gas between the
turbine and the vent are usually in the range of 352-627 °C[6]. Thus,
if CO, is separated from flue gas at high temperature and further
used as feedstock for the synthesis of fuels (e.g., CO and H,), the
efficiency and economics of the entire process of the power plant
might be improved [7,8]. A critical need to study suitable sorbents
for CO, capture at high temperature exists.

Recently, a series of lithium-based ceramics, including
Lip_xNaxZrOs [9,10], Li4SiO4 [11], LigTiO4 [12], Lip+xCuOyq4ypp [13],
and LisAlO4 [14], have been studied for CO, absorption at high
temperature. Among all these ceramics, Li4SiO4 has received fur-
ther attention because of its high sorption capacity, long-term
durability, fast sorption/desorption kinetics, and good mechani-
cal strength properties. For example, during the first few minutes,
Li4SiO4 can absorb four or more times more CO; than other lithium
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ceramics, such as lithium metazirconate (Li,ZrOs) [15]. Further-
more, Li4SiO4 has shown excellent cyclability properties for CO,
sorption/desorption [16]. In this case, several authors [17,18] have
reported the CO, capture in this material through the following
reaction.

Li4SiO4 + CO, < LiCO3 + Li»SiO3 (1)

Li4Si04 can be synthesized using different methods: the
common solid-state reaction [12], precipitation method [18],
impregnation suspension method [19] and sol-gel method [8,20].
The common solid-state method usually involves a solid mixture of
amorphous silica (SiO3) and a lithium compound, such as Li,COs,
heated in air for a long time between 700 and 1000°C to pro-
duce lithium silicate powders. The inherent reactivity of Li4SiOy4
for sorption of CO, at moderate temperatures can be substantially
enhanced by doping Li4SiO4 with alkali metals and other hetero-
elements [21,22].

Green technology or the use of environment-friendly chem-
ical processes is gaining attractiveness [23-25] because of the
demand from conscientious consumers and strict environmental
regulations. Hence, the use of rice husk ash (RHA), an undesirable
agricultural mass residue, or fly ash (FA) from coal combustion
in power plants as sources of silica for lithium silicate prepara-
tion could be an efficient eco-friendly route. In a very recent study
[26], Olivares-Marin et al. synthesized Li4SiO4-based sorbents from
FA that could maintain high CO, sorption capacities in 10 cycle
processes. Compared with FA, RHA has higher amorphous SiO, con-
tent [23,27]. Moreover, RHA also contains some amounts of metals
[28-30], which may generate high-performance Li4SiO4-based sor-
bents for CO, capture.
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Table 1

RHA and RHA-Li4SiO4 chemical components (wt%).
Samples K,0 Na,0 Ca0 MgO Si0, Al,03
RHA1 2.53 0.16 1.52 0.56 94.71 0.52
RHA2 0.06 0.05 0.68 0.24 98.84 0.13
RHA1-LisSiO4 1.17 0.06 1.53 0.52 96.15 0.57
RHA2-LisSiO4 0.03 0.02 0.65 0.19 99.01 0.10

Taking into account the significant amorphous SiO, and metals
content in RHA, Li4SiO4-based sorbents from RHA for CO, capture
were developed in this study. Pure Li4SiO4 was also prepared for
comparison purposes. These prepared sorbents were characterized
using analytical techniques and evaluated their performance in
multicycle CO, capture experiments. In addition, a double expo-
nential model simulating CO, absorption based on the proposed
sorption/desorption pathway is presented.

2. Experimental
2.1. Sorbents

Rice husk was taken from a local rice mill at Wuhan City, China.
Based from a previous study on RHA [31], two treated RHA samples,
named RHA1 and RHA2, were burnt in a batch furnace at about
600°C for 4h in air. Each RHA sample was grounded and sieved
to produce less than 100 wm particles for further use. RHA1 and
RHAZ2 have different husk pretreatment process before calcination.
Husks from RHA1 were rinsed several times with distilled water,
while husks from RHA2 were treated with acid. Acid-treated rice
husk was prepared by immersing rice husks in 10% conc. (weight)
HCI aqueous solution at 100 °C for 2 h and washed repeatedly with
water until no acid is detected in the filtrate. Both treated rice husks
were all dried at 80 °C overnight.

Li4SiO4-based sorbents from RHA were prepared by using the
solid-state reaction of Li;CO3 (99.5%) with RHA in a Li:Si mixture
with molar ratio of 4.1:1. Alithium excess was added to prevent the
volatility of Li; O under high temperature. The powders were all cal-
cined at 800 °C for 4 h. Powders were denoted as RHA1-Li4SiO4 and
RHA2-Li4SiO4. For comparison, pure lithium silicate (P-LigSiOy4)
was also prepared following the same method described before,
starting from Li;CO3 and SiO, (average size: 5 wm, 99.5%). A frac-
tion of all synthesized sorbents with particle size less than 100 m
was collected for characterization.

2.2. Characterization methods

The chemical composition of rice husk ash and sorbents were
determined using Rigaku RIX 3000 X-ray Fluorescence (XRF) spec-
trometer. The structural parameters of the sorbents were resolved
by powder X-ray diffraction (XRD) using a Rigaku Rotaflex D/Max-C
system with Cu-Ka radiation as the X-ray source. The accelerating
voltage and the applied current were 35kV and 30 mA, respec-
tively. The particle size and morphology of the samples were
observed with a scanning electron microscope (SEM) S-4800. Spe-
cific surface area, pore volume, and pore size distribution of the
sorbents were measured by Micromeritics ASAP 2020 nitrogen (N5 )
adsorption—-desorption analyzer.

2.3. CO, absorption

CO, absorption was tested using a thermogravimetric analyzer
(TGA, STA 409). About 10 mg of the sorbent was placed into the
sample pan and heated from room temperature to 1000°C at a
heating rate of 10°C/min in 100vol.% CO, while CO, flow used
the TGA experiments was 50 mL/min. The analysis was carried out

to observe sorption/desorption properties of the sorbents dynami-
cally. Furthermore, CO, absorption isotherms of the sorbents were
measured in 100 vol.% CO, at 500, 550, 600, and 650 °C for 2.5 h. The
samples were weighed in the end of the experiment with another
precise balance to check the accuracy of the TGA experiments.

The twin fixed bed reactor system was used to study CO, capture
behavior of the sorbents through 15 carbonation/calcination cycles.
The twin fixed bed reactor system includes a carbonation reactor
and a calcination reactor designed at atmospheric pressure. A sam-
ple boat containing the sorbent could be shifted between the two
reactors and the flow of the reacting gas can be adjusted using a flow
meter. The temperature was controlled by a computer, and varia-
tion in sample mass during the multiple cycles was monitored using
a high delicate electronic balance with a weight range and accuracy
of 0-110 g + 0.5 mg. Additional details can be found in our previous
research [32]. Samples were calcined at 800 °C in 100% N and car-
bonated at 650°C in 100% CO, while CO, flow used in the fix bed
experiments was 1L/min. Duration of carbonation and calcination
were 15 min and 10 min, respectively.

3. Results and discussion
3.1. Characterization

3.1.1. Composition and structure of the staring materials

The composition and XRD profiles of the starting RHA samples
are given in Table 1 and Fig. 1, respectively. RHA1 contained mainly
SiO, with small amounts of trace elements, such as potassium,
sodium, calcium, magnesium and aluminum. An acid treated pro-
cess was used to remove the impurities from the husk. The trace
element content, especially alkali metals (K,0 and Na,0), sharply
decreased in RHA2 and the amount of SiO; increased. Metal impuri-
ties, such as Na and K, have been shown to have a eutectic reaction
with SiO, during combustion of rice husks and results in a dras-
tic decrease of the melting point of SiO; [33]. Thus, RHA1 showed a
lower percentage of minor constituents (26 = 27°)as shown in Fig. 1.
However, RHA2 only presented a broad peak appearing around
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Fig. 1. XRD patterns of various pretreated RHA.
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Fig. 2. XRD patterns of synthesized Li4SiO4-based sorbents.

(20=22°), which clearly indicates that RHA2 mainly consists of an
amorphous silica [29] because alkali metals were removed from
the husks during the acid-leaching treatment. XRD patterns of pure
silica gel (99.5%) were similar to that of RHA2 (not shown here).

3.1.2. XRD results of prepared samples

After the Li4SiO4-based sorbent synthesis, samples were char-
acterized by XRF and XRD. The metal impurities still existed in the
Li4SiO4-based sorbents from RHA as presented in Table 1. However,
the content decreased compared with RHA. Considering that some
alkali metals sublimated at high temperature (>700°C) [18], some
alkali metals were lost during thermal treatments (800 °C). Fig. 2
shows the comparison of the XRD profiles of P-Li;SiO4 with those
of the Li4SiO4-based sorbents from RHA. P-Li4SiO4 diffraction pat-

tern fitted very well to JCPDS file 37-1472, which corresponds to
the same compound. The presence of metal impurities in LizSiO4-
based sorbents from RHA did not modify the XRD patterns of the
Li4SiO4 phase but produce a decrement on the XRD intensities.
Veliz-Enriquez et al. [34] noted the expanded crystalline struc-
tures of doping Li,ZrO3; with alkali metals (K,0 and Na,0) and the
shift of the peaks. However, such results were not observed in the
diffraction pattern of lithium-sodium orthosilicate (Lisz_xNaxSiOy4).
Veliz-Enriquez et al. suggested that lithium has a very small disper-
sion diffraction coefficient in comparison to the doping elements
and the closed packed structure of the silicate. Therefore, the dop-
ing elements did not expect to diffuse so much into the Li4SiO4
network. Similar to Liz_yNayxSiO4, the unchanged of the peaks
observed here seemed to indicate that most of metal impurities
were mainly located over the surface of Li4SiO4, Furthermore, a dif-
ferent phase (Li3NaSiO4) was observed in the study of Mejia-Trejo’s.
However, these similar phases, such as Li3NaSiO4 and Li; KSiOy, are
not presented in this study. According to Mejia-Trejo's study, the
solubility limit of sodium in Li4SiO4 is 0.1, Li3 gNag.1SiO4 [21]. In
this study, the Na and K content were lower than the limit, result-
ing in lower quantities of Li3zNaSiO4 and Li, KSiO4. Therefore, their
abundance is beyond the XRD resolution.

3.1.3. Morphology of prepared samples

The LiySiO4-based sorbents were characterized by SEM and
surface morphologies of these sorbents are shown in Fig. 3. The
grain size was measured using standard procedures. The P-Li4SiO4
showed dense polyhedral particles with particle size between 60
and 100 pm and formed agglomerates (Fig. 3a). This kind of mor-
phology corresponds well with the high temperature used during
the thermal treatment. Nevertheless, this morphology changed as
a function of the metal impurities content. A slight increase in the
metal content results in a change in the morphological charac-
teristics of RHA2-LisSiO4 (Fig. 3b). The particle size decreased to
less than 45 wm and formed agglomerates. Moreover, as the metal

Fig. 3. SEM images of synthesized LisSiO4-based sorbents.
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Fig. 4. Pore size distributions of synthesized Li;SiO4-based sorbents.

impurities content was further increased, RHA1-Li4SiO4 (Fig. 3¢)
showed a totally different morphology. The particles were not
polyhedral corrugated and particle size decreased to 16 pm. The
morphology of these samples is similar to doping lithium ceram-
ics with alkali metals. It appeared that alkali metals inhibited the
growing of the particles. Additionally, other elements, especially
Mg [35] and Al [36] were reported to decrease the sintering effect
of other oxides. The presence of these elements could resist the sin-
tering effect of Li; O, and thereby resulted in the smaller particles
in Fig. 3.

3.1.4. BET results of prepared samples

SEM analysis revealed that the alkali metals (mainly K, O) of RHA
inhibited the growth of the particles, which may result to materials
with more pores and higher surface area. To verify this hypothesis,
N, adsorption analysis was performed. The pore size distributions
of three Li4SiO4-based sorbents are plotted in Fig. 4. Only one peak,
mainly located in the range of 0-20 nm, in each pore size distri-
bution curve was observed. None of the samples presented a high
surface area. However, pore volume and surface area showed an
increasing trend as the metal impurities was added. RHA1-Li4SiO4
contains higher metal impurities content resulting to decreased
particle size as seen in SEM analysis and sample exhibited larger
surface area and larger pore volume. Conversely, P-Li4SiO4 has no
metal impurities content resulting to bigger particles, lower sur-
face area, and lower pore volume. Therefore, metal impurities in
the Li4SiO4 system acted as a growth controller of the particles.

3.2. CO, sorption capacities

As was previously mentioned, LizSiO4 is a promising CO,
absorbent material. Moreover, enhancing CO, absorption on
lithium ceramics by addition of potassium or sodium has been
reported for other ceramics. If Li4SiO4-based RHA sorbents present
a synergetic effect, these sorbents should capture CO, more effi-
ciently than P-LisSiO4 with a reaction represented as follows:

Lig_xMSiO4 +CO < Liz_xM,/2CO3 + Lip_yMj /SiO3 2)

where M denotes potassium and sodium, Li_,M,, CO3 represents
only a mixture of Li,CO3, K,CO3 and Na,COs.

The RHA samples contain CaO; however, this CaO may be inac-
tive with regard to its use in CO, capture, but this hypothesis was
also verified by subjecting the RHA samples to CO, sorption process.
Due to RHA1 sample containing high contents of CaO, typical results
are given in Fig. 5 for RHAL1. It can be seen that mass increase of
the RHA1 during the carbonation stage was negligible, which con-
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Fig. 5. Thermogravimetric analyses of synthesized Li4SiO4-based sorbents.

firmed a negligible contribution to the capture from these element
of Ca.

Fig. 5 also shows the thermograms of these Li4SiO4 sorbents
in 100% CO, and presents a qualitative scheme of CO, absorption
behavior. P-Li4SiO4 gave a standard CO, absorption, as was previ-
ously reported [18]. The sample began to absorb CO, at around
450°C, finishing this process at 710°C with 22.1 wt% maximum
absorption. At temperature higher than 710°C, the sample pre-
sented a desorption process. Due to lower potassium and sodium
content, the CO, sorption capacities of RHA2-Li4SiO4 only showed
a little improvement in comparison with the P-LisSiO4. However,
RHA1-Li4Si0O4, which has the highest potassium and sodium con-
tent, showed a significantly improved CO, absorption, increasing
to 10.3 wt% and a total CO, absorption of 32.4 wt%. Furthermore,
the absorption seemed to be faster in RHA1-Li4SiO4 in comparison
with the first two samples due to the higher slope observed on the
sorption temperature range. The same behavior was observed using
pure LisSiO4 and sodium orthosilicates. These results confirm that
CO, absorption reactivity is enhanced by metal impurities in the
samples. P-Li4SiO4 and RHA1-Li4SiO4 were analyzed in the further
study.

3.3. Kinetic analysis of CO5 absorption

A double exponential model was successfully used to simulate
the CO, absorption on lithium-based sorbents such as Li4SiO4 [18],
Lis_xNaxSiO4 [21], and LisAlO4 [14]. This model can be represented
as:

y=Aexp—kit+Bexp-kyt+C 3)

where y represents the weight change of CO, absorbent, t is the
time, k; and k, are the rate constants for the CO, chemisorption
produced directly over the Li4SiO4 particles and CO, chemisorption
kinetically controlled by lithium diffusion [37,38], respectively. In
addition, the pre-exponential factors A and B indicate the inter-
vals at which each process controls the whole CO, capture process,
and the C constant indicates the y-intercept. Initially, CO, reacts
with the Li; O component of Li4SiO4 and produces a Li, CO3 external
shield. Subsequently, when the external layer is completely formed,
the lithium diffuses across the carbonate layer in order to reach the
surface and react with CO, (diffusion process).

P-Li4SiO4 and RHA1-Li4SiO4 isotherms are shown in
Figs. 6 and 7, respectively. Fig. 6 presents the isothermal graphs of
P-Li4SiO4 at different temperatures. Qualitatively, CO, absorption
increased as a function of the temperature as expected. After
2.5h at 500°C, the ceramic absorbed only 3.8 wt%. At 650 °C, the
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Fig. 7. Isotherms of the CO, sorption on the RHA1-Li4SiO4 sample.

Table 2

Kinetic parameters obtained from the isotherms of P-Li4SiO4.
T(°C) ky (s) ka (s) R
500 7.13x10°4 473 x107° 0.9997
550 1.26x 1073 1.14x 104 0.9997
600 2.21x1073 1.81x104 0.9999
650 4.40 x 103 423x10* 0.9996

absorption increased to 18 wt% in the same period of time. The
exponential constant values obtained at each temperature are
presented in Table 2. k; values are at least 1 order of magnitude
higher than those of kj, revealing that the lithium diffusion is
the limiting step in the absorption process. These results are in
agreement with previous reports [18,21].

A similar, but more drastic, behavior was observed on the
isotherms of the RHA1-Li4SiO4 (Fig. 7). The kinetic constant values
(Table 3) were higher than those obtained for the P-Li4SiO4 sample.
Both chemisorption and diffusion constant values were enhanced

Table 3

Kinetic parameters obtained from the isotherms of RHA1-LisSiO4.
T(Q) ky (s) ka (s) R
500 2.40x 1073 1.22x104 0.9990
550 335x1073 1.92x 104 0.9996
600 4.85x 1073 2.66 x 1074 0.9995
650 7.76 x 1073 6.03x 104 0.9995
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Fig. 8. Plots of Ink versus 1/T for the two different processes of chemisorption (k)
and diffusion (k;) on P-LisSiO4 and RHA1-LisSiO4.

by potassium and sodium addition, which is in agreement with
previous reports on pure Li4SiO4 and sodium orthosilicates [21].

Furthermore, Fig. 8 shows the well-fitted linear trends for the
plots of Ink versus 1/T. If the kinetic constant values (i.e., ky or k)
are linear-dependent with the corresponding temperatures (1/T),
the gradients of these best-fit lines may follow an Arrhenius-type
behavior, which can be written as:

K = kg exp(~Fe/RT) (4)

in which kg is the reaction rate constant, E, is the activation energy
of the chemisorption process and diffusion process, R is the gas
constant, and T is the absolute temperature. Consequently, the
activation energies for the chemisorption processes and diffusion
processes in P-LisSiO4 can be estimated to be 71.2 and 83.4 kJ/mol,
respectively. This further confirms that lithium diffusion is the lim-
iting step in the whole absorption process. Moreover, compared
with P-Li4SiOg4, the activation energy of RHA1-Li4SiO4 obtained
for both processes decreased. A similar behavior was also observed
in pure Li4SiO4 and potassium-doped Li4SiO4-based sorbents from
FA [26]. Venegas et al. examined the particle size effect on the CO,
sorption process and found that lithium, on the small particles, does
not have to diffuse at such long distances as on the large parti-
cles [18]. Consequently, the lithium diffusion activation energies of
the small particles were smaller than those obtained for the large
particles. In this study, the presence of higher metals resulted in
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Fig. 9. Multiple cycles of CO, sorption (15min) and desorption (10min) on
P-Li4SiO4 and RHA1-Li4SiO4 under the same experimental conditions.
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Fig. 10. SEM images of synthesized RHA1-Li4SiO4 sorbent and the sorbent after 15 sorption/desorption cycles.

formation of smaller particles, as seen in SEM analysis. The smaller
particles of RHA1-Li4SiO4 can decrease the activation energy of the
diffusion process. On the other hand, Venegas et al. [18] suggested
that larger pore volume and surface area of RHA1-LisSiO4 was asso-
ciated with the presence of more lithium atoms over the surface
of the particles. RHA1-Li4SiO4, exhibiting larger surface area and
larger pore volume (observed in BET results), can thus decrease
activation energy in the chemisorption process. As a consequence
of these double effects, CO, absorption reactivity is improved sig-
nificantly in RHA1-LigSiOy4.

3.4. Multicycle properties

For a continuous process to be feasible, the material must oper-
ate over numerous sorption/desorption cycles. The working cyclic
capacity, stability, and lifetime of the sorbents can be determined
using this method. Initially, P-Li4SiO4 and RHA1-LizSiO4 were
investigated by carrying out 15 CO, sorption/desorption cycles and
results are presented in Fig. 9. As expected, the absorption amount
in both samples remained almost unchanged even after 15 cycles.
Moreover, RHA1-LisSiO4 maintained higher CO, within the defined
absorption time, indicating that this sorbent may be a new option
for CO, absorption.

Higher potassium and sodium content could cause sintering
during the sorption/desorption processes, which may slow down
the CO, diffusion and subsequently reduce the absorption capac-
ity within the defined absorption time. To further understand
the effect of potassium and sodium addition, the morphology of
RHA1-Li4SiO4 before and after 15 cycles were analyzed as shown
in Fig. 10. Compared with the SEM image of the initial sorbent,
the surface of calcined sample appears loose and porous, and CO,
may diffuse easily into the interior of the sorbent during the sorp-
tion process, which shows the good regenerability properties of
RHA1-Li4SiOy4.

4. Conclusions

The Li4SiO4-based sorbents derived from RHA for CO, absorp-
tion at high temperatures were developed. XRD results showed that
metals of RHA were doped with Li4SiO4 resulting to inhibited par-
ticle growth and increased pore volume and surface area as proven
by SEM and N, adsorption. The presence of metals in the LizSiO4-
based sorbent produced an increase in the kinetic reaction of the
CO, sorption when compared with pure LizSiO4. Isothermal anal-
yses further indicated that the sorbents adjust to the same CO,
sorption mechanism: a chemical sorption process followed by a
lithium diffusion process. However, the activation energies of the
Li4SiO4-based sorbent prepared from RHA1 were smaller than that
of pure LisSiO4. These results were explained in terms of reactiv-
ity for the chemisorption process and in terms of geometry for the

diffusion process. Moreover, the sorbent can maintain the higher
absorption capacities during multiple sorption/desorption cycles,
showing that this sorbent may be a new option for CO, absorption
at high temperature.
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