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on heat transfer and durability of
nano-CaO-based CO2 adsorbents

Hao Liu and Sufang Wu *

The solution of decreasing the decomposition temperature of CaCO3 and the development of the durability

of the CaO-based CO2 adsorbent are the key issues in reducing the energy consumption and cost of CO2

capture in calcium looping technology. In this work, BeO with high thermal conductivity was chosen as

a dopant of the adsorbent to increase the thermal conductivity properties and decomposition properties

of CaCO3. The endothermic rate of the nano-CaO-BeO/Al2O3 adsorbent with 15.6 wt% BeO dopant

increased by 12.3% compared with that of the nano-CaO/Al2O3 adsorbent at 720 �C, leading to an

increase of 10.1% of CaCO3 decomposition rate. The enhancement of the decomposition rate of the

nano-CaO-BeO/Al2O3 adsorbent was significant to lower the regeneration temperature by 50 �C
compared with that of the nano-CaO/Al2O3 adsorbent under calcium looping conditions, which made

the total average deactivation rate decrease by 21.0% and made the total residual stable carbonation

conversion increase by 27.0% in infinite calcium looping cycles. Strengthening the heat transfer inside

the adsorbent material can effectively decrease the regeneration temperature, so as to improve the

sorption durability.
1. Introduction

Calcium looping (CaL) technology1,2 using CaO carbonation/
CaCO3 decomposition reversible reactions of the CaO-based
adsorbent (eqn (1)) has been widely investigated to reduce
greenhouse gas CO2 emission in industrial CO2 capture.3–5 One
of the bottleneck problems of CaL technology is that the sorp-
tion capacity of the CaO-based adsorbent rapidly decays aer
several CaL cycles owing to high-temperature sintering,6–8which
seriously affects its reversibility and economic feasibility.9

CaO + CO2 5 CaCO3, DH298 ¼ �178.8 kJ mol�1 (1)

In order to obtain complete decomposition of CaCO3, a high
temperature of around 800–1000 �C is adopted in the regener-
ation step because of the strong endothermic process and the
equilibrium of the CaCO3 decomposition reaction.6 High
regeneration temperature will accelerate the thermal grain
growth rate of nano-CaCO3 which is the root cause of the
deactivation of the nano-CaO-based adsorbent in the CaL
process.10 Therefore, reducing the regeneration temperature as
much as possible will be a crucial issue for improving the
durability of the adsorbent and saving calcination energy.
Research on reducing the regeneration temperature of the
adsorbent by increasing its CaCO3 decomposition rate has been
eering, Zhejiang University, Hangzhou,

the Royal Society of Chemistry
carried out, including decreasing the reaction activation energy
as well as enhancing mass transfer and heat transfer.

Firstly, the methods of decreasing the activity energy of
CaCO3 decomposition reaction included introducing steam
into the calciner11–13 and using nano-CaCO3 precursor.6,14–16

Valverde et al.17 found that if the regeneration atmosphere
contained steam, the regeneration temperature of limestone
would reduce by nearly 50 �C. However, it was found that the
existence of steam could also accelerate the sintering of adsor-
bent at high temperature.11,13 On the other hand, nano-CaCO3

precursor could signicantly reduce the regeneration tempera-
ture by nearly 50 �C because of higher specic surface energy,6

but the current regeneration temperature of 800 �C still led to
the unavoidable deactivation problem of nano-CaO-based
adsorbents.

Besides, researches about mass transfer enhancement for
developing the CaCO3 decomposition rate were mainly focused
on increasing the porosity of the adsorbent.18–24 Campbell
et al.18 found that when the porosity of CaCO3 increased from
0.33 to 0.66, the regeneration time could be shortened from
30 min to 15 min. However, the porosity of the adsorbent would
gradually decrease as the CaL cycles increasing,20 which would
lead to the loss of enhancement effect on the mass transfer, so
as to the decrease of the CaCO3 decomposition rate. Recent
studies on heat transfer enhancement were mainly focused on
increasing the external heating rate of the calciner,25 including
using high thermal conductivity sweep gas He26 and microwave
irradiation.27 But the development of the CaCO3 decomposition
rate by using the new method was not obvious.
RSC Adv., 2022, 12, 12647–12654 | 12647
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Since the effect of external heat transfer enhancement was
limited, better CaCO3 decomposition rate improvement might
be obtained by enhancing internal heat transfer performance of
material. Because the decomposition of CaCO3 belonged to
a kind of strong endothermic reaction (DH298¼ 178.8 kJ mol�1).
The adsorbent with higher average thermal conductivity could
get more heat in unit time for CaCO3 decomposition reaction,28

which had been seldom studied in detail. In this work, it was
proposed that the introduction of the dopant with higher
thermal conductivity into the adsorbent might increase the
endothermic rate leading to a higher CaCO3 decomposition
rate. Within the regeneration temperature range of 730–830 �C,
BeO (44.2 W m�1 K�1) had signicantly higher average thermal
conductivity than those of CaO (7.0 W m�1 K�1), CaCO3 (0.17 W
m�1 K�1) and carrier Al2O3 (7.5 W m�1 K�1).29

In this study, samples were obtained by varying BeO dopant
contents of nano-CaO-based adsorbents. The composition, pore
structure and morphology of samples were characterized for
eliminating the effect of mass transfer on the CaCO3 decom-
position rate. Aer that, the enhancement effect of BeO dopant
with high thermal conductivity on the CaCO3 endothermic rate
was tested. Then, the relationship between heat transfer
performance and CaCO3 decomposition rate was systematically
investigated. Finally, the reduction of regeneration temperature
of the nano-CaO-BeO/Al2O3 adsorbent was tested for the
improvement of its cyclic sorption durability.
2. Experimental
2.1 Preparation of nano-CaO-based adsorbents

A certain proportion of nano-CaCO3 powder (>95% purity,
70 nm, Hu Zhou Ling Hua Ltd China) and dopant BeO (>99%
purity, Aladdin) were added into 50 vol% ethanol aqueous
solution under ultrasonic dispersion. Then the aluminum sol
(10 wt%, Zibo Longao Ltd) was added to this slurry and stirred
at 80 �C. The weight fraction of carrier Al2O3 was set as 15 wt%
in the nano-CaO-based adsorbent. The slurry was allowed to dry
overnight at 110 �C. Finally, the resulting sample went through
calcination at 500 �C for 3 h under N2 atmosphere for dehy-
dration. All adsorbent powders were ground to be 60–80 mm
sized particles before being tested further.

The designation and composition of adsorbents are listed in
Table 1. Ca/Al represented the nano-CaO/Al2O3 adsorbent
without any dopants. CaBea/Al (a ¼ 0.125–4) represented nano-
Table 1 Nano-CaO-based adsorbents' composition and designation

No. Sample
Molar ratio of
CaO to BeO dopant

1 Ca/Al —
2 CaBe4/Al 4 : 1
3 CaBe2/Al 2 : 1
4 CaBe1/Al 1 : 1
5 CaBe0.5/Al 1 : 2
6 CaBe0.25/Al 1 : 4
7 CaBe0.125/Al 1 : 8

12648 | RSC Adv., 2022, 12, 12647–12654
CaO-BeO/Al2O3 adsorbent doped with BeO and molar ratio of
CaO to BeO was a.
2.2 Test and calculation method

The average thermal conductivity of the adsorbent at high
temperature (730 �C–830 �C) could not be tested directly because
of the occurrence of CaCO3 decomposition reaction. Under the
same test condition, there was a positive correlation between the
endothermic rate and the thermal conductivity of the same
material.28 Therefore, the endothermic rate test value of the
adsorbent could be used to represent its heat transfer perfor-
mance. Endothermic rates of adsorbents with varied BeO
contents during continuous heating process were measured by
simultaneous thermal analyzer (TGA/DSC3+, METTLER
TOLEDO). According to operation conditions of the CaL process,
the test range of temperature was set as 500–900 �C with heating
rate of 15 �C min�1 and the test atmosphere was N2. Weight loss
(CO2 desorption) values of adsorbents were also measured
during heating process. The decomposition conversion and
decomposition rate were calculated as eqn (2) and (3).30

Decomposition conversion XCaCO3

¼ CO2 desorption mole amount

CaCO3 mole amount in adsorbent
(2)

Decomposition rate
dXCaCO3

dt
¼ Decomposition conversion

time

�
s�1

�
(3)

In order to evaluate the cyclic sorption performance, the
nano-CaO-based adsorbent went through the CaL process in the
laboratory xed bed reactor. The diagram of the reactor is
shown in Fig. 1, whose diameter was 12 mm� 1 mm and length
was 400 mm. The temperature was controlled by a program-
mable heating furnace and the feed owrate of CO2 and N2 were
controlled by the mass owmeter. Before each test, 2.0 g
adsorbent was loaded in the center of xed bed reactor. Firstly,
the reactor was heated to the specied regeneration tempera-
ture with heating rate of 15 �C min�1. The regeneration
temperature was set as 800 �C, 770 �C, 750 �C or 730 �C and the
regeneration atmosphere was pure N2 atmosphere. The regen-
eration time was set according to the complete conversion time
of CaCO3 decomposition under specic regeneration tempera-
ture. When regeneration process was nished, temperature of
s
CaO content
(wt%)

BeO dopant content
(wt%)

85.0 0
76.2 8.8
69.4 15.6
58.8 26.2
44.8 40.2
30.5 54.5
18.6 66.4

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra09250b


Fig. 1 Diagram of the fixed bed reactor system.
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reactor would be cooled down to carry out the carbonation
process. The carbonation temperature was set as 600 �C. The
carbonation atmosphere and time were xed as 20 vol.% CO2/80
vol.% N2 and 20 min, respectively. Aer carbonation, the
temperature of reactor would return to the regeneration
temperature to form a complete CaL cycle. The sorption
capacity and carbonation conversion of adsorbents were
calculated according to eqn (4) and (5).31

Sorption capacity ¼ CO2 sorption mole amount

adsorbent weight
� ðmol

� CO2=kg� adsorbentÞ (4)

Carbonation conversion XCaO

¼ CO2 sorption mole amount

CaO mole amount in adsorbent
(5)

In order to predict the residual stable carbonation conver-
sion of adsorbents aer innite CaL cycles and compare the
average deactivation rate of different adsorbents, researchers
established some semi-empirical equations to tting the
number of cycles N and corresponding carbonation conversion
XN using test results of carbonation conversion during initial
nite CaL cycles, which were deactivation mathematical models
of adsorbents.32–34 Among those, the deactivation mathematical
models proposed by Arias et al.34 owned the best tting accuracy
for limestone adsorbents, as shown in eqn (6). Therefore, eqn
(6) was considered to be used to evaluate the durability of nano-
CaO-based adsorbents with some necessary adjustments in
this work.

XN ¼
�

1

ð1=ð1� XrÞÞ þ kN
þ Xr

�
ð1þ kDÞ (6)

The carbonation process of the CaO-based adsorbent could
be divided into fast section and slow section. In eqn (6), k and Xr
represented the average deactivation rate and the residual
© 2022 The Author(s). Published by the Royal Society of Chemistry
stable carbonation conversion in the fast section. kD repre-
sented the contribution of the slow section to deactivation
comparing to the fast section.34 For the micro-CaO-based
adsorbent, kD was so small that k could be used to represent
the average deactivation rate of adsorbents approximately.
However, it was found that for the nano-CaO-based adsorbent,
the effect of slow section on the deactivation could not be
ignored in this work. Therefore, new parameters were needed to
take into account of both fast and slow sections. kt ¼ k/(1 + kD)
represented the total average deactivation rate of the adsorbent
(total k) and Xr�t ¼ (1 + kD)Xr represented the total residual
stable carbonation conversion of the adsorbent (total Xr). In
addition, c ¼ 1/[(1 + kD)(1 � Xr)]. Then eqn (6) would be con-
verted into eqn (7), which could be more simple and clear to
reect the deactivation performance of nano-CaO-based
adsorbents.

XN ¼ 1

cþ ktN
þ Xr�t (7)

2.3 Characterization of microstructure

Crystalline phases of components of the adsorbent were deter-
mined by X-ray diffraction (XRD: D/MAX-RA, Rigaku, Japan).
Specic surface area (BET method) and desorption average pore
diameter (BJH model) analyses were conducted by nitrogen
physisorption at �196 �C by means of a BEL SORP-mini II
apparatus. The morphology of the adsorbent was investigated
by scanning electron microscopy (SEM, S-4800, Hitachi, Japan).
3. Results and discussion
3.1 Effect of BeO dopant on mass and heat transfer of
adsorbents

In order to explore the inuence of doping BeO on the mass
transfer performance of the nano-CaO-based adsorbent, the
microstructure of adsorbents including morphology, pore
structure and crystal phase were measured rstly. Fig. 2(a)–(c)
are SEM pictures of Ca/Al adsorbent, CaBe4/Al adsorbent and
CaBe0.125/Al adsorbent, respectively. It could be seen that
comparing to Ca/Al adsorbent, there were some smaller BeO
grains on the surface of calcite grains in CaBe4/Al adsorbent,
and the number of BeO grains increased signicantly in the
CaBe0.125/Al adsorbent. It showed that the morphology of
nano-CaCO3 grains were not affected by BeO grains under
simple microscopic physical mixing, which could not improve
the mass transfer performance of the adsorbent.

Mean pore diameters of adsorbents are listed in Table 2. As
the doping content of BeO rose up, the mean pore diameter of
the adsorbent decreased obviously (from 34.5 nm of Ca/Al
adsorbent to 27.5 nm of CaBe0.125/Al adsorbent). This was
due to the increase of BeO content with smaller size, which
leaded to smaller mean pore diameter of the adsorbent. The
decrease of mean pore diameter of the adsorbent would limit
the internal diffusion of CO2,20 which had a negative impact on
the mass transfer and regeneration rate.
RSC Adv., 2022, 12, 12647–12654 | 12649
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Fig. 2 SEM images of (a) Ca/Al, (b) CaBe4/Al, (c) CaBe0.125/Al.

Table 2 The mean pore diameter of nano-CaO-based adsorbents

Sample
Mean pore diameter
(nm)

Ca/Al 34.5
CaBe4/Al 33.7
CaBe2/Al 33.9
CaBe1/Al 31.4
CaBe0.5/Al 30.5
CaBe0.25/Al 31.0
CaBe0.125/Al 27.5
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XRD test results of CaBe4/Al adsorbent and CaBe0.125/Al
adsorbent aer regeneration are shown in Fig. 3. Character-
istic peaks of CaO and BeO could be found in both adsorbents
and BeO peaks were more obvious for CaBe0.125/Al adsorbent
because of more BeO contents. Characteristic peaks of Al2O3

could not be observed in both adsorbents due to its amorphous
crystal phase.35 In addition, there were no solid-phase reactions
between BeO and CaO or between BeO and Al2O3 found in both
adsorbents, which indicated that BeO was a kind of completely
Fig. 3 X-ray diffractograms of CaBe4/Al and CaBe0.125/Al adsorbents
after decomposition.

12650 | RSC Adv., 2022, 12, 12647–12654
inert dopant. In fact, the temperature of more than 1300 �C was
required for the solid-phase reaction between BeO and Al2O3,36

which was much higher than regeneration temperature of
800 �C in CaL process.6 In conclusion, the introduction of BeO
would not improve the mass transfer performance of adsor-
bents owing to the microstructure characterization.

Furthermore, the effect of high thermal conductivity BeO
doping on the heat transfer performance of adsorbents was
studied. Endothermic rates of CaCO3 decomposition in adsor-
bents with different BeO contents during continuous heating
process were tested to compare the heat transfer performance,
which are shown in Fig. 4. According to the inection point of
the curve, the endothermic rate curve could be divided into
three temperature sections including low temperature section
(<650 �C), medium temperature section (650–800 �C) and high
temperature section (>800 �C), which corresponded to three
stages of CaCO3 decomposition reaction in heating process. In
the low temperature section, the temperature was too low for
CaCO3 to start the decomposition reaction leading to the small
endothermic rate. As the temperature rose up to the medium
temperature section, the endothermic rate of the adsorbent
increased dramatically, corresponding to CaCO3 decomposition
Fig. 4 Comparison of endothermic rates of nano-CaO-based
adsorbents with different BeO doping contents during continuous
heating process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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occurrence. Finally, when temperature reached high tempera-
ture section, the endothermic rate of the adsorbent decreased to
zero, indicating the end of the CaCO3 decomposition reaction.

Among these temperature sections, there were some differ-
ences of the effect of BeO doping on heat transfer performance
of the adsorbent. When temperature was 650 �C, the endo-
thermic rate of CaBe0.125/Al adsorbent, CaBe4/Al adsorbent
and Ca/Al adsorbent were 0.48 W gCaCO3

�1, 0.04 W gCaCO3

�1 and
0.02 W gCaCO3

�1 respectively with little difference. When
temperature was 720 �C, the endothermic rate of CaBe0.125/Al
adsorbent, CaBe4/Al adsorbent and Ca/Al adsorbent were
2.66 W gCaCO3

�1, 1.19 W gCaCO3

�1 and 1.06 W gCaCO3

�1 respec-
tively, which indicated that BeO doping could enhance heat
transfer performance of the adsorbent. It was also found that as
BeO doping contents increased, the endothermic rate improved
obviously. BeO (44.2 W m�1 K�1) had signicantly higher
average thermal conductivity than those of CaO (7.0 W m�1

K�1), CaCO3 (0.17Wm�1 K�1) and carrier Al2O3 (7.5Wm�1 K�1)
in the regeneration temperature range of 730–830 �C.29

According to Fourier's law, the nano-CaO-BeO/Al2O3 adsorbent
with higher average thermal conductivity could get more heat in
unit time for strong endothermic CaCO3 decomposition reac-
tion (DH298 ¼ 178.8 kJ mol�1).28 The discussion of high
temperature section was unnecessary because the temperature
was too high and the decomposition reaction had nished. It
was concluded that the enhancement effect of BeO with high
thermal conductivity could be reected on the heat transfer
performance of the adsorbent and the optimal temperature
range was in the medium temperature section.
3.2 Effect of heat transfer enhancement on CaCO3

decomposition rate

Subsequently, it was necessary to explore the effect of heat
transfer enhancement of adsorbents on the CaCO3 decompo-
sition rate. Experimental results of CaCO3 decomposition rates
of nano-CaO-based adsorbents with different BeO doping
contents during continuous heating were compared, as shown
Fig. 5 Comparison of decomposition rates of CaCO3 in nano-CaO-
based adsorbents with different BeO doping contents during contin-
uous heating process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
in Fig. 5. It could be seen that the conguration of the decom-
position rate curve was consistent with that of the endothermic
rate curve, which meant that the decomposition rate was actu-
ally controlled by the endothermic rate of the adsorbent. Simi-
larly, the effective enhancement of decomposition rate mainly
occurred in the medium temperature section of 650–800 �C.
When temperature was 720 �C, decomposition rate of
CaBe0.125/Al adsorbent, CaBe4/Al adsorbent and Ca/Al adsor-
bent were 2.1 � 10�3 s�1, 9.3 � 10�4 s�1 and 8.4 � 10�4 s�1

respectively. It should be noted that as the endothermic rate of
CaCO3 in adsorbents increased, faster CaCO3 decomposition
rates would be got at the same temperature.

According to the results in Fig. 5, the related characteristic
temperatures of decomposition rates in adsorbents are
summarized in Table 3. The initial temperature (Tdi), the
maximum temperature (Tdm) and the nal temperature (Tdf) of
decomposition reaction represented the characteristic temper-
atures when the decomposition rate started to be positive
values, reached maximum values, and returned to values of
zero, respectively. As shown in Table 3, Tdi, Tdm and Tdf of
CaBe0.125/Al adsorbent were 92 �C, 46 �C and 39 �C lower than
those of Ca/Al adsorbent respectively. It could be found that
when the decomposition rate at lower temperature decreased,
the whole peak of decomposition rate curve would move toward
lower temperature direction (Fig. 5), which meant that the
regeneration temperature of the adsorbent was reduced
successfully.
3.3 Effect of regeneration temperature decline of adsorbents
in CaL process

It was necessary for nano-CaO-BeO/Al2O3 adsorbent to own
enough sorption capacity for usage of CaL process. Therefore,
the sorption capacity and carbonation conversion of adsorbents
with different BeO doping contents were compared rstly and
the test results are shown in Table 4. Carbonation step was
operated at 600 �C with 20 vol% CO2/80 vol% N2 for 20 min and
regeneration step was operated at 800 �C with pure N2 for
50 min. Increasing the doping amount of BeO could improve
the heat transfer enhancement effect, but the overall sorption
capacity and the carbonation conversion would be both
reduced. Because the active CaO content was reduced and the
average pore size decreased leading to CO2 mass transfer limi-
tation of carbonation process. CaBe2/Al adsorbent was chosen
Table 3 The decomposition characteristic temperatures of adsor-
bents with different BeO doping contents

Sample Tdi (�C) Tdm (�C) Tdf (�C)

Ca/Al 651 798 820
CaBe4/Al 647 794 816
CaBe2/Al 639 793 813
CaBe1/Al 637 791 810
CaBe0.5/Al 623 782 806
CaBe0.25/Al 613 762 787
CaBe0.125/Al 559 752 781

RSC Adv., 2022, 12, 12647–12654 | 12651
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Table 4 The sorption capacity and carbonation conversion of
adsorbents with different BeO doping contents

Sample
Sorption capacity
(mol kg�1) XN

CaBe4/Al 11.7 0.859
CaBe2/Al 9.9 0.803
CaBe1/Al 8.1 0.773
CaBe0.5/Al 5.9 0.736
CaBe0.25/Al 4.3 0.796
CaBe0.125/Al 2.8 0.844
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as the follow-up research sample owing to its adequate sorption
capacity (9.9 mol kg�1) and carbonation conversion (80.3%).

It was needed to be explored whether heat transfer
enhancement of the adsorbent by BeO dopant could reduce the
constant regeneration temperature during CaL process. The test
results of regeneration time and decomposition conversion of
CaAl adsorbent calcined at 800 �C and 770 �C as well as CaBe2Al
adsorbent regenerated at 800 �C, 770 �C, 750 �C and 730 �C are
listed in Table 5. The regeneration time referred to the time
required for the CaCO3 decomposition rate decreasing to zero.
The results showed that when the regeneration temperature of
Ca/Al adsorbent reduced from 800 �C to 770 �C, the regenera-
tion time would be extended from 46 min to 83 min and the
decomposition conversion would be reduced from 97.7% to
83.4%. Therefore, in order to ensure the nearly complete
decomposition of CaCO3, the minimum regeneration temper-
ature of Ca/Al adsorbent was 800 �C. In contrast, the CaCO3

decomposition rate of CaBe2/Al adsorbent could be signi-
cantly improved at lower regeneration temperature. At 750 �C,
the regeneration time of CaBe2/Al adsorbent was only 48 min,
and its decomposition conversion was still as high as 95.1%.
However, its regeneration time would greatly increase to 72 min
and decomposition conversion would signicantly reduce to
85.3% at lower 730 �C. It could be concluded that the minimum
regeneration temperature of CaBe2/Al adsorbent was 750 �C,
which meant that the heat transfer enhancement of the adsor-
bent could effectively reduce the regeneration temperature of
50 �C in CaL process.
Fig. 6 Experimental points and calculation fitting curves of cyclic
carbonation conversion of CaBe2/Al and Ca/Al adsorbents (EXP:
experimental results, CALC: calculated results).
3.4 Sorption durability improvement of adsorbents in CaL
process

Finally, in order to explore the effect of regeneration heat
transfer enhancement on sorption durability of the nano-CaO-
Table 5 Regeneration properties of Ca/Al and CaBe2/Al adsorbents

Sample
Regeneration
temperature (�C)

Ca/Al 800
Ca/Al 770
CaBe2/Al 800
CaBe2/Al 770
CaBe2/Al 750
CaBe2/Al 730

12652 | RSC Adv., 2022, 12, 12647–12654
based adsorbent in CaL process, the evolution of carbonation
conversion of CaBe2/Al and Ca/Al adsorbents during 15 CaL
cycles were tested in the xed bed reactor. The results are shown
in Fig. 6. The carbonation conditions of two samples were both
set as 600 �C-20 vol.% CO2/80 vol.% N2-20 min. The regenera-
tion condition of CaBe2/Al adsorbent was set as 750 �C-100
vol.% N2-50 min, and the regeneration condition of Ca/Al
adsorbent was set as 800 �C-100 vol.% N2-50 min.

It could be found in Fig. 6 that the carbonation conversion
(sorption capacity) of CaBe2/Al adsorbent gradually decreased
from 81.3% (10.0 mol kg�1) to 48.3% (5.9 mol kg�1) in 15 CaL
cycles, which lost 40.6% of initial carbonation conversion. The
carbonation conversion (sorption capacity) of Ca/Al adsorbent
decreased from 75.5% (11.4 mol kg�1) to 36.9% (5.6 mol kg�1)
in 15 CaL cycles, which lost 51.1% of initial carbonation
conversion. The deactivation mathematical models of CaBe2/Al
and Ca/Al adsorbents were tted based on the experimental
data and eqn (7), as shown in eqn (8) and (9). The average
deviation between experimental results and calculated values of
carbonation conversion of CaBe2/Al and Ca/Al in 15 CaL cycles
were only 2.0% and 0.3% respectively, indicating that the
calculated values were consistent with the experimental results.
According to the equations, the kt of CaBe2/Al (0.505) was lower
than that of Ca/Al (0.639), while the Xr�t of CaBe2/Al (0.362) was
higher than that of Ca/Al (0.285). CaBe2/Al adsorbent with heat
transfer enhancement had lower regeneration temperature so
Regeneration nished
time (min)

Decomposition
conversion

46 0.977
83 0.834
37 0.964
42 0.958
48 0.951
72 0.853

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that the sintering degree of the adsorbent in regeneration step
was reduced, leading to a better sorption durability and a higher
residual stable carbonation conversion.

XN ¼ 1

1:647þ 0:505N
þ 0:362 (8)

XN ¼ 1

1:492þ 0:639N
þ 0:285 (9)

Compared with the results of other researches on improving
the cyclic durability of CaO-based adsorbents through enhancing
decomposition of CaCO3, the introduction of high thermal
conductivity BeO could get more obvious improvement. Li Z. H.
et al.37 introduced steam into the regeneration atmosphere of
limestone, which would increase the CaCO3 decomposition rate
of 1.3% min�1. The loss ratio of initial carbonation conversion
was decreased for 2.4% through 17 CaL cycles. Lu S. Q. et al.20

increased themean pore diameter of nano-CaO-Al2O3 adsorbents
from 19 nm to 54 nm, which increased the CaCO3 decomposition
rate by 1%min�1 and decreased the regeneration temperature by
25 �C. The loss ratio of initial carbonation conversion was
reduced for 8% through 10 CaL cycles. In contrast, doping high
thermal conductivity BeO could reduce the regeneration
temperature by 50 �C (from 800 �C to 750 �C), and the loss ratio
of initial carbonation conversion was reduced for 10.5% through
15 CaL cycles, which showed best technical advantage.
4. Conclusions

In this work, high thermal conductivity BeO with different
doping contents 8.8–66.4 wt% was added into the nano-CaO-
based adsorbent to study its heat transfer enhancement effect
of CaCO3 decomposition and the improvement of the cyclic
sorption durability. In order to obtain adequate sorption
capacity (higher than 10 mol kg�1), 15.4 wt% BeO doping
amount was suitable. The existence of 15.6 wt% BeO dopants
could effectively develop the endothermic rate of CaCO3

decomposition in adsorbents by 12.3%, leading to an increase
of 10.1% of CaCO3 decomposition rate regenerated at the
temperature of 720 �C. The promotion of decomposition rate of
CaCO3 at lower temperature was the reason for the decrease of
decomposition temperature of nearly 50 �C, which could bring
lower sintering degree and better sorption durability of adsor-
bents in CaL process with the decrease of total average deacti-
vation rate decrease of 21.0% and the increase of total residual
stable carbonation conversion increase of 27.0% in innite
calcium looping cycles.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the National Natural Science
Foundation of China [Grant No. 21276234].
© 2022 The Author(s). Published by the Royal Society of Chemistry
References

1 T. Shimizu, T. Hirama, H. Hosoda, K. Kitano, M. Inagaki and
K. Tejima, Chem. Eng. Res. Des., 1999, 77, 62–68.

2 S. Z. Sun, H. M. Sun, P. T. Williams and C. F. Wu, Sustainable
Energy Fuels, 2021, 18, 4546.

3 P. Markewitz, W. Kuckshinrichs, W. Leitner, J. Linssen,
P. Zapp, R. Bongartz, A. Schreiber and T. E. Müller, Energy
Environ. Sci., 2012, 5, 7281–7305.

4 J. Y. Xu, X. C. Xue and S. F. Wu, Int. J. Hydrogen Energy, 2016,
41, 6781–6786.

5 E. S. Fernandez, M. S. Del Rio, H. Chalmers, P. Khakharia,
E. Goetheer, J. Gibbins and M. Lucquiaud, Int. J.
Greenhouse Gas Control, 2016, 48, 275–289.

6 S. F. Wu, Q. H. Li, J. N. Kim and K. B. Yi, Ind. Eng. Chem. Res.,
2008, 47, 180–184.

7 H. M. Sun, J. Q. Wang, X. T. Liu, B. X. Shen, C. M. A. Parlett,
G. O. Adwek, E. J. Athony, P. T. Williams and C. F. Wu, J.
Mater. Chem. A, 2019, 7, 9977–9987.

8 H. C. Y. Foo, I. S. Tan, A. R. Mohamed and K. T. Lee, Fuels,
2020, 260, 116354.

9 A. Mackenzie, D. L. Granatstein and E. J. Anthony, Energy
Fuels, 2007, 21, 920–926.

10 H. Liu, F. F. Pan and S. F.Wu, RSC Adv., 2019, 9, 26949–26955.
11 Y. Wang and W. J. Thomson, Chem. Eng. Sci., 1995, 50, 1373–

1382.
12 J. J. Yin, X. Kang, C. L. Qin, B. Feng, A. Veeraragavan and

D. Saulov, Fuel Process. Technol., 2014, 125, 125–138.
13 F. Donat, N. H. Florin, E. J. Anthony and P. S. Fennell,

Environ. Sci. Technol., 2012, 46, 1262–1269.
14 L. H. Yue, M. Shui, Z. D. Xu and D. Y. Lu, Chem. J. Chin. Univ.,

2000, 21, 1555–1559.
15 Z. X. Cui, Y. Q. Xue, L. B. Xiao and T. T. Wang, J. Comput.

Theor. Nanosci., 2013, 10, 569–572.
16 B. S. Zhao, L. Ma, H. H. Shi, K. Liu and J. B. Zhang, J. CO2

Util., 2018, 25, 315–322.
17 J. M. Valverde and S. Medina, Phys. Chem. Chem. Phys., 2017,

19, 7587–7596.
18 F. R. Campbell, A. W. D. Hills and A. Paulin, Chem. Eng. Sci.,

1970, 25, 929–942.
19 H. L. Ping and S. F. Wu, ACS Sustainable Chem. Eng., 2016, 4,

2047–2055.
20 S. Q. Lu, Q. R. Lin and S. F. Wu, J. Nanosci. Nanotechnol.,

2019, 19, 1–5.
21 W. Q. Liu, J. J. Yin, C. L. Qin, B. Feng and M. H. Xu, Environ.

Sci. Technol., 2012, 46, 11267–11272.
22 C. L. Qin, W. Q. Liu, H. An, J. J. Yin and B. Feng, Environ. Sci.

Technol., 2012, 46, 1932–1939.
23 Y. H. Xu, B. H. Xiao, Y. Y. Feng, W. Yang and Y. J. Lv, J. Nat.

Gas Sci. Eng., 2021, 94, 104029.
24 N. B. Gao, K. L. Chen and C. Quan, Fuel, 2020, 260, 116411.
25 F. Donat and C. R. Müller, Chem. Eng. J., 2018, 336, 544–549.
26 B. B. Sakadjian, M. V. Iyer, H. Gupta and L. S. Fan, Ind. Eng.

Chem. Res., 2007, 46, 35–42.
27 M. Mohammadi, P. Lahijani, Z. A. Zainal and

A. R. Mohamed, Chem. Eng. J., 2014, 240, 169–178.
RSC Adv., 2022, 12, 12647–12654 | 12653

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra09250b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

9:
22

:5
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
28 R. B. Bird, W. E. Stewart and E. N. Lightfoot, Transport
Phenomena, John Wiley & Sons, New York, 2002, p. 266.

29 G. Q. Liu, Chemical Properties Handbook, Chemical Industry
Press Co. Ltd, Beijing, 2002, 261.

30 Q. Shi, S. F. Wu, M. Z. Jiang and Q. H. Li, CIESC J., 2009, 60,
641–648.

31 H. Liu and S. F. Wu, Energy Fuels, 2019, 33, 7626–7633.
32 J. S. Wang and E. J. Anthony, Ind. Eng. Chem. Res., 2005, 44,

627–629.
12654 | RSC Adv., 2022, 12, 12647–12654
33 G. S. Grasa and J. C. Abanades, Ind. Eng. Chem. Res., 2006, 45,
8846–8851.

34 B. Arias, J. C. Abanades and G. S. Grasa, Chem. Eng. J., 2011,
167, 255–261.

35 Q. Tang and S. F. Wu, J. Chem. Eng. Chin. Univ., 2012, 26, 31–
36.

36 S. X. Li, J. Z. Chen and M. B. Dong, J. Fuzhou Univ., Nat. Sci.
Ed., 1995, 23, 87–91.

37 Z. H. Li, Y. Wang, K. Xu, J. Z. Yang, S. B. Niu and H. Yao, Fuel
Process. Technol., 2016, 151, 101–106.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra09250b

	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents

	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents

	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents
	The effect of BeO on heat transfer and durability of nano-CaO-based CO2 adsorbents


