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Abstract: A new carbide slag (CS) seriflux utilization was
proposed. The flue gas from a coal-fired plant was first
bubbled into CS seriflux for CO, capture. The obtained
carbonated carbide slag seriflux (CCSS) was dried and utilized
as a CO, sorbent in the calcium looping cycles. The CO,
capture behavior of the dried CCSS and the raw CS was
investigated in a dual fixed-bed reactor and a thermo-
The effects
calcination temperature and carbonation temperature on CO,
capture performance of CCSS in the multiple carbonation/

gravimetric analyzer. of carbonation time,

calcination cycles were studied. The results show that the CO,
capture capacity of CCSS was higher than that of CS.
Calcined at 950 C, CCSS shows better carbonation reactivity
than CS, which benefits CO, capture under severe calcination
conditions. In the range of 700 to 725 C for the carbonation,
CCSS shows the optimal CO, capture performance. The
calcined CCSS shows better porous microstructure than the
calcined CS. The calcined CCSS exhibits a larger surface area
and pore volume in the cycles, which favors a higher CO,
capture capacity in the multiple cycles.
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t is widely accepted that the increasing CO, concen-
I tration in the atmosphere is a significant cause of cli-
mate change. In order to mitigate the risk of global war-
ming, a number of technologies have been studied such
as solvent scrubbing, oxy-fuel combustion, chemical loo-

ping and calcium looping!'™

. Calcium looping is based
on the reversible reaction between CaO and CO, to re-
move CO, from the flue gas of power plants. Ca-based
sorbent reacts with CO, in a circulating fluidized bed car-
bonator operated at 600 to 700 C. The reacted sorbent is
then regenerated in another fluidized bed ( named calci-
ner), operated at a temperature above 900 C'"'. The heat
for the regeneration is supplied by oxy-fuel combustion in

order to avoid the dilution of the CO, stream when fuel is
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burned under air atmosphere''. Calcium looping is regar-
ded as a promising technology for CO, capture owing to
its numerous advantages: the use of cheap and non-toxic
sorbents; the relatively small energy penalty imposed on
power plants; promising deployment in conjunction with
other technologies such as large-scale circulating fluidized
71 Hence,

beds and cement manufacture the calcium

looping technology has attracted a great deal of atten-
tion'*"!

Carbide slag (CS) is a calcium-rich industrial waste,
which is the by-product of the hydrolysis reaction of cal-
cium carbide for acetylene gas production. In acetylene
gas factories, CS is discharged as seriflux which contains
about 92% water. Generally, CS seriflux undergoes a
solid-liquid separation process. Then the sediment, which
is mostly calcium hydroxide, is utilized in construction
and chemical production or buried'”. The previous
works of our group have proved that the CS can be uti-
lized as a CO, sorbent in the calcium looping cycles and
achieve a higher CO, capture capacity than the lime-
stone'”’. However, the CO, capture capacity of the CS
decreases with the number of calcination/carbonation
cycles like the natural limestone. Many methods have been
proposed to enhance the cyclic CO, capture capacity of the
calcium-based sorbents. Kierzkowska et al. "' synthesized
a calcium-based sorbent using Na,CO,, (NH,),CO, and
aqueous solution of NH, as a precipitation agent added in-
to the Ca(NO,),(or Ca(CH,COO),) and AI(NO,), so-
lution. They found that the CO, capture capacity of the
synthetic sorbent was 1. 8 times as high as that of the
limestone after 30 cycles. Florin et al. "' prepared a syn-
thetic Ca-based sorbent by bubbling CO, through an aque-
ous solution containing Ca(OH), and AI(NO,),, and its
CO, capture capacity achieved 2.5 times as high as that of
limestone. Gupta et al. ' found that a precipitated car-
bonate calcium prepared by bubbling CO, through a slurry
of Ca(OH), exhibited a relatively high CO, capture ca-
pacity in the calcium looping cycles.

In this paper, we propose a precipitation method on the
carbide slag seriflux by directly bubbling CO, into the ser-
iflux. Then the CCSS was obtained. The CO, capture
performance of CCSS in the calcination/carbonation cy-
cles was investigated in a thermo-gravimetric analyzer
(TGA) and a dual fixed-bed reactor (DFR).
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1 Experimental
1.1 Sample preparation

The CS was sampled from a chlor-alkali plant in Shan-
dong Province, China. The chemical components of the
CS were analyzed by X-ray fluorescence ( XRF) as shown
in Tab. 1. A schematic diagram for the precipitation exper-
iment of the CS seriflux is shown in Fig. 1(a). The wet
carbonator contains a porous frit at the bottom providing a
good distribution of gas mixture through the seriflux. A

pH probe was used to monitor the variation of pH of the
CS seriflux during the carbonation process.
model the real CS seriflux, 10 g CS was mixed with 90 g
distilled water in a precipitation reactor, and the particles
of the CS with the size below 125 pm were chosen.
Then, a gas mixture containing 15% CO, and 85% N,
was bubbled into the reactor for the wet CO, capture at
room temperature until the pH value decreased from 12.6
to 6, which indicated that all the Ca( OH), was converted
into CaCO,. The precipitated product was filtrated and
dried in a drying oven at 105 C, and named CCSS.

In order to

Tab.1 Chemical components of CS %
w( CaO) w( MgO) w( Sioz) w( Fez 03) w( Alz 03) w( Naz O) Other w( LOI)
71.09 0.09 2.51 0.16 1.96 0.02 1.32 22.85
and cooled for 2 min in a dry container under N,. Then
pH probe Carbonator the sample was weighted by an electronic balance with a
O O resolution of 0. 1 mg. The cyclic carbonation conversion
O O O of the sorbent is calculated as
CO, bubble O ')
OO0 - W,
O mcarb, N( t) mcal’ N CaO
O o0 X, = (1)
Porous frit [l M M M SLL myb Weo,

15% C0O,/85% N,

Calciner

Carbonator

(b)
Fig.1 Schematic diagram of experiment apparatus. (a) The
carbonator for precipitation experiment on carbide slag seriflux; (b) Du-
al fixed-bed reactor for calcination/carbonation cycles

1.2 CO, capture in calcination/carbonation cycles

The cyclic calcination/carbonation experiment of the
sample for CO, capture was performed in a dual fixed-bed
reactor (DFR) and a thermo-gravimetric analyzer ( TGA)
and operated under atmospheric pressure. The DFR con-
tains a carbonator and a calciner as shown in Fig. 1(b).
The sample boat loading the sorbent (about 500 mg) can
be shifted between two reactors. The calciner was opera-
ted at 850 to 950 C in pure N,, and the carbonator was
operated at 650 to 750 C in a 15% CO,/85% N, gas mix-
ture. Based on the preliminary experiments, the carbona-
tion time was specified to be 20 min, and the calcination
time was 10 min. The calcined sample and its re-carbona-

ted counterpart after each cycle were picked out, stored

where ¢ is the carbonation time, s; X, stands for the car-
bonation conversion of sorbent at ¢ during the N-th cycle;
b is the content of CaO in the initial sorbent, % ; m_, v
(t) represents the mass of carbonated sorbent at ¢ during
the N-th cycle, mg;

plete calcination during the N-th cycle, mg; W, and W,

m,, v is the mass of sorbent after com-

are the molar mass of CaO and CO,, respectively, g/mol.
The carbonation kinetics of the CCSS and CS were in-
vestigated in a thermo-gravimetric analyzer ( TGA).
order to study the cyclic carbonation behavior of the
CCSS and CS,
bents (5 £0.1) mg after 9 calcination/carbonation cycles
in the DFR were chosen as the samples in the TGA.
Therefore, the carbonation behaviors of sorbents were ob-
tained as a function of reaction time during the 1st and the
10th cycles. The furnace temperature of the TGA was in-
creased to a calcination temperature of 850 C at a heating
rate of 30 C/min, and the sample was held for 15 min
under pure N,. Then, the temperature was dropped to
700 C for carbonation under pure N,. At the same time,

the original sorbents and carbonated sor-

the reaction atmosphere was switched to 15% CO,/85%
N, gas mixture, and the calcined sample was carbonated
for 30 min. The carbonation conversions of the sample af-
ter the N-th cycle in TGA were calculated by Eq. (1).

1.3 Analysis

The crystalline structure of the sorbents was character-
ized by a X-ray diffraction (XRD). The calcined CCSS
and the CS in the 1st cycle and the 10th cycle were ana-
lyzed by the nitrogen adsorption analyzer. The surface ar-
ea was calculated by the BET method. The pore volume
and pore area were computed by the BJH model.
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2 Results and Discussion

2.1 Wet carbonation and crystallography of CS and
CCSS

Fig.2(a) shows the XRD spectrum of the CS. It is ob-
served from Fig. 2(a) that the main composition of the
CS is Ca(OH),, and a little amount of CaCQ, is also de-
tected. The mixture of 10 g CS and 90 g water is a super-
saturated solution of Ca( OH), with the pH value of above
12. When the gas mixture of 15% CO,/85% N, is bub-
bled into the slurry, CO, dissolves in the water and gener-
ates CO,””. Then Ca’" is precipitated according to the

. . 16
following reaction'':

Ca’* +CO’"——CaCoO, (2)
5
5 9 @ Ca(OH),
> O CaCO,
% 9
z
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A M e et
10 20 30 40 50 60 70 80
26/(°)

(a)

; A4
.%* v Calcite
i;;

L U g

10 20 30 40 50 60 70 80 90

(b)
Fig.2 XRD spectrum. (a) CS; (b) CCSS

The reaction proceeds until the pH value decreases to 6,
which indicates that all Ca(OH), in the CS has converted
into CaCO,. The XRD spectrum of the CCSS is shown in
Fig.2(b). The main composition of the CCSS is CaCO,.
It should be noted that in this experiment, the precipitated
product was not removed in time. As a consequence, Ca-
CO, was aged in the high alkaline condition of the precipi-
tating solution.

2.2 Effect of reaction time on CO, capture perform-
ance of CCSS

The carbonation conversions of the CCSS and CS with

the carbonation time in the 1st and the 10th cycles in the
TGA are depicted in Fig.3(a). It is found that the cyclic
carbonation conversion of the CCSS is higher than that of
the CS. In the 1st cycle, the carbonation conversions of
CCSS at 1 and 30 min achieve 1.3 and 1.1 times as high
as those of the CS under the same reaction conditions, re-
spectively. In the 10th cycle, the conversions of the
CCSS increase to 1.7 times in 1 min and 1.3 times in 30
min as high as those of the CS, respectively. Fig.3(b)
presents the carbonation rates of the CCSS and CS in the
Ist and the 10th cycles in the TGA. It can be seen that
the carbonation rate of the CCSS reaches its peak value at
50 s, while the peak value of the CS appears after 100 s.
The CCSS exhibits a higher carbonation rate compared
with the CS in the initial 100 s in the 1st and the 10th cy-
cles. Although the carbonation conversions and rates of
the CCSS and CS decrease with the cycle number, the
effect of the number of cycles on the CCSS is less than
that on the CS.

1.0
0.8r
0.6
]
b
0.4+
0.2 —o— CS (10th cycle)
—a— CCSS (1st cycle)
4 1 | | == CCISS (10tl|1 cycle)I
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(a)

—=— (S (1st cycle)
—0— CS (10th cycle)
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—0— CCSS (10th cycle)
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t/s

(b)
Fig.3 Carbonation conversions and carbonation rates of CCSS
and CS with carbonation time in the 1st and the 10th cycle in

TGA. (a) Carbonation conversion; (b) Carbonation rate

2.3 Effect of calcination temperature on CO, capture
performance of CCSS

Fig. 4 shows the effect of calcination temperature on
the cyclic carbonation conversions of the CCSS and CS.
With the calcination temperature rising, the carbonation
conversions of the CCSS and CS decay significantly with
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the number of cycles. The CCSS achieves a higher car-
bonation conversion than the CS at the same calcination
temperature. the CCSS shows almost the
same cyclic carbonation conversion at a calcination tem-
perature of 950 C with the raw CS calcined at 850 C. It
indicates that CCSS shows better carbonation performance
at a high calcination temperature, which favors CO, cap-
ture by the CCSS under the severe calcination conditions.

In addition,

1.0 —a— CCSS (850C)
—0— CCSS (900 C)

0.8- —a— CS (850 C)
—o— CS (900 C)

0.6

NZ
0.4F
0.2F
O 1 1 1

1 1 1 1 1 ]
10 12 14 16 18 20
N

Fig.4 Effect of calcination temperature on carbonation conver-
sion of CCSS and CS in DFR (10 min calcination in N,, 20

min carbonation at 700 C in 15% CO,/85% N,)

1
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2.4 Effect of carbonation temperature on CO, cap-
ture performance of CCSS

Fig. 5 illustrates the cyclic carbonation conversions of
the CCSS in the carbonation temperature range of 650 to
750 C. The carbonation conversion of CCSS increases
with the carbonation temperature increasing from 650 to
700 C. As the temperature increases from 700 to 725 C,
the carbonation conversion of CCSS hardly increases.
However, the carbonation conversion decreases as the
carbonation temperature increases further. Therefore, the
CCSS achieves high CO, capture capacity in the carbona-

tion temperature range of 700 to 725 C.
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Fig.5 Effect of carbonation temperature on cyclic carbonation
conversion of CCSS in DFR (10 min calcination at 850 C in
N,, 20 min carbonation in 15% CO,/85% N,)

2.5 Microstructure analysis

The surface areas and the pore volumes of the calcined

CCSS and the calcined CS in the 1st and the 10th cycles
are presented in Tab.2. After the wet carbonation
process, the surface area and the pore volume of the cal-
cined CCSS is higher than those of the calcined CS. The
surface area and the pore volume of the calcined CCSS af-
ter 1 cycle are 9. 92 m’/g and 0. 045 cm’/g which are
1.3 and 1.2 times greater than those of the calcined CS
for the same number of cycles, respectively. A larger
surface area and pore volume favor a higher CO, capture
capacity of the sorbent. Fig.6 shows the pore volume dis-
tributions of the calcined CCSS and CS in the 1st and the
10th cycles. Compared with the calcined CS, the cal-
cined CCSS shows a higher volume and area of pores in
the pore size range of 2 to 10 nm and 30 to 100 nm. The
pores in the pore size ranges of 2 to 10 nm and 30 to 100
nm are generated during the calcium ion precipitation in
the CS seriflux. In addition, the calcined CCSS maintains
more pores in 30 to 100 nm after 10 cycles, compared
with the calcined CS. The pores in the range of 30 to 100
nm are important for CO, adsorption by the calcium-based
sorbent® . Thus, the CCSS exhibits a higher CO, capture
capacity than the CS.

Tab.2 BET surface areas and pore volumes of calcined sor-
bents in the 1st and 10th cycles

Pore BET surface
Samples ~ Cycle No. A .
volume/(cm”- g7 ') area/(m°- g7 ")
1 0. 045 9.92
CCSS
10 0.031 4.76
1 0.038 7.70
CS
10 0.023 5.52
16 -
N l\ —=— (S (1st cycle)
£ —— CCSS (1st cycle)
12 —a— CS (10th eycle)
E® —a— (CSS (10th cycle)
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Fig.6 Pore volume distributions of calcined CCSS and CS in
the 1st and 10th cycles (10 min calcination at 850 C in N,, 20
min carbonation at 700 C in 15% CO,/85% N,)

3 Conclusion

A wet carbonation process was employed on the CS
seriflux, an industrial waste which is discharged as slurry
and contains 90% water, by bubbling the gas mixture in-
to it. Then it was dried and utilized as a CO, sorbent in
the calcium looping. The carbonation behavior of the
CCSS in the calcination/carbonation cycles was investiga-
ted. Compared with the CS, the CCSS shows a higher
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carbonation conversion and rate. The favorable carbona-
tion temperature range of the CCSS is 700 to 725 C. The
CCSS possesses better sintering resistance performance
than the CS at the high calcination temperature of 950 C.
The wet carbonation process contributes to the better pore
structure of the CCSS in the pore size range of 2 to 10 nm
and 30 to 100 nm. The calcined CCSS maintains more
pores in 30 to 100 nm than the calcined CS, which is the
reason why CCSS exhibits a better CO, capture reactivity.
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