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Abstract In this work, CaO derived from the carbide slag

(CaO–carbide slag) as a kind of typical industrial waste

was used to capture CO2 during the calcination/carbonation

cycles. The carbonation kinetics and cyclic carbonation

behavior of CaO–carbide slag were investigated in a ther-

mogravimetric analyzer. The chemical reaction activation

energy and the product layer diffusion activation energy

for carbonation of CaO–carbide slag are 12.46 and

36.83 kJ mol-1, respectively, which are significantly less

than those for carbonation of CaO derived from the lime-

stone (CaO–limestone). CaO–carbide slag shows higher

carbonation conversion than CaO–limestone after enough

reaction time and at the same number of cycles. Moreover,

the calcination temperature and CO2 concentration in the

carbonation atmosphere have important effect on the car-

bonation behavior of CaO–carbide slag. The BET surface

area of CaO–carbide slag is 1.6 times as large as that of

CaO–limestone after 1 cycle and the average pore size of

CaO–carbide slag is much smaller. In addition, the carbide

slag contains much more Al2O3 than most of the lime-

stones. These are reasons why carbide slag as a precursor

can retain greater carbonation conversion than limestone in

calcination/carbonation cycles.
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Introduction

Carbon dioxide capture and storage (CCS) is a CO2

abatement option that can contribute substantially to

achieve ambitious CO2 reduction targets. The electricity

sector especially, with large point sources of CO2, offers

opportunities to apply CCS at a large scale. Results of

techno-economic energy models show that power plants

combined with CCS can indeed compete from a mitigation

perspective with other non- or low-emitting CO2 technol-

ogies such as nuclear energy or renewable energy [1].

There are many different CO2 capture processes, how-

ever, their techno-economic feasibility for industrial

applications must be seriously considered. Calcium looping

technology is a promising new technique for high-tem-

perature scrubbing of CO2 from flue gas and syngas [2, 3]

and current economic projections suggest it might be able

to capture CO2 at costs of *$20/ton of avoided CO2 [3].

The calcium looping technology, viz., calcium-based sor-

bent calcination/carbonation cycle using the reversible

reaction between CaO and CO2 was regarded to be

encouraging to remove CO2 [4] as shown in Fig. 1 and its

applications including the pre-combustion CO2 capture,

e.g., sorption-enhanced hydrogen production process [5],

hydrogen production by reaction-integrated novel gasifi-

cation (HyPr-RING) [6] and the zero-emission carbon

(ZEC) hydrogasification process [7], and post-combustion

CO2 capture [8] were reported in the literature.

Recently, lots of researchers paid more attention to

investigate the CO2 capture behavior of CaO derived from

limestone and dolomite under the different reaction con-

ditions [9–12] and study how to improve their the CO2

capture capacity during the long-term calcination/carbon-

ation cycles [3, 12, 13]. Moreover, the carbonation char-

acteristics of CaO derived from the calcium-based sorbents
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other than limestone or dolomite such as shell [14, 15] and

oil shale ashes [16–18] at high temperature were also

reported. However, the study on CO2 capture behavior of

calcium-based wastes generated from the industrial pro-

duction in the calcium looping cycle has been barely

reported.

Many calcium-based industrial wastes are produced in

paper pulp plants and chlor-alkali plants in China every

year. It is an interesting and challenging topic to recycle the

industrial wastes to reduce environmental pollution and

save valuable resources [19]. China produces the largest

amount of calcium carbide (CaC2) through reaction of

calcined limestone (CaO) with coal char (C). About 70% of

the ethyne gas (C2H2), which is the raw material of

poly(vinyl chloride) (PVC), is produced from calcium

carbide in China. About 1.5–1.9 tons of dried calcium

carbide residue wastes are obtained in the production of 1

ton of PVC in a chlor-alkali plant [20]. The reaction

mechanism is as follows

CaCO3 ! CaOþ CO2 ð1Þ
CaOþ 3C! CaC2 þ CO ð2Þ
CaC2 þ 2H2O! C2H2 þ Ca(OH)2ðcarbide slagÞ ð3Þ

CaC2 reacts with water to produce C2H2 gas and waste,

viz., carbide slag which is mainly composed of Ca(OH)2

[20]. And the carbide slag as a kind of calcium-based

industrial waste is ordinarily landfilled outside the chlor-

alkali plants. In this work, the carbide slag is used as a CO2

sorbent during the calcination/carbonation cycles. It is

expected to create a new way that combines calcium

looping technology for CO2 capture with calcium-based

industrial wastes recycling.

Experimental

The carbide slag was sampled from a factory for polyvinyl

chloride production by calcium carbide acetylene method

in Shandong Province, China. A kind of typical limestone

in Shandong province, China was employed to compare the

CO2 capture behavior with the carbide slag. The chemical

components of the carbide slag and the limestone were

analyzed by X-ray fluorescence (XRF) as shown in

Table 1. The predominating constituent of the carbide slag

is Ca(OH)2 by XRD analysis. The particle size of the

sorbent is below 0.125 mm.

The cyclic calcination/carbonation behavior of the sor-

bents with reaction time was studied in a thermogravi-

metric analyzer (TG). The mass of the sample in the TG is

10 ± 0.1 mg. The furnace temperature of TG increased to

a calcination temperature 850–1000 �C with a heating rate

of 30 �C min-1 and lasted 15 min at ultimate calcination

temperature under pure N2. And then the furnace temper-

ature decreased to a carbonation temperature 600–700 �C

from the calcination temperature under pure N2. Then the

reaction atmosphere was switch to carbonation atmosphere

and the calcined sample was carbonated for 30 min. The

first calcination/carbonation cycle of the sample was fin-

ished. 15% CO2–85% N2 gas mixture and 100% CO2

atmosphere were chosen as the carbonation atmosphere,

respectively. The cyclic carbonation conversion of the

sample during the carbonation process was calculated by

XN ¼
mcarb;NðtÞ � mcal;N

m0 � b
�WCaO

WCO2

ð4Þ

where XN is carbonation conversion of sample with reac-

tion time during Nth cycle. t is reaction time, s. m0 is initial

mass of sample, mg. b is content of CaO in initial sorbent,

%. mcarb,N(t) is mass of carbonated sample with reaction

time t during Nth cycle, mg. mcal,N is mass of sample after

complete calcination during Nth cycle, mg. WCaO and WCO2

are mole mass of CaO and CO2, respectively, g mol-1.

The surface morphology of CaO derived from the car-

bide slag and the limestone (CaO–carbide slag and CaO–

limestone) after different cycles from TG was analyzed by

field emission scan electron microscope (SEM). Microm-

eritics ASAP 2020-M nitrogen adsorption analyzer was

used to analyze surface area and average pore size of CaO

derived from the different precursor after 1 cycle. It should

be mentioned that the surface area and average pore size

were calculated by BET method and BJH model,

respectively.

Results and discussion

Carbonation kinetics of CaO–carbide slag

Figure 2a shows the effect of carbonation temperature on

the carbonation conversions of CaO–carbide slag and

CaO–limestone during 1 cycle. The CaO derived from the

Flue gas with free CO2

Flue gas or syngas with CO2 Fresh CaO-based sorbent

Carbonator

600-750 °C

CaO+CO2→CaCO3 CaCO3→CaO+CO2

CaO, CaCO3

CaO

Calciner

>850 °C Spent CaO

CO2

Fig. 1 Process scheme of the calcium looping technology for CO2

capture
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two sorbents both reaches higher carbonation conversion at

700 �C. At the same carbonation temperature, the carbon-

ation conversion of CaO–carbide slag is lower than that of

CaO–limestone before a certain time, but the situation is

converse after that time. The carbonation rate of the sor-

bent is calculated by

r1 ¼
dX1

dt
ð5Þ

where r1 is carbonation rate of the sorbent at t during the

first carbonation, s-1. The carbonation rates of CaO

derived from the sorbents at the different carbonation

temperatures during 1 cycle are depicted in Fig. 2b. The

carbonation rate integrates the chemical reaction rate and

the gas diffusion rate. The maximum carbonation rate of

CaO–carbide slag is smaller than that of CaO–limestone at

the same carbonation temperature. It is observed that CaO–

carbide slag needs longer time to achieve the maximum

carbonation rate. Although carbonation rate of CaO–lime-

stone is greater than that of CaO–carbide slag at the initial

reaction stage and under the same reaction conditions, the

situation is also converse after a time. The variety of the

carbonation rates of the two sorbents with the reaction time

agrees with that of their carbonation conversions. It is

found that the carbonation rate of CaO–limestone at

700 �C is lower than that at 650 �C before 300 s and the

situation is converse after 300 s. It may be attributed to a

difference in particle size distribution between the samples

of the limestone at the 650 and 700 �C. Although the

particle size of all the samples is below 0.125 mm, they

have still the difference in particle size distribution and

average particle size. The small difference in average

particle size would result in a difference in carbonation

reaction. Bhatia and Perlmutter [21] reported the carbon-

ation behavior of CaO–limestone at the different carbon-

ation temperatures in the TG and found the similar

phenomenon. The carbonation kinetics of CaO–carbide

slag and CaO–limestone can be calculated according to the

effect of the carbonation temperature on the carbonation

conversion during 1 cycle.

The shrinking unreacted core model was usually used to

describe the gas–solid reaction [22–26]. The CaO is

thought to be consisting of numerous solid particles which

are considered to be small but dense grains. Therefore, in

this work the shrinking unreacted core model is employed

to simulate carbonation reaction of CaO–carbide slag with

the reaction time and analyze its carbonation kinetics

during 1 cycle. And the difference between CaO–carbide

slag and CaO–limestone in carbonation kinetics is also

compared. The carbonation reaction initiates on the grain

surface in the early stage which is called the chemical-

reaction-controlled stage. A layer of CaCO3 products is

formed around each CaO grain that separates the reaction

surface of the solid from gas reactant with the reaction

going on. The CO2 have to diffuse through the product

layer to the reaction surface. And then the carbonation

reaction shifts to the product-layer-diffusion-controlled

stage [27, 28].

The model in this investigation assumes negligible mass

transfer through the gas film and isothermal conditions in

Table 1 Chemical components of carbide slag and limestone in wt%

Sample CaO MgO SiO2 Fe2O3 Al2O3 Na2O TiO2 Others LOI

Carbide slag 61.96 0.12 3.38 0.18 3.44 0.03 0.49 1.88 28.52

Limestone 52.08 1.32 3.32 0.03 0.53 0.02 – 0.47 42.23
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Fig. 2 Effect of carbonation temperature on carbonation conversions

and carbonation rates of CaO derived from carbide slag and limestone

during 1 cycle (calcination temperature 850 �C, carbonation atmo-

sphere 15% CO2/85% N2). a Carbonation conversion and b carbon-

ation rate
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the reactor. If the chemical reaction is the rate-limiting

step, the relationship between the reaction time and the

carbonation conversion is given as [28]

t ¼ AGðX1Þ ð6Þ

A ¼
qpRp

akCA0

ð7Þ

If the diffusion through the product layer is the rate-

limiting step, the relationship is shown as follows:

t ¼ BPðX1Þ; ð8Þ

B ¼
qpR2

p

6aDsCA0

ð9Þ

where A and B is parameters in Eqs. 6 and 8, min; G(X1)

and P(X1) is function defined by Eqs. 6 and 8,

dimensionless; qp is sorbent density, 0.059 g cm-3; Rp is

average radius of unreacted core for CaO particle, cm; k is

kinetic parameters, cm s-1; CA0 is concentration of CO2,

6.7 9 10-7 mol cm-3; Ds is effective diffusivity, cm2 s-1;

a is stoichiometric coefficient of solid reactant, a = 1.

G(X1) and P(X1) are two functions related to the sulfation

conversion as follows [28]

GðX1Þ ¼ 1� ð1� X1Þ1=3 ð10Þ

PðX1Þ ¼ 1� 3ð1� X1Þ2=3 þ 2ð1� X1Þ ð11Þ

k and Ds can be calculated according to Arrhenius’ law by

k ¼ k0 exp � Ea

RT

� �
ð12Þ

Ds ¼ D0 exp � Ep

RT

� �
ð13Þ

where k0 is pre-exponential factor, cm s-1; D0 is effective

diffusivity at external grain surface, cm2 s-1; Ea is chem-

ical reaction activation energy, kJ mol-1; Ep is activation

energy for product layer diffusion, kJ mol-1; R is gas

constant, 8.314 J mol-1 K-1; T is carbonation tempera-

ture, K.

Incorporating Eqs. 7 and 9, we get the new equations by

taking the logarithm of both sides in Eqs. 12 and 13 as follows:

ln
1

A
¼ ln k0 þ ln

CA0

qpRp

� Ea

RT
ð14Þ

ln
1

B
¼ ln D0 þ ln

6CA0

qpR2
p

� Ep

RT
ð15Þ

The physical property parameters such as qp, Rp are

assumed constant at the different carbonation temperatures.

The shrinking unreacted core model is determined by k0,

Ea, D0, and Ep in different reaction stages, so these

parameters for the carbide slag and the limestone must be

calculated according to the experiment data.

Plots of G(X1) - t and P(X1) - t for carbonation reac-

tion of CaO–carbide slag and CaO–limestone are shown in

Figs. 3 and 4, respectively. And the solid lines obtained

from linear fitting refer to the slopes of G(X1) - t and

P(X1) - t. The correlation coefficients for the linear fits

of G(X1) - t are between 0.979 and 0.998, and those of

P(X1) - t are between 0.997 and 0.999. It indicates that the

shrinking unreacted core model is appropriate to describe

the carbonation kinetics of CaO–carbide slag and

CaO–limestone. A and B are the slope coefficients of

the fitting lines for G(X1) - t and P(X1) - t, so they are

easily determined. Figure 5 exhibits ln 1/A - 1/T and ln

1/B - 1/T for CaO derived from the two sorbents which

are related linearly, respectively.

k0, Ea, D0, and Ep can be all calculated according to the

data in Fig. 5 and they are demonstrated in Table 2. The Ea

and Ep for carbonation of CaO–limestone are 36.71 and

99.31 kJ mol-1. Sun et al. [27] and Dedman and Owen

[29] reported that the Ea for carbonation of CaO–limestone

was 29 ± 4 and 39.71 ± 8.36 kJ mol-1, respectively.

These results are similar. The Ea and Ep for carbonation of
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Fig. 3 Plots of the function G(X1) and P(X1) vs. t for CaO derived

from carbide slag during 1 cycle. a G(X1) vs. t and b P(X1) vs. t
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CaO–carbide slag are 12.46 and 36.83 kJ mol-1. The car-

bonation reaction of CaO–carbide slag seems more easily

proceeds than that of CaO–limestone.

Effect of cycle number on carbonation behavior

of CaO–carbide slag

Figures 6 and 7 exhibit the carbonation conversion for

CaO–carbide slag and CaO–limestone with the reaction

time during the different cycles, respectively. The cyclic

carbonation conversion of CaO–limestone increases rap-

idly with the reaction time, but after 198 s the conversion

keeps a slow increase. However, the cyclic carbonation

conversion of CaO–carbide slag still increases more rap-

idly than that of CaO–limestone after 192 s. The carbon-

ation conversions of CaO–carbide slag and CaO–limestone

both decrease with the number of cycles, but the decay in

the conversion of CaO–limestone is more serious than that

of CaO–carbide slag. CaO–carbide slag shows higher car-

bonation conversion after enough reaction time and after

the same number of cycles. For example, the carbonation

conversions of CaO–carbide slag and CaO–limestone after

1 cycle at 1500 s are 0.81 and 0.76, respectively. More-

over, the carbonation conversion of CaO–carbide slag is

1.8 times as high as that of CaO–limestone after 10 cycles

and at 1500 s.

Effect of calcination temperature on carbonation

behavior of CaO–carbide slag

Figure 8 shows the effect of calcination temperature on

cyclic carbonation conversion of CaO–carbide slag. Higher

calcination temperature maybe aggravates readily sintering

of calcium-based sorbents. And the sintering is responsible

for the decay in the carbonation conversions of the sor-

bents, because it induces the blockage of lots of pores in

the sorbents [30]. After 1 cycle and at 1600 s, the car-

bonation conversion of CaO–carbide slag exhibits a drop

by 31% with increasing the calcination temperature from

850 to 1000 �C. In addition, the conversion of CaO–car-

bide slag after 10 cycles and at 1600 s decreases by 48%
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Fig. 4 Plots of the function G(X1) and P(X1) vs. t for CaO derived

from limestone during 1 cycle. a G(X1) vs. t and b P(X1) vs. t
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Fig. 5 Arrhenius graph for carbonation reaction of CaO derived from

carbide slag and limestone. a CaO derived from carbide slag and

b CaO derived from limestone
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when calcination temperature increasing from 850 to

1000 �C. Grasa and Abanades [31] reported that CaO–

limestone after 10 cycles for calcination at 1000 �C

achieved a carbonation conversion of 0.14 and they thought

that calcination temperature above 950 �C and long calci-

nation time accelerated the decay in CO2 capture capacity

of CaO–limestone. When the calcination temperature is

1000 �C, the carbonation conversion of CaO–carbide slag

after 10 cycles and at 1600 s is about 0.26 which is almost

twice as high as that of CaO–limestone reported by Grasa

and Abanades [31]. It reveals that CaO–carbide slag still

retains higher cyclic CO2 capture capacity at the high

calcination temperature above 950 �C.

Effect of carbonation atmosphere on carbonation

behavior of CaO–carbide slag

The carbonation conversions of CaO–carbide slag under

different carbonation atmospheres containing 100% CO2

and 15% CO2 concentration are depicted in Fig. 9a. Before

300 s, the carbonation conversion of CaO–carbide slag

increases with the CO2 concentration increasing from 15 to

Table 2 Activation energy and pre-exponential factor

Sample Ea/kJ mol-1 k0/cm s-1 Ep/kJ mol-1 D0/cm2 s-1

Carbide slag 12.46 0.12 36.83 4.08 9 10-4

Limestone 36.71 6.21 99.31 0.14
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Fig. 6 Cyclic carbonation conversions of CaO derived from carbide

slag with reaction time (calcination temperature 850 �C, carbonation

temperature 700 �C, and carbonation atmosphere 15% CO2/85% N2).
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100%. However, after 300 s, the carbonation conversions at

different CO2 concentration in the carbonation atmosphere

are almost the same. Figure 9b shows the effect of CO2

concentration in the carbonation atmosphere on the car-

bonation rate of CaO–carbide slag. The carbonation rate of

CaO–carbide slag under 100% CO2 atmosphere increases

more rapidly with the reaction time than that under 15%

CO2–85% N2 gas mixture. The maximum carbonation rate

of CaO for carbonation under 100% CO2 atmosphere is

approximately twelve times as high as that under 15% CO2–

85% N2 gas mixture. After 300 s, the carbonation rate of

CaO–carbide slag under 100% CO2 atmosphere is almost

identical to that under 15% CO2–85% N2 gas mixture. The

carbonation reaction of CaO–carbide slag in 300 s is mainly

in the chemical-reaction-controlled stage. It reveals that the

CO2 concentration in the carbonation atmosphere has an

important effect on the carbonation behavior of CaO–car-

bide slag in the chemical-reaction-controlled stage, but it

has no noticeable effect on the carbonation in the product-

layer-diffusion-controlled stage.

Microstructure analysis

Figure 10 shows the SEM micrographs of CaO–carbide

slag and CaO–limestone after 1 and 10 cycles. The surface

of CaO–carbide slag appears more porous than that of

CaO–limestone after 1 cycle as seen in Figs. 10a and b.

After 10 cycles, CaO–carbide slag still seems loose and

expansive, as presented in Fig. 10c. The surface of CaO–

limestone after 10 cycles appears compact and becomes an

agglomeration due to sintering as shown in Fig. 10d. It is

apparent that the structure of CaO–carbide slag is benefi-

cial to carbonation and CO2 diffusion in the particle. That

is a reason why CaO–carbide slag possesses higher CO2

capture capacity than CaO–limestone during the cycles.

The BET surface area and the average pore size of CaO–

carbide slag and CaO–limestone after 1 cycle are shown in

Table 3. The BET surface area of CaO–carbide slag is 1.6

times as large as that of CaO–limestone after 1 cycle.

Larger surface area of the calcines is more reactive for gas–

solid reaction [32, 33]. It is found that the average pore size

of CaO–carbide slag is obviously smaller than that of CaO–

limestone. Smaller pore size results in larger surface area

of the sorbent. Since CaO–carbide slag holds larger surface

area and smaller average pore size, it retains higher CO2

capture capacity during the multiple calcination/carbon-

ation cycles.

Comparison between cyclic carbonation conversions

for CaO derived from different precursors

The test on 20 calcination/carbonation cycles for CaO–car-

bide slag was done in the TG (reaction condition: carbon-

ation time 20 min, calcination temperature 850 �C,

carbonation temperature 700 �C and carbonation
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and rate of CaO derived from carbide slag after 1 cycle (calcination

temperature 850 �C, carbonation temperature 700 �C). a Carbonation

conversion and b carbonation rate
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atmosphere 15% CO2/85% N2). The cyclic carbonation

conversions of CaO–carbide slag were compared with those

of CaO–limestone and CaO derived from dolomite (CaO–

dolomite) reported in the references, as presented in Fig. 11.

Those experiments reported by researchers [31, 34–36] were

performed in the TG or fixed-bed reactor and reaction con-

dition was similar to that in our work. It is observed that the

cyclic carbonation conversion of CaO–carbide slag is lower

than that of CaO–dolomite reported by Lisbona et al. [34]

during previous 8 cycles, whereas, the conversion of the

former is higher than that of the latter after 9 cycles. More-

over, the carbonation conversion of CaO–carbide slag is 1.4

times as high as that of CaO–dolomite after 20 cycles. Grasa

and Abanades [31], Salvador et al. [35], and Abanades and

Alvarez [36] reported the carbonation behaviors of CaO

derived from the different limestones as shown in Fig. 11. In

addition, Grasa and Abanades [31] summarized the car-

bonation conversion of the generic limestone with the

number of cycles based on lots of tests, which is represented

by a solid line in Fig. 11. It is seen that CaO–carbide slag

exhibits a greater carbonation conversion than that of CaO

derived from the different limestones during 20 cycles. As is

mentioned above, the difference in the microstructure

between CaO–carbide slag and CaO–limestone possibly

results in a difference in the carbonation conversion between

them. Moreover, the impurities other than CaO in CaO-based

sorbents have also an effect on their carbonation conver-

sions. It is observed from Table 1 that there is an obvious

difference in the amount of Al2O3 between the carbide slag

and the limestone (amount of Al2O3 in most of limestones

reported is less than 1 wt%). It was reported that the presence

of Al2O3 in the CaO-based sorbents could improve their anti-

sintering performances and CO2 capture capacities during

the multiple calcination/carbonation cycles [12, 13].

Therefore, it may be another reason why CaO–carbide slag

has higher carbonation conversion. The results show that the

carbide slag seems promising as a CO2 sorbent.

Fig. 10 SEM images of CaO

derived carbide slag and

limestone after 1 and 10 cycles

(calcination temperature

850 �C, carbonation

temperature 700 �C, and

carbonation atmosphere 15%

CO2/85% N2). a CaO derived

carbide slag after 1 cycle,

b CaO derived from limestone

after 1 cycle, c CaO derived

carbide slag after 10 cycles, and

d CaO derived from limestone

after 10 cycles

Table 3 BET surface area and average pore size of CaO derived

from the different precursors after 1 cycle

Precursor BET surface area/m2 g-1 Average pore size/nm

Carbide slag 17.19 8.7

Limestone 10.81 43.6
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Fig. 11 Comparison between cyclic carbonation conversions of CaO

derived from different precursors
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Conclusions

In this work, the shrinking unreacted core model was

employed to simulate carbonation reaction of CaO–carbide

slag during 1 cycle. The chemical reaction activation

energy and the product layer diffusion activation energy for

carbonation of CaO–carbide slag are obviously less than

those for carbonation of CaO–limestone, respectively.

Lower activation energy is beneficial to carbonation reac-

tion and CO2 diffusion through the product layer. The

carbonation conversions of the CaO–carbide slag and

CaO–limestone both decrease with the number of cycles,

but the decrease in the conversion of the former is slower

than that of the latter. CaO–carbide slag shows higher

carbonation conversion after enough reaction time and at

the same number of cycles. CaO–carbide slag still retains

high cyclic CO2 capture capacity at high calcination tem-

perature above 950 �C. The CO2 concentration in the

carbonation atmosphere has an important effect on the

carbonation behavior of CaO–carbide slag in the chemical-

reaction-controlled stage, but it has no noticeable effect on

the carbonation in the product-layer-diffusion-controlled

stage. Since CaO–carbide slag holds larger surface area,

smaller average pore size and more Al2O3, it retains higher

CO2 capture capacity during the multiple cycles. It indi-

cates that the carbide slag seems promising as a CO2

sorbent.
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