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Abstract

LisSiO4 is acknowledged as a promising sorbent candidate in high-temperature CO> adsorption.
However, reaction kinetics for the regeneration process of LisSiOs, especially its dependence on CO»
pressure is lack of understanding. This work designed and carried out a series of isothermal tests on the
regeneration of pure LisSiO4 and K-Li4SiO4 under CO» partial pressure of 0-0.5 atm and temperature of
625-725 °C. For the first time, the expression of (F.;-Frp,)" is introduced into the regeneration rate
equation so as to reveal its dependence on CO; pressure. The reaction order (n) is found to grade according
to the value of (F.4-Frp,), and the apparent activation energy is calculated as 284.42 kJ -mol! and 146.31
kJ-mol™ for the regeneration of LisSiOs and K-LisSiOs, respectively. Furthermore, this work proposes
that power law model with m=4/3 is the most probable mechanism function for the regeneration of
Li4S104-based sorbents.
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1. Introduction

High-temperature adsorption is an efficient way to separate CO> from tail gas in various industrial fields.
Typical CO: sorbents under high-temperature circumstances include calcium-based (/-3) and lithium-
based materials (4-6). Due to the good carbon capture capacity and cyclic durability, Li4SiOs has been
widely investigated as a potential high-temperature CO- sorbent in recent years (7). Actually it can be
used in both the temperature swing adsorption (TSA) and pressure swing adsorption (PSA), following the
reversible chemical reactions of Eq. 1, though more work is focused on the former in the literature (§).
Under the TSA context, the adsorption temperature basically ranges in 500-715 °C (9, 10) and desorption
in 700-850 °C (10, 11), and the swing border between adsorption and desorption obeys the thermodynamic
equilibrium correlation of temperature and CO; pressure.
Li,Si0, +CO, [ Li,SiO, + Li,CO, €y

The theoretical CO> adsorption capacity by LisSiO4 reaches up to 0.367 g/g sorbents. However, the
practical capacity is strongly dependent on sorbents characteristics, reaction temperatures/pressures, and
foreign gases like H2S/SO; (12-16). Till now, a lot of work has been conducted on the improvement of
CO; capacity and cyclic stability, involving synthesis routes adaptation (17, 18), Li/Si precursors selection
(5, 18), physical-chemical modification (/9-23). Meanwhile, some investigate the reaction mechanisms
and kinetics, so as to clarify the kinetic limit (chemical reaction or molecule/ion diffusion) (8, /7). In
particular, doping of alkaline carbonates is an effective method to improve both CO2 adsorption capacity
and reaction kinetics of LisSiOs. As early as 2002. Kato et al. (24) reported the positive effect of KoCO3
to CO> adsorption by LisSiOs. Hu et al. (25) firstly detected the endothermic peak at ~500 °C, verifying
a melting process during CO; adsorption by K>COs-doped LisSiOs.

Several kinetic models like double exponential model (6, 10, 26), Avrami—Erofeev model (10, 17) and
shrinking core model (17, 27, 28) have been used to describe the adsorption process under various
temperatures and gas concentrations. However, only the modified Jander model was reported to best cope

with the effect of steam and CO> pressure during adsorption (29). Regarding to the desorption process,



the kinetic study is very scarce and insufficient (9, 10, 30). To be specific, Qi et al. (10) reported that the
Avrami-Erofeev model, together with the double-shell mechanism could be used for analyzing the
isothermal CO2 desorption in 650-750 °C. Later, Quddus et al. (30) used a Nucleation and Nuclei Growth
Model (NNGM) to simulate the non-isothermal CO» desorption process of an acid treated LisSiO4, and
concluded that the CO> desorption rate was ruled by the formation and three dimensional growths of
nuclei. More recently, Amorim et al. (9) studied the regeneration of Li4SiO4 by shrinking core model for
the first time. Despite there are good fitting results towards the desorption of carbonated Li4SiO4, the gas
atmosphere is idealized as pure N»>. Considering that sorbents are surely regenerated under a CO»-
containing atmosphere in practical applications (317), the regeneration kinetics of LisSiO4 under various
CO2 concentrations deserves further investigation and in-depth understanding.

A kinetic model with the most probable mechanism function is greatly effective in assisting the in-depth
kinetic analysis, i.e. identifying the rate-limiting stage in a gas-solid reaction, which is pivotal to the
reaction efficiency. For the adsorption process of LisSiOs, it is acknowledged that the rate-limiting stage
is the diffusion of CO» or Li*/O* across the product layer (32-35), thus the representative diffusion-
controlled Jander model could properly describe the adsorption process (36). Comparing to adsorption,
COz desorption from the carbonated Li4SiO4 has a much quicker reaction rate, and is considered to be
controlled by the formation and growth of Li4SiO4 crystals (/0). In general, shrinking core model has the
strongest mechanistic basis (7), and three factors are considered in the form of resistance parameters: the
external mass transfer, product layer diffusion and chemical reaction (9, /7). But the complicated formula
raises difficulty for data fitting. The Avrami-Erofeev model has a simpler expression, and distinguishes
the chemical reaction-controlled and diffusive reaction-controlled stage by the value of ‘n’, but lacks clear
physical interpretation (9). Power law model has been widely applied to gas-solid reaction, and has the
biggest advantage of simplicity to reconcile the experimental data (37, 38). Although the selection of
exponential is relatively empirical, the abundant references could provide suggestive range of selection.

Additionally, the comparison among different exponentials is quick and clear. Considering the simplicity



and applicability, power law model is applied to investigate the intrinsic regeneration kinetics of LisSiO4
in the work.

To reveal characteristics of the CO: desorption process under various conditions, especially
understanding the key role of CO; pressure, here we present a kinetic study on the regeneration of Li4S104-
based sorbents. Various techniques of X-Ray diffraction (XRD), N> sorption/desorption, scanning
electron microscope (SEM), energy disperse spectroscopy (EDS), and thermogravimetry (TG) were
utilized to show features of LisSiO4 and K-LisSiOs. In general, the reaction order to (P,,-Pco,) and
apparent activation energies were obtained by analyzing desorption rates in the initial linear profile.
Besides, the intrinsic activation energy of the overall reaction was calculated through conversion-time

fitting by power law model.

2. Experimental
2.1. Samples Preparation

In this work, Li4Si0O4-based sorbents were synthesized through a typical solid-state method, using raw
materials of Li2COs3 and Si0O.. Additionally, K2CO3 was adopted as an alkali metal carbonate dopant. All
raw materials, lithium carbonate (Li»CO3, >99.0% purity), fumed silica (SiO», 150 m?%/g, lyophobic), and
potassium carbonate (K>COs3, analytically pure) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd.

During sorbents synthesis, lithium and silica precursor were weighted in a molar ratio of Li:Si=4.1:1,
where an excess 0.1 for lithium took account for the possible sublimation of LioCOs. Then, the materials
were fully mixed in a planetary ball mill (XQM-2) with zirconia beads for 65 min at a speed of 400 rpm,
by rotating clockwise for 10 min and then reverse for the same time with intervals of 30 s in between.
Next, the blended materials were calcined at 750 °C for 6 h in a muffle furnace, following by trituration

and sieving to obtain LisSiOs4 with particle size ranging in 75-106 um. For K>COs-doped LisSiO4



(abbreviated as K-LisSi04), the only difference was the original molar ratio of Li:Si:K=4.1:1:0.1, and all
preparation steps were kept the same.
2.2. Materials Characterization

X-ray diffractometer (Spectris Pte. Ltd, PANalytical X’ Pert Powder) was used to identify the specific
chemical phases in the synthetic sorbents, with Cu radiation at 50 kV and 55 mA, scanning from 10° to
80° for 20 min. Surface morphology of sorbents was examined through an environmental scanning
electron microscope (Thermo Scientific, Quattro S) with an acceleration voltage of 20 kV and 15 kV.
Surface element distribution was analyzed through an energy dispersive spectrometer (Thermo Scientific,
X-act compact). Surface area, pore volume and pore size distribution were obtained by the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) method in an automatic multi-station analyzer
(Quantachrome Instruments, Quadrasorb 2MP) via N> sorption/desorption isotherms after out-gassing
under vacuum for 8 h at 160 °C.

2.3. Thermogravimetric Analysis

Both the cyclic performance and desorption rate were tested in a thermogravimetric analyzer (Netzsch
TG 209 F3) under a constant total pressure of 1 atm.

Cyclic test: To demonstrate the performance of synthetic sorbents, 10 cycles of adsorption and
desorption were carried out in the TG analyzer. The sorbent was first heated to 700 °C and kept for 10
min to remove any possible steam or CO,. After cooling to 650 °C, adsorption was performed in 0.5 atm
COz (N2 as balance) for 30 min, followed by desorption at 700 °C in pure N> for 10 min.

Desorption test: To improve the experimental efficiency and consistency, sorbents were preliminarily
carbonated in a tubular furnace to adsorb pure CO; at 600 °C for 5 h, under a gas flow rate of 2 L/min.
After that, the carbonated sample was loaded in the TG analyzer for desorption tests under various CO2
pressures and temperatures. To study the effect of CO> pressure, 10 mg carbonated sample was heated in
pure CO; to 700 °C at a rate of 40 °C/min, and then CO> partial pressure was switched to 0-0.5 atm (N>

as balance) for CO desorption. For the effect of temperature, the same sample was heated in pure CO; to



a target temperature of 625-725 °C at a rate of 40 °C/min, then the atmosphere was switched to pure Na.
All isothermal desorption tests lasted for 30 min.

In this work, the desorption conversion is defined as:

' 2)

where m, represents the weight at the beginning of desorption, m, represents the real-time weight, and
Am,,,, 1s the amount of CO; adsorbed in the equivalent sample during tube furnace carbonation.
2.4. Kinetics Evaluation

In this work, the analysis of desorption kinetics involves two aspects, namely, the apparent reaction
characteristics through initial reaction rate modeling and the intrinsic reaction characteristics through
overall power-law modeling. The former takes the regeneration of CaO-based sorbents as reference,
where the initial apparent reaction rate is proportional to (P.,-Pco, )" (9, 37). Thus, the expression for the
regeneration of LisSiOs-based sorbents is presented as Eq. 3, and the calculation of theoretical CO»

equilibrium pressure follows Eq. 4 (39).
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where, r, is the reaction rate (s!), X is the reaction conversion, ko represents the frequency factor (Pa™s
1, E4 is the activation energy (J-mol™), R is the gas constant (8.314 J-mol'K'!), and n indicates the reaction
order.

In addition, a mathematical reaction model as shown of Eq. 5 is adopted to understand the CO;
desorption process, where K is the reaction rate constant (s):

d_X:K.F(X) &)
dt

The mechanism function, F(X), has different forms according to gas-solid reaction kinetic models, and

the most probable mechanism function could best fit the experimental results (/0, 27). For example, the



power law models suggest an expression of F(X)=(1-X)", with m being an empirical parameter, varying
from O to 10 to fit with experimental data (/0). It is reported that m can be identified as a shape factor that
varies with the geometry of the grains, or an order of reaction (40). According to the carbonation and
regeneration of CaO sorbents, m=2/3 is frequently used when the process is chemical reaction-controlled,

while m=4/3 is suited to the diffusion-controlled process (38).

3. Results and Discussion
3.1. Sorbents Characteristic and Performance

To obtain physical and chemical characteristics of Li4SiO4 and K-LisS104, comprehensive techniques
including XRD, BET-BJH, SEM-EDS, and cyclic adsorption/desorption were carried out. XRD patterns
in Fig. 1 (a) show that the main peaks in sample Li4Si04 and K-Li4S104 are Li4S104 (PDF#76-1085 (41)),
along with some peaks of Li>Si03 and Li2CO3, which is very likely to be caused by the excess lithium in
the precursor, or adsorption of environmental CO5. In addition, no peak of KoCOs3 or LiKCOj3 is detected,
possibly due to the low content or poor crystallinity (42). N> isotherms of both sorbents in Fig. 1 (b) have
a hysteresis loop of type H3, indicating the aggregation of plate-like particles forming slit-like pores (43).
Fig. 1 (c) compares the specific surface area, pore volume and pore diameter of two samples, to find that
their pore volumes are almost the same. The surface area of pure LisSiO4 (1.638 m?/g) is slightly smaller
than K-LisSiO4 (2.193 m?/g), both within the reported range of 1-5 m*g in the literature (12, 18).

Additionally, Fig. 1 (d) shows that the size of most pores locates in 3-5 nm for both samples.
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Figure 1. Characteristics of sorbents: (a) XRD, (b) N> adsorption/desorption isotherms, (c) surface area,

pore volume and pore diameter, and (d) pore-size distribution.

Fig. 2 demonstrates the microscopic morphologies of LisSiO4 and K-Li4SiO4. Obviously, both samples
are composed of irregular granular particles, while the latter appears to be much coarser on the surface
than the former, and tends to agglomerate as well. This phenomenon is thought to be caused by the eutectic
effect during sorbent preparation, as Li/K eutectic carbonates could appear over 500 °C and disappear
after cooling down (42). EDS mapping suggests a uniform distribution of Si element in both samples, and
K element in K-LisSiO4. Fig. 3 depicts the CO; adsorption/desorption feature of the sorbents. The initial
decrease of mass to 89% is due to the release of impurities like steam and COz in sorbents. Similar to the
adsorption process, desorption can be divided into the fast reaction stage and the slow diffusion stage as

well, which in some extent indicates that an analogous kinetic study approach is applicable. Not



surprisingly, K-Li4sSiO4 owns a much higher adsorption capacity (~0.2 g/g sorbent) than that of pure

LisSiO4 (~0.04 g/g sorbent).
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Figure 2. SEM morphology and EDS mapping of (a, b) Li4SiO4 and (c, d) K-Li4SiOa.
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Figure 3. Illustration of (a) the single adsorption/desorption process of LisSiOs4, and (b) 10 cycles of

adsorption (650 °C, F;p,=0.5 atm, 30 min) and desorption (700 °C, pure N2, 10 min).

3.2. Apparent Desorption Kinetics



Global reaction order (n in Eq. 3) reflects the effect exerted by the difference of (F.;-Frp,) towards the
desorption rate, and it can be obtained according to the slope variation in the initial linear stage. Fig. 4 (a,
d) depict the desorbing scatter plot of LisSiO4 and K-Li4Si04 at 700 °C, under COz pressure of 0-0.5 atm.
It is clear that the regeneration of sorbents reaches a conversion over 0.8 within 200 s when CO: pressure
is below 0.3 atm, but the reaction rate greatly decreases under 0.4-0.5 atm, especially for K-LisSiO4. This
phenomenon reveals that CO; pressure has a strong influence on the regeneration rate of Li4Si04-based
sorbents. In order to figure out their mathematical correlation, the initial reaction rate towards CO>

desorption will be obtained according to Eq. 3.
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Figure 4. Regeneration plots under different CO: pressures at 700 °C, and the determination of reaction

order by fitting plots for (a, b, ¢) Li4SiO4 and (d, e, f) K-LisSiOs.

Fig. 4 (b, e) intercepts the original fitting of the scatter plots with straight lines in less than 60 s. Due to
the presence of an induction period resulting from gas atmosphere switch during test, the starting point of
the linear stage is usually not the origin of coordinates. The initial reaction rates equal the slope of these
straight lines. It is noted that for Li4SiO4, slopes of the linear stages basically remain unchanged under

low CO> pressure (0-0.2 atm), but decrease as it rises to 0.3-0.5 atm. While for K-LisSiOy4, the slopes

10



show consecutive decrease with the rise of COz partial pressure. It seems that the regeneration of LisSiO4
is faster than K-Li4SiO4 under 0.3-0.5 atm. Although for carbonated K-Li4SiO4, more CO is released and
transported, but this diffusion effect is eliminated in testing 10 mg sample with particle range of 75-106
um, according to our previous study (39, 44). It can be verified in the following Fig. 5 (a, d) as well. The
reason might be that the release of CO: from carbonated K-LisSiO4 is more sensible to (P, -F,, ). Due to
the formation of Li/K eutectic carbonates, more CO: is dissolved in eutectics than in solid Li;COs. As the
environmental CO; pressure reaches 0.3 atm and above, the outward transportation of CO; tends to be
hindered, resulting in a slower desorption rate.

Fig. 4 (c, f) display the plot of /nlJ (-r4) versus In(P,-P, ), and the reaction order to (P.4-Pcp,) is
calculated through linear fitting. Calculation results suggest a reaction order of 1 and 4 under (P,,-P¢p,)
value of 67-97 kPa, 16 and 13 under 46-67 kPa for Li4SiO4 and K-Li4SiO4, respectively. Analogously,
Sun et al. (45) ever reported a nonlinear dependence of the carbonation rate of CaO on the CO; pressure

when the value of (P,,-P¢p,) was higher than 10 kPa.
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Figure 5. Regeneration plots at different temperatures in pure N», and the determination of reaction kinetic

parameters by fitting plots for (a, b, ¢) Li4SiO4, and (d, e, f) K-Li4SiO4.
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Fig. 5 (a, d) show the experimental conversion-time plot for the regeneration of LisSi04 and K-Li4S104
under pure N> with temperatures varying in 625-725 °C. As can be seen, there are similar change trends
of the two sorbents, i.e. along with the rise of temperature, the initial reaction rate becomes larger, and the
inflection point between the fast and slow stage appears earlier. In terms of the final conversion rate, it
seems that as desorption temperature increases, the conversion rate stabilizes at a higher level, while no
such rule is observed for K-Li4S104. Additionally, regeneration at 725 °C for Li4Si0O4 behaves distinctively,
where the turnover to a slow reaction occurs at a conversion of around 0.6, and then there is a long slow
conversion increase to near 1. The similar phenomenon is also observed in the regeneration process of K-
LisSiO4. Qi et al. (10) reported that the desorption of CO> from LisSi04 at 725 °C was originally controlled
by chemical reaction, and then proceeded into diffusion control. It was a result of the liquefaction of
Li»COs3, whose melting point is 723 °C. Since KoCOs-dopant could melt with Li»COs at a relatively low
temperature (~500 °C) to form liquid eutectics (42, 46), the regeneration of K-LisSiO4 at 625-725 °C will
be affected. As a result, there is a continuous reduction of the turnover temperature, which indicates the
variation from the fast reaction to the slow reaction stage.

Fig. 5 (b, e) intercept the initial desorption curves, and the slope equals the global reaction rate. For
both sorbents, there is an induction stage, and the higher the desorbing temperature, the shorter the
induction time is. Selection of the starting point of linear stage mainly depends on the exclusion of
induction period. It is obvious that global reaction rates of both samples increase along with the rise of
temperature. According to the Arrhenius equation, this high temperature-dependent correlation can be
depicted through /nk-1/T plot, where the linear slope is proportional to the apparent activation energy, as
shown in Fig. 5 (c, f). Calculation results show that the apparent activation energy of Li4sSiO4 and K-
LisSiO4 are 284.42 kJ-mol! and 146.31 kJ-mol, respectively, indicating that K,COs-dopant greatly
facilitates the CO, desorption from LisSiO4-based sorbents, possibly due to the formation of Li/K eutectic
carbonates (42). In brief, the regeneration rate of Li4sSiO4 and K-Li4Si0O4 as a function of temperature (in

unit of K) and CO» pressure (in Pa) can be expressed as Eq. (6-9).
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For Li4Si04:

—r, =3.12x10°x (P, = P, ) exp(=34210/T), when 67 kPa < P,, — P, <97 kPa (6)
—r, =4.96x10™" x (P, = P, )" exp(-34210/T), when 46 kPa < P, — F,, <67 kPa @)
For K-Li4Si04:

—r, =1.25x10™" x (P, = P, )* exp(~17598/T) , when 67 kPa < P,/ — F., <97 kPa (8)

—r, =1.65x10% x (P, — P., )" exp(~17598/T). when 46 kPa < P, — P, <67 kPa ©)

3.3. Analysis by Power Law Model

Power law model contains a series of mechanism functions, with the exponential ‘m’ being 2/3, 1/2 or
0 according to the geometry of the grain (40). Other equivalent representations take ‘m’ as a reaction order,
varying from O to 10 (10, 47). Since the simulation accuracy differs along with various values of ‘m’,
power law model is generally treated as a semi-empirical model. It is worth noting that m=2/3 is frequently
used to describe the carbonation/calcination of CaO-based sorbents (37, 38), and m=2 is reported to fit
the carbonation of Li4Si04-based sorbents well (27). Through a preliminary comparison of these power-
law formulas with different exponential (m), it is found that m=4/3 could best cope with the conversion-
time plots fitting. Thus the power law model with m=4/3 is the most probable mechanism function for the
regeneration of LisSiO4-based sorbents. The detailed kinetic parameters and its graphic illustration are
presented in this section.

The solid curves in Fig. 6 (a, c) represent the simulation results by power law model basing on
experimental dots from O to 1200 s, and the modeling parameters are summarized in Table 1. Notably,
almost all data fitting possesses good R? values, suggesting a good applicability of the power law model
with m=4/3. The only exception is 725 °C with an abrupt turnover of fast-to-slow stage at conversions of
0.6-0.7. It is very likely to be caused by the liquefaction of Li2COs3, as aforementioned. For both sorbents,
the value of rate constant (K) increases with elevated temperatures from 625 °C to 700 °C, showing a

strong temperature dependence. Additionally, the rate constant K for the regeneration of K-LisSiOy4 is

13



bigger than LisSiOs in the range of 625-675 °C, verifying that K-CO3 dopants could promote sorbents

regeneration in pure N2 under low temperatures.
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Figure 6. Calculation of intrinsic activation energy for the regeneration of (a, b) LisSiO4 and (c, d) K-

Li4S104 in pure N> using power law model (m=4/3).

The intrinsic activation energy is obtained through plotting /nK versus I/T, according to Arrhenius
equation, as depicted in Fig. 6 (b, d). Results show that the intrinsic activation energies for the regeneration
of LisSiO4 and K-LisSiO4 are 337.84 kJ-mol™! and 107.3 kJ-mol !, respectively. It is within the range of
the reported 236.9 kJ-mol™! of pure LisSiO4 (9) by shrinking core model and 357 kJ-mol™! (10) by Avrami-

Erofeev model. The variation may be caused by the presence of various impurities in sorbents and the

different models used.
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Table 1. Parameters for the regeneration of LisSiO4 and K-Li4SiO4 in pure N2, using power law model

(m=4/3).
Sorbent Temperature (°C) K (s?) R? E. (kJ-mol™)
625 7.55E-04 0.9973
650 1.97E-03 0.9977
337.84
LisSiOs 675 5.09E-03 0.9506
700 2.69E-02 0.9711
725 5 67E-03 0.7768 /
625 6.47E-03 0.9772
650 9.68E-03 0.9559
107.3
K-LisSiOs 675 1.57E-02 0.9444
700 1.88E-02 0.9366
725 1.09E-02 0.8107 /

4. Conclusions

This work studied kinetic features of the regeneration process of pure and K-Li4SiO4 under various
CO: pressures and temperatures, through experiments and data fitting. To sum up, there is a significant
negative effect of CO; pressure on the regeneration rate of Li4sSiOs-based sorbents, and we proposed, for

the first time, an expression of (P,,-Pco, )" to account for its dependence on (Pey-Pco,). The most

probable mechanism function for LisSiO4 regeneration is determined to be the power law model with
m=4/3. In addition, it is found that both apparent and intrinsic activation energies for the regeneration of

Li4S104 are 2-3 times that of K-Li4Si104.
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