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The CO; sorption/desorption kinetic behaviors on LiySiO4 were analyzed. The theoretical compositions of the sorption/
desorption reactions were calculated using FactSage. The sorption/desorption process on Li,SiO, was investigated by
comparing the shrinking core, double exponential, and Avrami—Erofeev models. The Avrami—Erofeev model fits the kinetic
thermogravimetric experimental data well and, together with the double-shell mechanism, clearly explains the sorption/
desorption mechanism. The sorption process is limited by the rate of the formation and growth of the crystals with double-
shell structure consisting of Li,COj3; and Li,SiO;. The whole desorption process is found to be controlled by the rate of the
Sformation and growth of the Li,SiO4 crystals. Furthermore, the influence of steam on the CO, sorption process was
analyzed. It has been observed that the presence of steam enhance the mobility of Li and, therefore, the rate of diffusion
control stage. © 2012 American Institute of Chemical Engineers AIChE J, 59: 901-911, 2013
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Introduction

The greenhouse effect and energy crisis are currently two
of the most important problems worldwide. Hence, CO, cap-
ture technologies are required to decrease CO, emissions to
the atmosphere and improve energy efficiency. They can be
used in the direct separation of CO, from the high-tempera-
ture exhaust gases from power plamts,l’2 particularly in in
situ CO, sorption-enhanced fuel steam reforming processes,
which aims to produce pure hydrogen at lower tempera-
ture.>® The key point of a CO, sorption-enhanced reaction
system is to develop a satisfactory solid CO, captor with a
large capacity, high selectivity, good cycle performance, and
proper kinetic behaviors at relatively high temperatures.
Thus far, several materials,>’™ such as hydrotalcite-like
materials, CaO-based sorbents, and lithium-containing mate-
rials, have been proposed for CO, capture. Among these
materials, lithium orthosilicate (Li4SiO,4) is considered to be
one of the most potential materials. LiySiO4 has been
reported to adsorb CO, more than 30 times faster than
Li,ZrO3 and is lighter and cheaper than Li,ZrOs;. The mass
uptake on LiySiO4 due to CO, adsorption is almost 50%
greater than the weight change for Li,ZrOs." It has also been
used in sorption-enhanced fuel steam reforming experiments,
where it has shown an evidently promoting effect on the
process.m_12

Furthermore, in the methane steam reforming system, the
existence of H,O cannot be ignored. Thus, the effect of
water on the CO, sorption properties is very important for
the application of the sorbents. Essaki et al.'’ observed a
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beneficial effect of adding water when absorbing CO, on
Li,SiO4 at room temperature. Ochoa-Fernandez et al.'"* also
investigated the CO, uptake profiles over LiySiO; and
Li,ZrO5 at 525°C and 10% of CO, with and without water
addition."* They also found the same trends of the positive
impact of steam on the capture kinetics. These results make
LiySiO4 to be more practical in sorption-enhanced steam
reforming system. However, the reasons for the beneficial
effect of steam addition on the CO, absorption kinetics of
the CO, acceptors are not clear yet. These important phe-
nomena need to be explained by kinetic mechanism.

Meanwhile, the investigation of the reaction system mech-
anism and design requires a suitable kinetic model for the
CO, sorption/desorption process in LiySiO4. However, only
a few studies have reported relative models for LiySiOy.

Table 1 summarizes the commonly reported models for
the sorption processes in different sorbents. The power law
model is widely used for CO, sorption processes because of
its simplicity. Ochoa-Fernandez et al."” proposed a power
law model combined with CO, partial pressure to analyze
the CO, sorption process on Li,ZrO; at 550-600°C. Lee
et al.' reported a similar model independent of the CO, par-
tial pressure in the sorption process on CaO at 650-750°C.
The experimental data agree with both of the models well.
For a rather narrow temperature range, Rusten reported that
the shrinking core model (SCM) is suitable for nonporous
solids. However, it did not fit well their experimental data
on LiySiO,4. Thus, a power law model based on SCM with
an exponential factor of 2 combined with CO, partial pres-
sure was proposed to fit the experimental data at 530-575°C
and was used to simulate the sorption-enhanced fuel steam
reforming process.'’

To investigate the reaction mechanism of the sorption pro-
cess, Pfeiffer et al."®! proposed a double exponential model

Vol. 59, No. 3 901



Table 1. Kinetic Models for the CO, Sorption Process on Solid Sorbents

Model type Sorbents Condition Expression
Power law model Li,ZrO5 T: 550-600°, Pco,: 0.3—1 atm (LIT? = kCgOZ(l — )
Power law model CaO (3 mm) T: 650-750°C, independent of Pco, % _ k(l — /xu)z
Power law model LiySiOy4 T: 530-575°C, Pco,: 0.05-1 atm % = Kf(pco,)(1 — 1)2
Double exponential model LisSiOy, Li; gsNag 155104 T: 460-600 °C, CO, :60-200 mL/min y = Aexp'k‘ " 4 Bexp kty ¢
Double-shell model Li,ZrO; T: 500-650°C, CO,: 160 mL/min A‘Tm _ % (1—y%)
Boltzmann equation CaO-based (60-80 um) T: 500-650°C, Pco, : 0.15-0.25 atm o=k — ki/(1 + exp ((t — b)/c))

(rapid reaction stage)
Avrami-Erofeev equation
(diffusion stage)

CaO-based (60-80um) T: 500-650°C, Pco,:0.15-0.25 atm

o =1 — exp(—kt")

that has a good agreement with the kinetic data, assuming
that the CO, reaction and lithium diffusion processes occur
during the CO, sorption process on LiySiO4. According to
this model, the whole process is controlled by the diffusion
process once the lithium diffusion occurred.

Assuming that the O”" diffusion in the ZrO, shell is the
rate-limiting step, Lin et al. built a more detailed double-
shell model to describe the process of CO, sorption on
Li,ZrO; at 500-650°C based on the double-shell mechanism
proposed by Ida and Lin.*® This mechanism shows that, dur-
ing the sorption process, CO, reacts with Li,ZrO; on the
surface to form a double-shell structure consisting of ZrO,
and Li,COj; first. Then the sorption rate begins to decrease
because LiT, 0>~ and CO; have to diffuse through the ZrO,
and Li,COj; shells to react with each other. They also stud-
ied the mechanism of the desorption reaction.”' It was found
that Li,COs3 reacts with ZrO, on the interface to form
Li,ZrO5 and CO,. When the Li,ZrO3; forms a dense shell
covering the unreacted ZrO,, the desorption process contin-
ues with the diffusion of Li" and O through the solid
Li,ZrOj3 shell and CO, through the liquid Li,CO; to the out-
side. It has been mentioned that the double-shell mechanism
is suitable for the CO, sorption/desorption process on
LisSi0,, as well.?? However, the kinetic behaviors of this
mechanism have not been analyzed.

The kinetic behavior of the CO, sorption process on CaO-
based materials at 500-650°C and CO, partial pressure of
0.15-0.25 atm was analyzed by dividing the whole process
into the rapid reaction and diffusion control stages. The
Boltzmann and Avrami—Erofeev models were applied for the
two stages, respectively.®?

In summary, the power law model has the advantage of
simplicity. However, it lacks the mechanism and deals with
a rather narrow temperature range. The double exponential
model agrees quite well with the experimental data, but the
sorption—desorption balance reached during the sorption pro-
cess has not been analyzed using this model. Moreover, the
double-shell mechanism is suitable for the sorption process,
but it must be supported by a relative kinetic model. Finally,
the Avrami-Erofeev model associated with the reaction
mechanism of the formation and growth of product crystals
is a promising model for the sorption process. However, the
kinetic model for the CO, desorption process on LiySiO, has
not been reported yet.

Therefore, a suitable model combined with a detailed
reaction mechanism in a wide temperature range is necessary
for the industrial research and process design of CO, sorp-
tion/desorption. In this work, FactSage5.0 was used to ana-
lyze the theoretical composition of the CO, sorption/desorp-
tion reaction at different temperatures and atmospheres.
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Then, the SCM, double exponential, and Avrami—Erofeev
models were developed, and their results were compared
with the thermogravimetric (TG) experimental data. Finally,
the sorption—desorption mechanism was illustrated using the
suitable model, including the effects of steam on the sorption
process.

Experimental
Characterization

The commercial LiySiO4 (99.9% metal basis) was pur-
chased from Alfa (Alfa Aesar). The material was treated at
750°C for 6 h before being used in the kinetic experiments.

The sample was identified by X-ray diffraction (XRD). A
diffractometer (RIGAKU D/MAX 2550 VB/PC, Japan)
coupled to a copper-anode X-ray tube was used. The K,
wavelength (1.54056 nm) was selected with a diffracted
beam monochromator. LiySiO, was identified by the corre-
sponding Joint Committee on Powder Diffraction Standards
(JCPDS) in virtue of MDI Jade 5.0 software. The surface
structure and particle size of the sample was characterized
by scanning electron microscopy (SEM; JEOL JSM-6360LV,
Japan).

A SDT Q600 Simultaneous Thermal Analyzer (TGA/dif-
ferential scanning calorimetry (DSC)) was used to analyze
the reversibility of CO, uptake, temperature ranges and ki-
netic behaviors of the CO, sorption/desorption process.

A WRT-3P TG equipment was modified to make sure that
the steam will be conducted into the system continuously
with CO, and N,, as shown in Figure 1. The total flow rate
was controlled at 100 mL/min using flow meter. The humid-
ity controller consisted of an external water bath and an in-
ternal water bubbler. The H,O concentration was controlled
by the temperature of water bath and detected in the inlet of
the balance. The influence of CO, dissolution in the water
bubbler was negligible.

Sorption/desorption process

The CO, sorption/desorption temperature range and equi-
librium conversion were confirmed first by calculating the

Humidity
controller

Figure 1. Schematic diagram of CO, sorption process.
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Table 2. Experimental Conditions for the CO, Sorption/
Desorption Process on Li;SiOy4

Step Condition

Heating up Atmosphere: N,
Gas flow rate: 100 mL/min
Temperature: room temperature
— adsorption temperature (10°C/min)
Atmosphere: N, — CO,
Gas flow rate: 100 mL/min
Temperature: adsorption temperature
(550-700°C)
Atmosphere: CO,
Gas flow rate: 100 mL/min
Temperature: adsorption temperature
— desorption temperature (10°C/min)
Atmosphere: CO, — N,
Gas flow rate: 100 mL/min
Temperature: desorption temperature
(650-750°C)

CO, sorption

Process shift

CO, desorption

thermodynamic equilibrium of the sorption/desorption pro-
cess via Gibbs free energy minimization using FactSage 5.0,
which is widely used in the metallurgy field. The LisSiO4
sample was heat treated using a thermogravimetric analyzer
(TGA) from room temperature to 1000 °C with a heating
rate of 10°C/min and gas flow rate of 100 mL/min to con-
firm the calculated results. The kinetics of the CO, sorption/
desorption in the pure Li,SiO, sample was examined using a
TGA/DSC under the conditions listed in Table 2.

Results and Discussion

Figure 2 shows the XRD patterns of the prepared LiySiO4
sample. It was fitted to JCPDS file 37-1472, and only the
highly crystalline structure of LiySiO4 was presented.

Figure 3 shows a micrograph of the LiySiO4 sample, hav-
ing a very smooth surface and a mean diameter of 25 um.
This characteristic shows that LiySiO,4 can be considered as
a nonporous material, as proven by studies using nitrogen
adsorption—desorption isotherms.'® This result shows that the
SCM may be used to describe the CO, sorption process on
LisSiOy.

Sorption/desorption temperature range and reversibility
of CO, uptake

Figure 4a shows the thermodynamic results of the CO,
sorption process on LisSiO4 under pure CO,. The process
can be split into four stages according to the reactions at dif-
ferent temperatures, which are listed in Table 3.

When the temperature is higher than 724°C, only Li4SiOy4
and CO, exist, indicating a desorption process. Theoretically,
Li4SiO4 can totally react with CO, in the first three stages
with different products at different temperature ranges (Fig-

Intensity (%)

37-1472> Li4Si04 - Lithium Silicate(100.0)

It | |I I | L " o "
10 20 30 40 50 60 70 80
2-Theta(°)

Figure 2. XRD pattern of the Li,;SiO, sample.
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Figure 3. SEM images of the Li,;SiO, sample.

ure 4a). Thus, the mass uptake of Li;SiO4 can be increased
by improving the sorbent properties of Li,SiO4 when its con-
version is lower than 100%.

The thermoanalytical curve in Figure 5 was obtained by
heating the LiySiO4 sample in the CO, atmosphere with a
heating rate of 10°C/min. A 1% decrease can be observed at
180—450°C because LisSiO, can react with steam at room
temperature and dehydroxylation occurs when the tempera-
ture is higher than 180°C."** The weight increase of the
sample with temperature is associated with the carbonation
process when the temperature is higher than 450°C. Then, a
sorption—desorption balance is achieved at 715°C, with a
mass uptake of 30.56%. The desorption process occurs
beyond 715°C.

The minimal sorption temperature obtained in the current
experiment was 450°C, quite higher than the calculated
value. This result can be attributed to kinetic limitation.
Researchers from Toshiba proved that the LiySiO4 weight
increase at room temperature in ambient air is approximately
30% after 500 h mainly because of the CO, sorption." The
maximal experimental sorption temperature is 715°C, which
is lower than the calculated value (723°C). However, this
result may be caused by an experimental error. Thus, the
temperature range for the sorption process is 450-723°C,
and the sorption reaction mentioned below refers particularly
to reaction (3). Hence, the reactants for the desorption pro-
cess are Li,CO3 and Li,SiOs.

Figure 4b shows the thermodynamic results of the CO,
desorption process in pure N,. The CO, desorption reaction
equation is given as follows according to the results

Li,CO;5 + Li,Si03 = Li4SiO4 + CO, 4)

The CO, desorption reaction will not occur below 250°C, and
the reaction conversion increases with temperature at 250—
395°C. When the temperature is above 395°C, the theoretical
conversion of the desorption reaction is 100%. Thus, the CO,
desorption temperature ranges from 395 to 1000°C.

Figure 6 shows the reversibility of CO, uptake. This pro-
cess was carried out at 700°C under pure CO, for 1 h and
then under pure N, for 1.5 h in one cycle of sorption—de-
sorption process. It can be seen that the maximal mass
uptake of CO, for the first cycle is 33% and after 10 cycles
of sorption—desorption process, it decreases to 31-32%.
Obviously, the reversibility of CO, uptake is quite well.
In our kinetic researches, the fresh LiySiO, was applied
each time.
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Figure 4. Thermodynamic equilibrium composition at different temperatures.

(a) Sorption process. (b) Desorption process (initial condition: Li,CO5:Li,SiO3:N, = 1:1:1000). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Kinetic analysis of CO; sorption/desorption on Li, SiO,

Considering the used temperature range of CO, sorption/
desorption in LisSiOy4, the kinetic experiments for the sorp-
tion and desorption processes were performed at 550-700
and 650-750°C, respectively. The whole sorption/desorption
process was divided into four steps, namely, the heating-up
process, CO, sorption process, process shift, and CO, de-
sorption process. The reaction conditions for each step are
listed in Table 2.

Kinetic analysis of CO, sorption process without H,O

Figure 7 shows the experimental results of the mass
uptake of LiySiO,4 as it changes over time at different tem-
peratures. When the temperature is lower than 650°C, the
curves presented the same behavior. The mass uptake of
Li4,SiO,; for 300 min reaches 13.14, 13.60, 15.14, and
27.61% at 550, 575, 600, and 650°C, respectively, without
showing a sorption—desorption balance. However, the curve
obtained at 700°C shows a sharp increment within 15 min
with a mass uptake of 33.77% before it reaches a sorption—
desorption balance. The experimental data were used to ana-
lyze the following models.

Shrinking core model

The SCM, assuming that the reaction rate is controlled by
the chemical reaction rate, is given as Eq. 5

dojdr = K(1 — 2)*? 5)

where « is the conversion of LiySiOy, defined as ¢/qax, ¢ 18
the mass uptake of CO, per sorbent mass, ¢mnax 1S the

This model is commonly used in nonporous materials.
However, Figure 8a shows that Eq. 5 cannot fit the experi-
mental data well at all temperatures.

Some authors have proposed an improved model, that is,
with the exponential factor m changed from 2/3 to 2, to fit
the experimental data well.'> However, this model is not
suitable for the experimental data in this work. Thus, the
model with m varying from 0.1 to 10 was used to find the m
that best agrees with the data. Some of the results at differ-
ent temperatures are shown in Figure 8. Below 600°C, the
data can only be fitted well if m = 10 when the conversion
is larger than 0.2. At 650°C, the model can fit the experi-
mental data when m = 4. However, when the temperature
reaches 700°C, the expression cannot fit the data well
regardless of the m value.

The results show that SCM cannot agree with the experi-
mental data in the whole sorption temperature range, indicat-
ing that the sorption process is not simply controlled by the
chemical reaction rate. A more complex model is necessary
to simulate the whole process.

Double exponential model

The double exponential model is given in Eq. 6, which
assumes that only two different processes take place during
the CO, sorption process. These two processes are the CO,
chemisorption process, which is produced directly by the
sorption reaction on the surface of LisSiOy4, and the lithium
diffusion process, which occurs once the carbonate-oxide
external shell is completely formed

140

theoretical maximum of ¢ found for Li,SiOy, which was 0.367 " Sggge‘:‘; | de;ﬁof;‘;“
g of CO, per gram of sorbent according to the thermodynamic S 130
result, ¢ is the time, and K is the kinetic constant. g 5
=
Table 3. Reactions at the Different Temperature Ranges %ﬂ 110
During the CO, Sorption Process on Li SiO4 EN
@]
Temperature o 100
range (°C) Stage Reaction 90 ) ) , N
25-228 1 LisSiO;4 + 2C0, = 2Li,CO; + Si0, 200 400 600 800 1000
229-262 2 2Li4SiO4 + 3C0, = 3Li,COs + LiSirOs Temperature/C
262-723 3 Li4Si04 4 CO, = Li,COs + Li;SiO3 Figure 5. TG curves of Li,SiO, obtained with a heating
724-1000 4 nr. rate of 10°C/min in pure CO, atmosphere.
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Figure 6. Experimental reversibility of CO, mass
uptake on Li;SiO4 for 10 cycles of sorption-
desorption process at 700°C (sorption pro-
cess: pure CO,; desorption process: pure Ny).

y=Aexp "' 4Bexp ® +C 6)

In Eq. 6, y is the weight percentage of chemisorbed CO,, ¢ is
the time, and k; and k, are the exponential factors of the
chemisorption and lithium diffusion process, respectively. A
and B are the intervals at each process that controls the whole
CO, sorption process, and C is the y-intercept.

Figure 9 shows that the double exponential model can fit
the sorption kinetic experimental data well at different tem-
peratures below 650°C in this work, but for the data
obtained at 700°C, which reached a sorption—desorption bal-
ance at 15 min, the result is not so good as those of other
temperatures.

The constants in the current model are listed in Table 4.
ky is one order of magnitude larger than k, at each tempera-
ture below 650°C, demonstrating that the whole CO, sorp-
tion process is under the lithium diffusion control. &,
increases with the temperature, reaches 1.97 E —3 at 700°C,
which is one order of magnitude larger than the value at
650°C, and nearly equals k; at 700°C (1.98 E —3). The
result shows that the lithium diffusion rate increases with
temperature and has a sharp increment at 650—-700°C. Thus,
the whole sorption process is controlled both by the chemi-
sorption and lithium diffusion rates. However, k; values at
different temperatures are irregular.

According to the results, the limiting step of the whole
sorption process is the lithium diffusion process, which is

40

(¥
=]

CO2 Weight/%
)
S

0 100 200 300 400

time/min
Figure 7. Change in mass uptake of Li;SiO,; over time
at different temperatures with CO, pressure
of 0.1 MPa.

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

contradictory to the model assumption that the lithium diffu-
sion process occurs when the carbonate-oxide external shell
is completely formed. The process before formation of the
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301 o 575°C
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X 20 .t
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y_ /%
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Figure 9. Relationship between calculated and experi-
mental y values for double exponential
model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 4. Kinetic Parameters of the Double Exponential Model for the Li SiO4 Sample

Temperature (°C) ky (s™h k (s7h A B C R,

550 0.00407 0.00012 —5.76 —8.62 13.97 0.9956
575 0.0086 0.00014 —5.23 —9.28 14.19 0.9958
600 0.00851 0.00016 —5.62 —10.21 1543 0.9957
650 0.00441 0.00026 —11.60 —16.51 27.35 0.9965
700 0.00198 0.00197 —19.79 —19.89 33.52 0.9622

external shell cannot be described and when the diffusion
control stage occurred cannot be confirmed as well. Thus,
the mechanism of the CO, sorption process is difficult to
explain using the double exponential model. Moreover, this
model cannot be used to simulate the sorption process
because the temperature dependence of the parameters (A, B,
and C) is not clear.

Avrami-Erofeev model

As shown in the XRD patterns (Figure 2), LiySiO, has a
highly crystalline structure. The Avrami-Erofeev model,
which is associated with the reaction mechanism of the for-
mation and growth of reaction product crystals, has been
used for reactants with highly crystalline structures.

The Avrami—Erofeev model is based on the typical model
for gas—solid reactions

dou/dt = KF (o) ©)

where

F(OC) = i’l(l — o()[_ ]n(l _ o()}(nfl)/n ®

where o is the degree of conversion, K is the kinetic constant, n
is the kinetic parameter, and ¢ is the time. The temperature
dependence of K is given by the following Arrhenius
expression

K = Kyexp[—E/R(1/T — 1/Ty)] )
Substituting Eq. 8 into Eq. 7 gives Eq. 10
o= 1—exp(—kt") (10)

where k = K"
Taking the logarithm of Eq. 10 twice gives Eq. 11

In(—In(1 — o)) =Ilnk+nlnt (11)

which is the equation of a straight line with slope n in the
coordinates In(—In(l1 — «)) vs. In 7. The magnitude of n
provides on the reaction rate, which is controlled by the rate of
the formation and growth of the reaction product crystals when
n > 1. If n is approximately 0.5, the reaction proceeds under
the diffusion control.”>

Figure 10a shows the In (—In(1 — o)) vs. In ¢ line of the
experimental data obtained in the CO, sorption process.
Inflexion points are observed in the curves obtained below
650°C at 2 min with a Li;SiO,4 conversion of approximately
0.1. Then, at 700°C, the inflection point became 11 min with
a LiySiO4 conversion of 0.84. The reaction reaches a sorp-
tion—desorption balance stage when the conversion reaches
0.92. Figures 10b,c show the linear fits of In(—In(1 — «)) on
In ¢ for the two stages near the inflection point. All data can
be fitted well, and the » and K for different stages can be
obtained.
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Figures 11a,b show the linear fits of the n value on the
temperature for the first and second stages. The K values
were fitted to the Arrhenius equation in Figures 12a,b. In the
first stage, all slopes are larger than 1, indicating that the
reaction is controlled by the rate of the formation and
growth of the reaction product crystals. The active energy
for this stage is 2.71 E +4 J/mol, implying a rapid reaction
stage. In the second stage, the slopes are all approximately
0.3-0.4. This result means that the sorption process is under

2
0
G
<-4
E
-6
ol
2 4 6 8 10
Int/s
(a)

In(-In(1-x))

In(-In{1t))

Figure 10. Fit of the CO, sorption kinetic experimental
data with the (a) Avrami-Erofeev equation in
the (b) first and (c) second stages.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. n value as a function of temperature in the
Avrami-Erofeev model for the sorption pro-
cess: (a) rapid reaction and (b) diffusion
control stages.

the diffusion control, indicating a diffusion control stage.
The active energy is increased to 2.72 E +5 J/mol, which is
10 times higher than that of the rapid reaction stage. The
temperature dependence of n is given by Eq. 12

0.0065T — 3.6087  rapid reaction stage 12)
0.0011T — 0.6259 diffusion control stage

The Avrami-Erofeev model can agree with the experimental
data well at each temperature. The whole process can be split
into the rapid reaction and diffusion control stages according
to n at the critical points of o ~ 0.1 when the temperature is
lower than 650°C and o = 0.84 at 700°C. The rapid reaction
stage is neglected in both the power law and double
exponential models. The Avrami—Erofeev model can also be
used in the simulation of the CO, sorption-enhanced fuel
steam reforming process. Thus, this kinetic model is most
suitable for the CO, sorption process on LiySiOy.

Reaction mechanism of CO, sorption process on
Li,Sio,

The reaction mechanism of the CO, sorption process on
LisSiO,4 can be clearly described by the double-shell mecha-
nism combined with the Avrami—Erofeev kinetic model. The
whole desorption process involves the following procedures:

1. The CO, molecules react with LisSiO, to form solid
Li,CO;3 and Li,SiO5 nuclei on the surface. The reaction rate
is controlled by the rate of the formation of the product crys-
tals, and this procedure is very short.

2. The Li,SiO3 nuclei grow to form a shell covering the
unreacted Li,SiO4, and then, Li™ and 0% have to diffuse
through this Li,SiO3 shell to react with CO,. The Li,COj3
nuclei form another shell outside the Li,SiO3 shell, and CO,
molecules have to diffuse through it for the reaction to take
place. Thus, the double shell is formed, and the diffusion

-54 3
5.6 R2=0.9888 .10
5.8 12
fos 1.1 1.15 12 -1 1.1 1.15 1.2
T x10° T x10°
(a) (b)

Figure 12. Plots of In K vs. 1/T for the desorption pro-
cess: (a) rapid reaction and (b) diffusion
control stages.

AIChE Journal March 2013 Vol. 59, No. 3

Published on behalf of the AIChE

= 6-
=
R=
o
=11] 4t
=
.&n —e—without H O
L) z
z —a-12%HO
~ 2 2
Q ——15%H0
5 2
+18%H20
0
0 10 .20 30
time/min

Figure 13. Change in mass uptake of Li;SiO4 over time
at atmosphere with/without water at 575°C
and total pressure of 0.1 MPa.

process occurs in this step. The reaction rate is controlled by
the formation and growth of the product crystals.

3. The thickness of the double shell increases with the
reaction. When the diffusion resistance is large enough, the
reaction rate rapidly decreases, and the reaction proceeds
under the diffusion control. This step proceeds when ¢ > 2
min (o > 0.1) below 650°C and when ¢ > 11 min (a >
0.84) at 700°C.

The difference at 700°C can be attributed to the diffusion
rate increase. The sorption process is controlled by chemical
reaction rate until the LiySiO4 conversion reaches 84.23%,
when the diffusion resistance is large enough to control the
process. It is also found that the initial kinetics is fast fol-
lowed by a slow CO, uptake and then the kinetics become
slow when the temperature is lower than 650°C. Therefore,
how to improve the sorption properties should be the future
work, such as doping of LiySiO, with hetero elements (Al,
K, or Fe) to improve its CO, uptake in the rapid reaction
stage or designing an easy-regeneration reactor. Meanwhile,
the water in the methane steam reforming system was
thought to have positive effect on the CO, sorption process
on LiySiO4. Thus, the water effect was investigated in the
following secession.

Effect of steam on the CO, sorption Kinetics

The influence of steam on the CO, sorption process was
analyzed in the gas with H,O concentration of 12-18% at
575°C in a modified WRT-3P TG equipment. The result was
shown in Figure 13. It can be seen that with the addition of
steam, the CO, mass uptakes increase 60% more than with-
out steam after 30-min adsorption. With the steam amount
increasing, the adsorbent capture ability is enhanced accord-
ingly. However, when the steam amount is greater than
15%, the effects of the steam amount on the sorption process
is not obvious.

The sorption process with and without steam was analyzed
using Avrami—Erofeev model. The kinetic parameters were
summarized in Table 5. As it can be seen, the inflexion
between rapid reaction stage and diffusion control stage is 1
min in dry CO, atmosphere and increased to 3 min by addi-
tion of water. In the rapid reaction stage, the n value is all
about 1.8-2, which indicates the CO, sorption reaction is
controlled by the formation of the product crystals. The K
value is 2.64 E —3 in pure CO, atmosphere and decreased
first by steam addition. However, with the increase of steam
amount, the reaction rate increases when the H,O concentra-
tion is lower than 15% and then decreases with H,O concen-
tration increasing. It is found that the effect of steam in the
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Table 5. Parameters of Avrami-Erofeev Model for the CO, Sorption Process at 575°C With/Without Water

Rapid reaction stage

Diffusion control stage

Water content (%) Inflexion point (min) n K R, n K R>

0 1 1.86 2.64 E —03 0.9880 0.36 1.51 E —06 0.9979
12 3 1.86 1.33 E —-03 0.9998 0.38 5.99 E —06 0.9920
15 3 1.97 2.04 E —03 0.9812 0.39 7.46 E —06 0.9951
18 3 1.96 1.53 E —03 0.9985 0.42 1.07 E —05 0.9990

rapid reaction stage is not obvious. In the diffusion control
stage, the n value and the reaction rate K value increase
with the H,O concentration. The reaction rate is 1.07 E —5
when the water composition is 18%, which is 10 times larger
than the value obtained in the dry CO, atmosphere, which
means the reaction rate in the diffusion control stage
enhanced with steam addition.

For the steam effects on the CO, sorption kinetics can be
summarized as follows'®:

(a) Hydrolysis
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Figure 14. Change in CO, desorption ratio with time at
different temperatures in pure Nj.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 15. Fit of the CO, desorption kinetic experimen-
tal data with the (a) Avrami-Erofeev equa-

tion in the (b, c) first and (d) second stages.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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CO, + H,0 « HCO; + H' < CO¥ +2H  (13)

Li,O + H,0 « 2Lit + 20H" (14)

(b) Reaction
2Lit + CO3*™ < LipCO; (15)
2H" +20H « 2H,0 (16)

(c) Total reaction

Li;O + CO; « Li,CO3 a7)

The presence of steam is believed to enhance the mobility of
Li and, therefore, the rate of the reactions, which is the reason
that the steam effect on the diffusion control stage is more
obvious than the rapid reaction stage and make the adsorption
rate in diffusion control stage increased with the H,O
concentration. On the other hand, the formed Li,CO; shell,

1.61
1.5+
= 1.4f R2=0.9988
1.3+
1.2+
1.1
920 940 960 980
T/K
(a)
-5
6t
R2=0.9206
-8t
9 . . .
1.04 1.06 1.08
1/T 3
x10
(b)

Figure 16. Kinetic parameters of the Avrami-Erofeev
equation for the desorption process: (a) n
vs. T line; (b) In K vs. 1/T line.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

which is on the surface of the adsorbent particle, is slightly
dissolved in water with the solubility of 1.31 g Li,CO5/100 g
H,O and then the absorption is also promoted.”® Thus, the
inflexion point increased from 1 to 3 min.

Kinetic analysis of CO, desorption process on Li SiO,

Pure N, was used in the CO, desorption process. Figure
14 shows the CO, desorption ratio as a function of time at
650-750°C. When the temperature is lower than 700°C, the
reaction rate increases with the temperature. At 650°C, the
CO, desorption ratio is 90.31% after 100 min. However,
with the temperature increase, the ratio nearly reaches 100%
after 24 and 21 min at 675 and 700°C, respectively. At tem-
peratures higher than 725°C, the reaction rate decreases with
temperature, compared with the rate at 700°C. The CO, de-
sorption ratio is approximately 100% after 43 min at 725°C
and reaches 97.12% in 100 min at 750°C. Thus, a desorption
temperature near 700°C should be chosen to maintain a rela-
tively high reaction rate. All the experimental data were
applied to analyze the kinetic model for the CO, desorption
process as follows.
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Kinetic analysis of CO, desorption process

The Avrami-Erofeev model was also used to analyze the
CO, desorption process. Figure 15a shows the In(—In(l1 —
x)) vs. In ¢ line of the experimental data obtained in the CO,
desorption process. The curves are nearly straight below
700°C, but at 725 and 750°C, the two processes have inflec-
tion points of approximately 5 min, as shown by the slope.
The two curves are split into two stages at 5 min to analyze
the kinetic behavior in detail. Figures 15b,c,d show the lin-
ear fit at different temperatures, and the n and K values were
obtained according to the fitting results.

Figure 16a shows the linear fit of n as a function of tempera-
ture. Below 700°C, the slopes are all greater than 1 and increase
with the temperature. This result means that the whole desorp-
tion process is controlled by the reaction rate of the formation
and growth of the product crystals. The temperature dependence
of n when the temperature is below 700°C is given by Eq. 19

n = 0.0098T — 7.8639 (19)

Figure 16b shows the fitting of the K values with the Arrhenius
equation when the temperature is below 700°C and the active
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energy is 3.57 E +5 J/mol, which is approximately 13 times
larger than that of the rapid reaction stage in the CO, sorption
process. As shown in the figure, the formation and growth of
the product crystals is more difficult in the desorption process
than in the sorption process.

When the temperature reaches 725°C, the slope n in the
first stage has values of 2.25 and 1.32 for 725 and 750°C,
respectively. These values indicate that the CO, desorption
process is controlled by the formation and growth of the
product crystals. In the second stage, both n values decrease
to 0.76, indicating that the reaction proceeds under the diffu-
sion control. This phenomenon is caused by the liquefaction
of Li,CO;5 considering that its melting point is 723°C. The
liquefied Li,CO3 comes in full contact with Li,SiO3, the pro-
cess is first controlled by the rate of the formation and
growth of the product crystals. With the CO, formation, the
gas assembles on the surface of Li,SiO; because it hardly
diffuses through the liquid film and the contact area of the
reactants decreases. Thus, in the second stage, the CO, de-
sorption process will proceed under the diffusion control.

The Avrami—Erofeev model is also suitable for the CO,
desorption process. A desorption temperature near 700°C
should be chosen to maintain a relatively high reaction rate.
This kinetic model can be used to simulate the CO, sorp-
tion-enhanced fuel steam reforming process as well when the
desorption temperature is lower than 723°C (the melting
point of Li,CO3).

Reaction mechanism of CO, desorption process

The CO, desorption temperature should be below the melting
point of Li,COj3. Therefore, the reaction mechanism of the CO,
desorption process below 723°C was mainly analyzed using the
Avrami-Erofeev kinetic model in this work. The CO, desorp-
tion process has the following three procedures.

1. Li,CO;3 reacts with Li»SiO5; on the interface to form
the LisSiO,4 nuclei and CO,.

2. CO, diffuses out of Li,CO;, and the LisSiO,4 nuclei
grow to form a dense shell in the middle, covering the
unreacted Li,SiOs;.

3. The CO, desorption process proceeds with the diffu-
sion of Li" and O*~ through the solid LiySiO4 shell and
CO, through the Li,COj shell.

In contrast to the sorption process, the whole CO, desorp-
tion process is controlled by the rate of the formation and
growth of LiySiOy4 crystals. The active energy for the forma-
tion and growth of LiySiO4 is 3.57 E 405 J/mol, which is
much larger than that of the formation and growth of
Li2C03 and L12SIO3

Conclusion

This work aims to develop a suitable kinetic model for
investigating the kinetic behaviors and reaction mechanism
of the CO, sorption/desorption process on LiySiOy.

SCM, the double exponential, and Avrami—Erofeev models
were compared to investigate the CO, sorption process. Accord-
ing to the results, the Avrami—Erofeev model was found to be
most suitable for the CO, sorption process on Li,SiO, within a
wide temperature range. It can describe the rapid reaction stage,
which is neglected in the other two models. Moreover, the reac-
tion mechanism can be explained using the Avrami—Erofeev
model combined with the double-shell mechanism, and the
Avrami-Erofeev equation is also suitable for analyzing the ki-
netic behavior of the CO, desorption process.
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As a summary, the reaction mechanism for the CO, sorp-
tion—desorption process schematically illustrated in Figure
17. In the sorption process, the CO, molecules come into
contact with the sorbents and rapidly react to form a double-
shell structure consisting of Li,CO5; and Li,SiO;. Then, the
reactants have to diffuse through the double shell to react
with each other. First, the reaction rate is controlled by the
formation and growth of the product crystals. With the
increase in the double-shell thickness, the reaction proceeds
under the diffusion control. The presence of steam is
believed to enhance the mobility of Li" and, therefore, the
rate of the reactions, therefore, the effects of steam on the
rapid reaction stage is not obvious, whereas the reaction rate
of the diffusion control stage are 10 times larger with 18%
H,O concentration than the value obtained in the dry CO,
atmosphere, which indicates the possibility of CO, capture
technology with Li;SiO, for the steam existence system.

For the desorption process, the temperature should be near
700°C to maintain a relatively high reaction rate. During the
process, Li,COj5 reacts with Li,SiO3 on the interface to form a
dense shell in the middle covering the unreacted Li,SiO3. Then
the CO, desorption process proceeds with the diffusion of Li*
and 0%~ through the solid Li4SiO,4 shell and CO, through the
Li,COs5 shell. The whole desorption process is controlled by the
rate of the formation and growth of the Li,SiO, crystals.
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Notation
A = Kkinetic parameter

B = kinetic parameter
C = kinetic parameter

b = kinetic parameter
¢ = kinetic parameter
E = active energy, ] mol '
K = kinetic constant
k; = exponential factor for the chemisorption process, s~ '
k, = exponential factor for the lithium diffusion process, s '
k=K"
m = Kkinetic parameter
n = kinetic parameter
g = mass uptake of CO, per mass of sorbent
¢max = the maximum mass uptake of CO, per mass of sorbent
T = temperature, K
t = time, s
wo = initial weight of Li,ZrO5 adsorbent, mg
w = weight gain of Li,ZrO; adsorbent at time ¢, mg
y = weight percentage of CO, chemisorbed, %
y; = ratio of L to Ry

Greek letters

o = conversion of Li;SiOy,, defined as ¢/¢max
p = molar density of ZrO,, mol cm™"
po = mass density of Li,ZrOs, g cm >

Subscript

max = maximum of the variable
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