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Abstract—A novel and low-cost synthetic CO, sorbent for calcium looping process, cement-modified carbide slag
(CMCS), was synthesized from carbide slag, aluminate cement and by-product of biodiesel by combustion. The effects
of synthesis conditions such as combustion temperature, combustion duration, hydration, by-product of biodiesel and
cement addition and regeneration temperature on CO, capture performance of CMCS were investigated. The compre-
hensively optimum preparation conditions of CMCS were obtained. The highest CO, capture capacity is 0.62 g/g after
10 cycles, which is 2.18 times as high as that of carbide slag. The addition of aluminate cement improves the CO, cap-
ture performance of CMCS, while excessive aluminate cement is adverse for CO, capture due to the reduced CaO con-
tent in CMCS. The addition of by-product of biodiesel contributes to a uniform sol mixing of carbide slag and cement.
The CMCS exhibits higher carbonation and calcination rates than CS. The porous and stable pore structure leads to
the better CO, capture performance and cyclic stability of CMCS.
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INTRODUCTION

Calcium looping is one of the most promising technologies for
large-scale CO, capture due to its low operation cost and other ad-
vantages [1-4]. The calcium looping process is achieved when CaO-
based sorbent absorbs CO, in a carbonator to form CaCO;, and
the CaCO; is then transported to a calciner for regeneration of CaO
and enrichment of CO,. However, the deactivation of CaO-based
sorbent over the multiple carbonation/calcination cycles due to sin-
tering and aggregation is the main barrier which limits the large-
scale applications [5,6]. To improve the sintering and aggregation
resistance of CaO-based sorbents, the additives such as Y,0s, ZrO,
and SiO, which can stabilize the mechanic structure of sorbents
and the various methods such as sol-gel, wet mixing and dry physi-
cal mix which can make CaO disperse into inert supports have been
comprehensively studied [7-10].

Researches have shown that calcium aluminates as inert supports
are effective to stabilize pore structure of CaO, which slows down
sintering of CaO crystallites [11-13]. Different modification and
synthesis methods lead to various types of calcium aluminates and
difference in the structure of sorbents. Zhang et al. [11] synthe-
sized CaO/Ca;AlL O, sorbents using citric acid, aluminum nitrate
and CaCO; through the citrate preparation route. The CO, cap-
ture capacity of sorbent with 9% Al O, additive was 0.41 g/g over
50 cycles, which was double that of untreated CaCO;. Li et al. [14]
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found that Ca;ALLOg was formed in the synthesized sorbent pre-
pared from carbide slag, aluminum nitrate hydrate and glycerol by
combustion method, which was due to the reaction between CaO
and ALO;. Zhang et al. [15] spray-dried sol mixture of CaO and
AI(NO;);-9H,0O and obtained Ca;,Al;,O5; during high temperature
calcination as the inert solid support, exhibiting the carbonation
conversion twice as high as that of limestone after 13 cycles. Zhou
et al. [16] concluded that CaO/Ca,Al,O,5 sorbent with CaO con-
tent of 80 wt% derived from calcium citrate and aluminum nitrate
exhibited the best performance for CO, capture. They claimed that
the inert support materials separating CaO particles were not all
the same and could be ALO;, Ca,;,Al,O;; or CaAliOys, depending
on the diffusion resistance of Ca™ into ALO; during the solid-state
reaction when different calcium and aluminum precursors were
used. Chen et al. [17] obtained another aluminum nitrate, Ca;Al;,O;s,
when sorbent was modified with attapulgite by hydration, due to
the decrease in temperature for the solid-state reaction during the
process of hydration. Aluminate cement, as an important cementi-
tious material, has been widely applied in civil construction, water
conservation, national defense and other engineering projects. Bil-
lion tons of aluminate cement is produced every year. It is low-cost
and desirable when resistance is required to prevent corrosion and
chemicals as well as refractory properties, which are beneficial for
stabilizing the pore structure under high temperature condition,
and thus it is promising as supporting material for Ca-based sor-
bents [18-20]. They usually contain impurities and a wide range of
ALO,/CaO ratios, depending on purity of the aluminum source used
and application. This favorable performance of CaO-based sorbents
supported by calcium aluminate cements was explained by forma-
tion of mayenite (Ca;,Al,0s;) [21,22]. However, the collapse and
blockage of the pore structure, resulting in the decay in CO, capture
capacities of these proposed sorbents, is still a matter of concern for
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their large-scale applications.

The mass use of limestone as CaO precursor is supposed to affect
the geological environment in the process of mining. Our previous
works have showed that carbide slag (CS, for short) as an indus-
trial waste dumped from a chlor-alkali plant, could be used to
capture CO, during the calcium looping cycles [23-26]. Thus, the
utilization of CS can avoid the irreparable damage of consuming
limestone mine to the environment. The main composition of CS
is Ca(OH),. CS is a cheap material that can be also used as a cal-
cium precursor for the preparation of inert material supported
CO, sorbent with high activity. The key for the obviously positive
effect on CO, capture capacity is the uniform mix of CS and inert
materials according to the results of our recent study [27]. It is not
surprising that sol mixing when at least one of the precursors is
soluble powder is easier to mix well than suspension mixing when
all precursors are insoluble powder [28]. Ca(OH), in CS is soluble in
glycerol, which can be replaced by by-product of biodiesel (>90
wt% glycerol content) obtained from the transesterification pro-
cess for biodiesel production [29]. Biodiesel has become one of the
promising alternative fuels because it is renewable and environmen-
tally friendly [30]. Tts current output stands at about 2-3x10’ tons
per year. About 0.3 kg of glycerol accompanies each gallon of bio-
diesel during the transesterification process, which means that bil-
lion gallons of glycerol contained in the by-product of biodiesel are
produced annually. Thus, the cost for synthesizing sorbents can be
further reduced if by-product of biodiesel can be reused in the
preparation process of the synthetic sorbent for CO, capture.

We used CS and commercial aluminate cement (cement, for
short) as calcium precursor and supporting material, respectively,
for their low cost to synthesize economical sorbents. The by-prod-
uct of biodiesel was added to realize sol mixing between the solu-
ble Ca(OH), in CS and insoluble cement to form a sorbent com-
prising CaO surrounded by uniformly distributed cement. Our main
objective was to fabricate a novel CO, sorbent with high CO, cap-
ture capacity and sintering-resistance by combustion method. The
CO, capture behaviour of cement-modified CS (CMCS, for short)
was investigated and compared with original CS during the repeti-
tive carbonation/calcination cycles. The effects of preparation process
of CMCS including combustion temperature, combustion dura-
tion, by-product of biodiesel addition, hydration and cement addi-
tion and calcination temperature on its CO, capture performance
were discussed during the calcium looping process.

EXPERIMENTAL

1. Sorbent Preparation

Raw CS was sampled from a chlor-alkali plant in Shandong Prov-
ince, China and the samples that passed through the 0.125mm
sieve was collected. The chemical components of CS are shown in
Table 1. The cement was sampled from a cement plant in Jinan,

Table 1. Chemical components of CS (wt%)

Loss on

CaO MgO SiO, ALO; Fe,0O; SrO Ti,O Others . .
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Fig. 1. Four-step preparation process of CMCS.

Shandong Province, China, containing AL,O, of 39 wt%. The by-
product of biodiesel (>90 wt% glycerol content) was obtained from
the transesterification process of peanut oil (CaO addition percent-
age of 6%, reaction temperature of 64 °C, molar ratio of methanol to
peanut oil of 12 : 1 and reaction time of 2 h, CaO as catalyst) [29].

The preparation of the sorbents includes four steps: calcination,
hydration, sol-mixing and combustion, as shown in Fig. 1. CS was
calcined at 800 °C for 10 min. The obtained CaO material was
treated in water. 600 mg calcined CS was put in a glass beaker
after cooling and deionized water was added into the beaker drop-
wise to avoid the heat released due to the exothermal hydration
process of CaO. Weighed amounts of cement at mass ratios of CaO
to cement of 95: 5, 85: 15 and 75 : 25 and 60 ml by-product of bio-
diesel were added and stirred at 60 °C for 60 min for sol mixing,
Then it was placed in a muftle furnace for combustion at 700-900 °C
under air for 10-120 min. The obtained sorbent was the cement-
modified carbide slag (CMCS). Then it was collected and subjected
to cyclic carbonation/calcination performance test. The cement-
modified carbide slag containing 5, 15, and 25wt% cement was
denoted as CMCS-5, CMCS-15 and CMCS-25, respectively. To
study the effect of hydration of calcined CS on CO, capture of
CMCS, CMCS without hydration step was obtained by following
the same procedure mentioned above, except that raw CS was di-
rectly mixed with the same amounts of cement, deionized water and
by-product of biodiesel. Also as a comparison, calcined CS after
hydration was subjected to cycles. Similarly, CMCS without the
addition of by-product of biodiesel and CS with the addition of
by-product of biodiesel (i.e., CMCS without the addition of cement)
was also prepared.
2. CO, Capture Test and Characterization

The CO, capture test was carried out in a dual fixed-bed reactor
including a carbonator and a calciner operated under atmospheric
pressure. The experiments were done with carbonation in 15% CO,
(N, balance) at 700 °C and calcination in 99.999% N, at 850-950 °C.
The reaction gas flow was 1 L, which was controlled by mass flow-
meters. The CO, capture capacities were calculated on the basis of
mass change as follows:

my—m
CN: N cal, N (1)

my
where, N is the number of carbonation/calcination cycles. Cy rep-
resents the CO, capture capacity of the sorbent after N cycles, ie,
CO, adsorption amount per unit mass of the sorbent, g (CO,)/g
(sorbent). m, is the mass of the initial sorbent sample, g. my is the
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mass of the sorbent after the Nth carbonation, g. m,, y is the mass
of the sorbent after the Nth calcination, g,

The CO, absorption tests of CMCS-5 and CS in the 1st and
11th cycles were performed in a Mettler Toledo TGA/SDTAS851°
thermal gravimetric analyzer (TGA). The samples which had expe-
rienced 0 and 10 carbonation/calcination cycles were sampled from
fixed-bed reactor (carbonation: 15% CO,, 700 °C, 20 min; calcina-
tion: 99.999% N,, 850 °C, 10 min). And then about 5mg of the
cycled sample and the uncycled sample were placed into a ceramic
pan and sent to TGA, respectively. The heating process of TGA was
conducted in N at heating rate of 50 °C/min. A whole cycle was
done in TGA under the same carbonation condition as that in the
dual fixed-bed reactor to comprehensively study CO, capture char-
acteristics of the sorbents. The mixed gas of 15% CO,/N, was sent
to the TGA (the total gas flow was kept at 120 mL/min) as soon as
the temperature reached 700 °C. Then the reaction gas was switched
t0 99.999% N, again 20 min later. The CO, capture capacity of the
sample in TGA was calculated according to Eq. (1). The decom-
position ratio of the carbonated sample was calculated according
to Eq. (2). The carbonation rate of the calcined sample and calci-
nation rate of the carbonated sample were computed with Egs. (3)
and (4), respectively.

My, My, ¢
Ry ,=——+ 2
et My, g~ My @
d(my ,—my , ;)
fy = (0t (3)
d(my ,—my , )
W= (ustst) @

m,dt

where Ry, represents decomposition ratio of the sorbent at t in
the Nth cycle (%). my;, is the mass of the sorbent at t during the
Nith cycle (g). t, and t, are the end times of carbonation and calci-
nation process, respectively (s). £4y,and 14, represent carbonation
and calcination rates at t in the Nth cycle, respectively (s ).

The sample morphologies were observed with an SUPRATM
55 field emission scanning electron microscope (SEM) before and
after multiple carbonation/calcination cycles.

RESULTS AND DISCUSSION

1. Effect of Cement Addition in Preparation Process of CMCS
on CO, Capture

The cydlic CO, capture capacities of CMCS containing various
amounts of cement (5, 15, 25 wt%) are depicted in Fig. 2. All CMCS
exhibit better CO, capture performances than CS, e.g., C,, of CMCS-
5, CMCS-15, and CMCS-25 are 0.62 g/g, 043 g/g, and 0.36 g/g,
which are 2.18, 1.52 and 1.28 times as high as those of CS, respec-
tively. CMCS-5 exhibits the highest C, and best cyclic durability
during ten cycles. It may be attributed to the support effect on the
pore structure of CMCS by adding cement. There is no obvious
difference between decrease tendencies in CO, capture capacity
with cycles of CMCS with different cement addition. On the con-
trary, the CO, capture capacities decrease as the cement addition
increases, which may be limited to the reduced CaO that acts as the
only active component for CO, capture. Thus, CMCS-5 appears more
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Fig. 2. CO, capture capacities of CMCS containing different amounts
of cement (preparation: Combustion at 700 °C for 60 min;
carbonation: 15% CO,/N,, 700°C and 20 min; calcination:
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Fig. 3. Effect of hydration of calcined CS in preparation process of
CMCS on CO, capture capacities (preparation: Combustion
at 700 °C for 60 min; carbonation: 15% CQO,/N,, 700 °C and
20 min; calcination: 99.999% N,, 850 °C and 10 min).

promising and feasible applied in the calcium looping process.
2. Effect of Hydration of Calcined CS in Preparation Process
of CMCS on CO, Capture

Effects of hydration step in the preparation on CO, capture per-
formance of CMCS are shown in Fig. 3. Obvious increases in the
CO, capture capacities of both CS and CMCS are observed when
the hydration step is applied. C,, of CMCS-5, CMCS-15, CMCS-
25 and CS with the hydration step are 33%, 15%, 5% and 38%
higher than those without the hydration step, respectively. After
the hydration step of calcined CS (the main composition is CaO)
in the preparation process of CMCS, Ca(OH), can be generated.
During the combustion step, Ca(OH), releases steam and porous
CaO is formed. The hydration treatment of CaO is an effective
way to improve its porosity and cyclic CO, capture capacity in the
cycles [31,32] and that is beneficial for CO, diffusion and adsorp-
tion in CaO. Thus, the hydration step can improve cyclic CO, cap-
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Fig. 4. CO, capture capacities of CMCS-5 and CS with and with-
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bustion at 700 °C for 60 min; carbonation: 15% CO,/N,, 700°C
and 20 min; calcination: 99.999% N,, 850 °C and 10 min).

ture capacity of CMCS.

However, as the cement content increases, the influence of hy-
dration step on Cy of CMCS wears off because of the decrease in
CaO content. The hydration step shows the biggest positive impact
on the CO, capture capacity and cyclic stability of CMCS-5 in the
preparation process of CMCS containing various cements. Cy, of
CMCS-5 with the hydration step achieves 0.62 g/g. As the cycle
number increases from 1 to 10, Cy of CMCS-5 drops by only 4%,
while that of CMCS-5 without the hydration step decreases by 20%.
Thus, the hydration step in the preparation process of CMCS leads
to a positive effect on the multicyclic CO, capture.

3. Effect of By-product of Biodiesel Addition in Preparation
Process of CMCS on CO, Capture

CO, capture capacities of CMCS-5 in comparison to CS with
and without the addition of by-product of biodiesel in the prepa-
ration process are shown in Fig. 4. Compared to CS, Cy of CS with
the addition by-product of biodiesel decreases with the number of
cycles in the same tendency but C,, is 30.6% higher. It is probably
attributed to good pore structure formed after rapid combustion
process of by-product of biodiesel. Interestingly, Cy of CMCS-5 is
affected more obviously by the addition of by-product of biodiesel.
Co of CMCS-5 with the addition of by-product of biodiesel is
77.4% higher than that of CMCS-5 without the addition of by-
product of biodiesel. The cement addition dramatically improves
the cyclic CO, capture capacity and durability of the sorbent only
after the addition of by-product of biodiesel, e.g., Cy of CMCS-5
with the addition of by-product of biodiesel decays 5% after ten
cycles, while Cy, of CS with the addition of by-product of biodiesel
decays 60%. The sintering resistance property is believed to be
owing to the inert support material effectively separating CaO par-
ticles [33-36]. The by-product of biodiesel is soluble in the water.
The Ca(OH), formed after the hydration step can dissolve in the
by-product of biodiesel solution. Thus, the good mix of Ca(OH),
and cement in the solution is obtained as sol mixing, which leads to
evenly mix of CaO and cement in the obtained CMCS. The fol-
lowing study is focused on the CO, capture by CMCS with addi-
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Fig. 5. CO, capture capacities of CMCS-5 under different combus-
tion conditions (carbonation: 15% CQ,/N,, 700°C and 20
min; calcination: 99.999% N,, 850 °C and 10 min).

tion of by-product of biodiesel during the preparation process of the
synthetic sorbent.

4. Effects of Combustion Temperature and Duration in Prepa-
ration Process of CMCS on CO, Capture

Fig. 5 shows the CO, capture capacities of CMCS-5 under dif-
ferent combustion temperatures and durations during the prepa-
ration process of the synthetic sorbent. Cy of CMCS-5 decreases
sharply when combustion lasts 10 min. It may be because an unsta-
ble structure was formed within a short time, which does not ef-
fectively resist sintering. Moreover, the blockage of pores in CMCS-
5 occurs to a large extent after 120 min combustion, because lon-
ger combustion duration leads to more severe sintering, which is
not beneficial for CO, capture. CMCS-5 with combustion duration
of 60 min forms a stable structure and does not suffer a severe sin-
tering. Therefore, the feasible combustion duration is 60 min in
the combustion temperature range of 700-900 °C.

The effect of the combustion temperature during the prepara-
tion process on the CO, capture behavior of CMCS-5 with com-
bustion duration of 60 min is presented in Fig. 6. C,, of CMCS-5
decreases as the combustion temperature rises from 700 °C to 900 °C.
In the preparation process of CMCS, higher combustion tempera-
ture leads to more rapid combustion of the by-product of biodiesel
and more complete decomposition of Ca(OH), into CaO. And
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Fig. 6. Effect of combustion temperature on CO, capture capacities
of CMCS-5 with combustion duration of 60 min (carbon-
ation: 15% CO,/N,, 700 °C and 20 min; calcination: 99.999%
N,, 850 °C and 10 min).

then, the porous structure can be obtained due to the gas released
from both of the combustion and decomposition processes. How-
ever, excessive combustion temperature (e.g,, >700 °C) promotes sin-
tering of CMCS, which leads to the blockage and collapse of the
obtained sorbent after the combustion. That is not beneficial for
CO, capture of CMCS. Therefore, the appropriate combustion tem-
perature and the duration during the preparation process of CMCS
are 700 °C and 60 min, respectively.
5. Effect of Calcination Temperature on CO, Capture Perfor-
mance of CMCS

Fig. 7 shows the effect of the calcination temperature on CO,
capture performance of CMCS-5 in ten cydles. Cy of both CS and
CMCS-5 decreases as the calcination temperature increases. As the
calcination temperature rises from 850 °C to 950 °C, C,, of CMCS-
5 and CS drop by 21% and 22%, respectively. High calcination tem-
perature is the main reason for accelerating the sintering of the
sorbents during the calcium looping cycles, which leads to the loss
of CO, capture capacity eventually [36]. At a high calcination tem-
perature of 950 °C, C,, of CMCS-5 reaches 0.49 g/g, which is 2.21
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Fig. 7. CO, capture capacities of CMCS-5 and CS under different
calcination temperatures (carbonation: 15% CO,/N,, 700 °C
and 20 min; calcination: 99.999% N, and 10 min).

times as high as that of CS. It indicates that CMCS-5 has better
sintering resistance at high calcination temperature.

The CO, capture capacities of the synthetic sorbents after ten
cycles in the recent literature are summarized in Table 2. The reac-
tion conditions in these researches are fairly similar to those in this
study. It is observed that the materials for the preparation of the
synthetic sorbents reported are analytical agents such as AI(NO,),
[14], Ca(NO;), and Mn(NOs), [37], which are significantly more
expensive than CS and cement. The by-product of biodiesel is also
a cheaper dispersant compared with C;H;O; reported by Chen et
al. [37]. C,y of CMCS-5 in our work is 1.28 and 2.2 times as high
as those reported in references [38] and [39]. CMCS-5 seems prom-
ising as CO, sorbent with high activity during the calcium loop-
ing cycles.

6. Carbonation and Calcination Behaviors of CMCS in TGA

The carbonation and calcination behaviors of CMCS-5 and CS
with the reaction time during the 1st and 11th cycles in TGA are
shown in Fig. 8. Cy of CMCS-5 and CS increase rapidly in the pre-
vious 50 s or so and rise slowly over this time, as shown in Fig. 8(a).
4y increases fast with time and reaches the maximum at about
2505, but it goes down rapidly over this time due to the suppres-

Table 2. Comparison in CO, capture capacities of synthetic sorbents reported in references

Material/preparation

CaO content

Sorbent Ref. method o Reaction conditions Cu
CMCS-5 This work ~ CS, cement, by-product of biodiesel/ 95 Carbonation: 700 °C, 15%CO,/N,, 20 min;  0.616
by combustion calcination: 850 °C, N,, 10 min
Ca0/Ca;Al,Oq4 [14] CS, AI(NO;);, glycerol/by combus- 90 Carbonation: 700 °C, 15%CO,/N,, 30 min;  0.455
tion calcination: 850 °C, N,, 10 min
CaO/MnO, [37] Ca(NOs),, Mn(NO;),, CH,0,/by 97 Carbonation: 650 °C, 15%CO,/N,, 20 min;  0.575
sol-gel method Calcination: 950 °C, N,, 10 min
Ca0/Ca,,Al,,0;; [38] Sol-gel CaO, cement/by dry mixing 75 Carbonation: 650 °C, 15%CO,/N,, 15 min;  0.48
Calcination: 850 °C, N, 10 min
Ca0/Ca,,Al,,0;; [39] Limestone, cement/by wet mixing 90 Carbonation: 650 °C, 15%CO,/N,, 30 min;  0.28

Calcination: 900 °C, N,, 10 min

February, 2017
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Fig. 9. SEM images of CMCS-5 (combustion at 700 °C for 60 min) and calcined CS (carbonation in 15% CO,/N;, at 700 °C for 20 min, calci-
nation in 99.999% N, at 850 °C for 10 min): (a) initial CS after calcination, (b) calcined CS after 10 cydes, (c) initial CMCS-5 and (d)
calcined CMCS-5 after 10 cycles.
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sion of the thicker carbonation product layer, as plotted in Fig. 8(c).
The difference in the carbonation rates of two sorbents is more
apparent when the carbonation enters the diffusion controlled stage
during the first cycle. C, of CMCS-5 gains greater increase during
the diffusion controlled stage than that of CS. It may be because of
the better pore structure of CMCS-5 which is beneficial for the
CO, diffusion and the indepth carbonation. Moreover, CMCS-5
shows higher z4; than CS for the same number of cycles. The max-
imum 4, of CMCS-5 is twice higher, compared to CS, as shown in
Fig. 8(c). Both of CS and CMCS-5 decompose completely within
1205, as shown in Fig. 8(b). Compared with CS in Fig. 8(d), CMCS-
5 exhibit higher calcination rate for the same number of cycles, and
thus, CMCS-5 needs shorter time for the complete decomposition.
Thus, CMCS-5 possesses good CO, absorption and desorption
performances.
7. Microstructure Analysis

The SEM images of CMCS and CS during ten cycles are com-
pared in Fig. 9. Remarkably, more porous structure in initial CMCS-
5 is observed, compared to calcined CS. This is mainly because of
numerous pores formed during the combustion of by-product of
biodiesel and the dispersion of the cement. Agglomeration and fusion
of CaO grains, reduced small pores and increased large pores in
CS appear after ten cycles due to the sintering. However, the sur-
face of CMCS-5 after ten cycles makes no difference with that of
initial CMCS-5, which indicates that CMCS-5 has higher sinter-
ing resistance. It is the more porous and stable pore structure that
leads to the better CO, capture performance and cyclic stability of
CMCS.

CONCLUSION

A novel synthetic CO, sorbent prepared from CS as industrial
waste, cement and by-product of biodiesel by combustion was
proposed. The addition of by-product of biodiesel not only leads
to the formation of the porous structure but also makes CaO and
cement evenly mixed in CMCS. The optimum additive amount of
cement is 5 wt%. CMCS-5 achieves the highest CO, capture capac-
ity; 0.62 g/g after ten cycles, which is 2.2 times higher than that of
CS. The optimum combustion temperature and duration in the
preparation process of CMCS are 700 °C and 60 min, respectively.
CMCS-5 exhibits higher calcination rate for the same number of
cycles and, thus, CMCS-5 needs shorter time for the complete de-
composition. Thus, CMCS-5 possesses good CO, absorption and
desorption performance. It is the more porous and stable pore struc-
ture that leads to the better CO, capture performance and cyclic
stability of CMCS during the repetitive carbonation/calcination cycles.
CMCS appears promising as an effective and low-cost CO, sor-
bent in the calcium looping.
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