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Abstract

Blast furnace slag was leached using HCI to prepare lithium-based sorbents for CO, capture, and chemical composition and
phase of the acid leaching slag were determined by X-ray fluorescence analysis. The microstructure and morphology of
both sorbents were characterized by scanning electron microscope and X-ray diffraction. The absorption capacity of both
sorbents was observed non-isothermally and isothermally using thermogravimetric analysis, and 12 carbonation and
calcination cycles were conducted to observe cycling stability. Controlling step of absorption process was determined by
fitting the isothermal graphs using a double exponential model. The results show that 98.33% amorphous SiO, can be
obtained when the blast furnace slag was treated at 373 K for 10 h. Purified lithium-based sorbent by acid leaching slag
(LBS-ALS) shows dense polyhedral particles with particle size between 25 and 120 pm. LBS-ALS shows similar
absorption capacity with pure LisSiO4 (P-LisSiO,4), but narrower absorption temperature range at non-isothermal
absorption condition. The double exponential model fits well with the isothermal graphs for LBS-ALS and P-Li,SiOy4, and
diffusion of CO, is the controlling step of the absorption process at lower temperature. LBS-ALS shows different
controlling mechanism for desorption process compared with P-Li,SiO,. LBS-ALS maintains higher absorption capacity

after 12 cycles in 100% CO, flow.
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Introduction

Fossil fuel combustion has been proved to be the main
reason for CO, emission, which contributes about 60% of
the greenhouse effect [1]. China is one of the most
important energy consumption countries, and coal is the
main energy for the economic development now and in the
future. Therefore, the rapid economic development of
China in the recent years is at the cost of energy con-
sumption and CO, emission, and energy conservation and
emission reduction has been the most important task for
China. The emission of CO, of iron and steel industry is
approximately 4-5% of the total emission in the world
according to the data by IEA [2].
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The productive process of conventional iron and steel
industry in China depends on fossil fuel, including coal and
coke, excessively, and it has been the second emission
source of CO, in China ranking only second to power
plants [3, 4]. The crude steel production of China in 2015
exceeded 800 million tons which account for over 50% of
the world. The energy consumption and CO, emission of
iron and steel industry are 16.1 and 9.2%, respectively, and
CO, emission is in the direct proportion to the energy
consumption [5]. About 90% of the energy consumption is
derived from BF-BOF process, and the energy consump-
tion for ironmaking process is about 70% of the whole
production process. Therefore, it is important for iron-
making process to reduce energy consumption and CO,
emission in China.

CO, capture technology is desirable to reduce the
emission of CO,, and aqueous amine solutions and chilled
ammonia have been used commercially in power plants for
CO, separation from flue gas at low temperature [6-8].
However, the flue gas has to be cooled before separation,
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and it requires large amount of energy for the regeneration
process [9]. High-temperature solid absorbents, including
mainly calcium oxides and alkali metal oxides, can be used
in the post-combustion process for separation of CO, from
the flue gas. The raw material of calcium oxides is usually
limestone, which is benefit to reduce the cost; however, it
requires higher temperature to regenerate the calcium oxide
absorbent. High absorption capacity and stable circulation
property have been reported to be the most evident
advantages for lithium orthosilicate, and adsorption rate,
wide application temperature range and good mechanical
strength properties are also the excellent performance for
lithium orthosilicate [10-12].

Several authors reported the CO, capture in this material
through the following reversible reaction [13, 14]:

LisSiO4 + CO, = Li,CO3 + Li,SiO3 (1)

The theoretical absorption capacity of lithium orthosil-
icate is 8.33 mmol g~ according to the reaction. Investi-
gation of synthesis methods including solid-state reactions,
impregnated suspension, sol-gel method and ball milling
was reported by researchers, and modification of the
absorbents by doping elements, including Al, Ti, V, has
been studied to resist the sinter phenomenon and enhance
the performance of lithium orthosilicate. Different silica
source including fly ash, rice husk ash and diatomite has
been introduced to prepare lithium orthosilicate, and the
results indicate that the absorption capacity is influenced by
silica source obviously [15-19].

Blast furnace slag is one of the by products in iron-
making process, and the main chemical composition is
Ca0, SiO,, Al,O3 and MgO. The undelivered heat in the
slag is converted into chemical energy and stored in the
condition of amorphous form; therefore, the blast furnace
with potential chemical activity is fine materials producing
cement. Recently, the slag has been researched for high-
value-added utilization. Xu et al. [20] prepared a CaO-
Al,O3-SiO, system glass (MSG) from the molten blast
furnace slag; the chemical composition of MSG by mass is
obtained as follows: CaO 27-33%, SiO, 42-51%, Al,O3
11-14%, MgO 6-8%, and Na,0 4+ K,O0 1-4%.
Kostura et al. [21] investigated the utilization of blast
furnace slag as adsorbent for phosphorus in aqueous solu-
tion, and it indicates that the adsorption behavior can be
explained by Langmuir adsorption isotherm. In the present
study, blast furnace slag is used as silica source to prepare
lithium metasilicate, acid leaching method is used to
enhance silica content in the slag, and the filter liquor can
be utilized to synthesis hydrotalcite-like compound
according to researchers [22, 23]. Lithium metasilicate was
prepared using the acid leaching slag and lithium carbonate
by solid-state reaction, and pure Li4SiO4 was also prepared
for comparison purpose. These prepared sorbents were
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characterized using X-ray diffraction (XRD) and scanning
electron microscope (SEM), and the absorbing ability was
evaluated by thermogravimetric analysis.

Experimental
Acid leaching of the blast furnace slag

The slag used in the present study is from a 3200 m? blast
furnace in China, and the chemical composition is shown
in Table 1. The slag was ground using agate mortar making
the particle size less than 74 um, and it is in favor of
improving dynamic condition for acid leaching process.
Concentrated hydrochloric acid with mass fraction of
36.46% was diluted to dissolve blast furnace slag. In the
dilution process, 40, 45, 50 and 55 mL concentrated
hydrochloric acids were diluted to 200 mL using deionized
water, respectively. Ten grams pulverized blast furnace
slag was dissolved in any of the diluted hydrochloric acid
solution. All the mixture was heated in water bath at dif-
ferent temperatures for different time. The temperatures for
water bath are 333, 353 and 373 K, and the heating time is
5, 10 and 15 h, respectively.

The mixture was stirred continuously to improve
dynamic condition for acid leaching process. The acid
leaching slag (ALS) was then filtrated and washed using
deionized water many times until the pH value of filter
liquor is close to 7, and then, the ALS was dried in air dry
oven for § h.

Synthesis of Li,Si04 by solid-state method

The thermodynamic parameters of the synthesis reaction
were calculated using HSC, and the results are shown in
Fig. 1. It indicates that gibbs free energy of the reaction
decreases with increasing temperature, and the value is
negative when the temperature is higher than 716.71 K
indicating that the reaction can proceed at higher temper-
ature. The reaction rate constant shows that it stays almost
the same when the temperature is lower than 873 K, and it
increases with increasing the reaction temperature. There-
fore, the reaction temperature should be higher than 873 K.

Lithium-based sorbent from ALS (LBS-ALS) was pre-
pared by using solid-state reaction of Li,CO3 (99.9%) with
the ALS in a Li,COs3/SiO, mixture with molar ratio of
2.1:1. A lithium excess was added to avoid the effect of
volatility of Li,O under high temperature. The mixtures
were calcined at different temperatures for different time,
and the synthesis parameters are shown in Table 2. The
pure LiySiO, (P-LiySiO4) was prepared using chemical
reagent SiO; (99.9%) under same condition for
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Table 1 Chemical composition

of the blast furnace slag Composition Al,O3 SiO, CaO MgO K>0 Fe,03 Na,O MnO
mass% 13.73 34.83 41.45 6.73 0.45 0.53 0.36 0.19
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Fig. 1 Thermodynamic parameters of the synthesis reaction

Table 2 Synthesis parameters for preparing LBS-ALS

Number Temperature/K Time/h
1 873 4
2 873 5
3 873 6
4 973 4
5 973 5
6 973 6
7 1073 4
8 1073 5
9 1073 6

comparison. The prepared LBS-ALS was cooled in air and
ground using agate mortar to crush the agglomerates.

Characterization of the sorbents

The chemical composition of the ALS was investigated by
X-ray fluorometric (XRF) analysis. The microstructure and
morphology of the prepared LBS-ALS were observed
using a scanning electron microscope (SEM). The powder
was spread uniformly onto the conductive resin surface,
and the samples were coated with metal to guarantee
electric conduction, and then, the samples were examined
with a Quanta 250 environmental scanning electron
microscopy (SEM). The LBS-ALS was dried at 378 K for
4 h, and the structural parameters were resolved using a
Rigaku diffractometer, and Cu-Ka radiation (30 kV, 30
mK) was used as the X-ray source. The scanning angles

were in the range from 10° to 50° (26) at a scan rate of
10° min~'. The accelerating voltage and the applied cur-
rent were 35 kV and 30 mA, respectively.

CO, absorption

The CO, absorption capacity of the LBS-ALS was deter-
mined using WCT-2 differential thermal balance produced
by an optical instrument factory, Beijing, used in previous
work [24]. About 10 mg sample was placed into an alu-
mina crucible making the sample distributed uniformly.
The sample was heated from room temperature to 1273 K
with heating rate of 10 K min~' in 100% CO, flow, and
the gas flow is 100 mL min~"'. The non-isothermal analysis
was conducted to find out sorption and desorption char-
acteristics of the sorbents.

Isothermal analysis was proceeded at 873, 923, 973 and
1023 K in 100% CO, flow for 4 h, and the mass change of
the samples was measured by the computer. To observe the
cycling stability of the sorbents, 12 carbonation and cal-
cination cycles were conducted using the thermogravi-
metric analyzer. The samples were heated from room
temperature to 973 K with heating rate of 10 K min~" in
100% N, and the samples reacted with CO, at this tem-
perature for 1 h. Then, the samples were heated continu-
ously to 1173 in N, flow for 1-h proceeding desorption, and
the samples were cooled down to room temperature for
another cycle. The gas flow rate for CO, and N, was all
100 mL min~" to eliminate the effect of gas flow.
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Results and discussion Table 3 Chemical composition of the ALS
. . . Composition SiO, TiO, Fe,03 Al,O3 CaO K,O
Acid leaching condition
Content/% 98.33  0.65 0.28 0.23 0.09 0.01

Mass of ALS at different conditions is shown in Fig. 2. It
indicates that the treat time and temperature have obvious
effect on the acid leaching process, while the influence of
the concentration of hydrochloric acid solution is lighter
for comparison. As the amount of HCI increases, the mass
of ALS decreases, and when it is higher than 45 mL, the
mass keeps almost invariant. The mass of ALS decreases
from 4.63 g to 3.48 g with increasing the treat time from
5h to 10 h at 373 K, and it keeps invariant after 10 h.
Temperature has the most important influence on the acid
leaching process. As temperature increases, the mass of
ALS decreases obviously, and the mass is 3.37 g at 100 °C
for 10 h.

The chemical composition of the ALS is shown in
Table 3, and it can be seen that the content of SiO, is as
high as 98.33% treated at 373 K for 10 h. Other compo-
sitions in the treated slag include TiO,, Fe,0;, Al,03, CaO

Mass of leached residue/g

Mass of leached residue/g

Temperature/K

Fig. 2 Mass of ALS at different leaching conditions. a The slag was
treated at 373 K for 5 h. b The slag was treated at 373 K using 50 mL
concentrated hydrochloric acid diluted to 200 mL solution. ¢ The slag
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and K,O; however, the content of these compositions is all
less than 1%. Therefore, the acid leaching slag can be used
as silica source to prepare LisSiOy.

The XRD pattern of the ALS is shown in Fig. 3, and it
indicates that the ALS contains mainly SiO, with small
amounts of trace elements, which is consistent with the
result of XRF. In addition, the ALS presents a broad peak
appearing around 26 = 22°, which clearly indicates that it
mainly consists of an amorphous silica [25].

Mass of leached residue/g

Time/h

was treated for 10 h using 50 mL concentrated hydrochloric acid
diluted to 200 mL solution
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Fig. 3 XRD pattern of acid leaching slag
XRD patterns of the sorbents
Effect of preparation temperature

Figure 4 is the XRD patterns for LBS-ALS prepared with
ALS at different temperatures. It indicates that temperature
has a great effect on the phase composition of the sorbents.
Although it can be reacted at 873 K due to thermodynamic
calculation, Li,COgj is still the main phase and there is only
a small amount of Li4SiO,4. In addition, Li,SiO5 and Li,.
Si,05 exist in the sorbents for 873 K. However, when the
temperature increases to 973 K, Li4SiO4 becomes the main
phase instead of Li,COj5 indicating the reaction proceeds
well in this condition. At 1073 K, the content of LisSiOy4
increases and only trace Li,COj3 exists due to excess agent
before calcination. It indicates that 1073 K is an optimum
temperature for preparation LBS-ALS by solid-state
method, which is consistent with other researches [16].
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Fig. 4 Lithium-based sorbents prepared at different temperatures for
4 h. a prepared at 873 K; b prepared at 973 K; ¢ prepared at 1073 K

Effect of treat time

The effect of treat time on the XRD pattern is shown in
Fig. 5, and it indicates that the LBS-ALS prepared at
1073 K for 4 h or 5 h contains trace content of Li,COs,
although the main phase is LiySiO4. However, when the
treat time is prolonged to 6 h, the Li,CO3; phase
(20 = 22.5°) disappears, indicating a complete reaction
between SiO, and Li,COs.

Diffraction pattern of lithium—sodium orthosilicate and
lithium—potassium orthosilicate is not observed in Figs. 4
and 5 due to the trace content in the acid leaching slag; in
addition, some alkali metals are lost during calcination at
1073 K due to lower boiling point.

Figure 6 shows the comparison of the XRD profiles of
P-Li,SiO, with that of the LBS-ALS from ALS. The trace
content of metal impurities in ALS did not modify the
XRD pattern of LiySiO4 phase; however, it indicates a
reduction in the intensity consistent with the result by
Wang et al. [26]. According to Mejia-Trejo, the solubility
limit of sodium and potassium in LisSiO,4 is 0.1 [27];
however, Li;NaSiO,4 and Li,KSiO,4 are not present in both
P-Li4SiO, and LBS-ALS due to trace content of K,O and
Na,O compared with the resolution of XRD.

Morphology of the sorbents

The result of XRD indicates that 1073 K is the optimum
temperature for the preparation of the sorbents, and the
morphology of LBS-ALS prepared at 1073 K for different
time is shown in Fig. 7. The sorbents show dense polyhe-
dral particles with particle size between 25 and 120 pum.
The particles show no agglomerations when calcinated for
4 h; however, it shows agglomerates for 5 and 6 h, and the

LiSi0]
2 Li,CO,

()

Intensity/a.u.

© 1

20/°

Fig. 5 Lithium-based sorbents prepared at 1073 K for different time.
a Calcinated for 4 h; b calcinated for 5 h; ¢ calcinated for 6 h
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Fig. 6 Lithium-based sorbents prepared with different silica source.
a Sorbents prepared using ALS; b sorbents prepared using reagent
SiO,

melt appears on the surface of the sorbents treated for 6 h.
The agglomeration is related to the content of metal
impurities and duration treated at high temperature
according to other researchers [28, 29].

Fig. 7 The morphology of
sorbents prepared at 1073 K for
different time. a—c Calcinated
for 4 h; d—f calcinated for 5 h;
g-i calcinated for 6 h
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Fig. 8 Non-isothermal graphs of P-Li4SiO,4 sorbent and LBS-ALS
CO, sorption capacity

Figure 8 shows the non-isothermal thermographs of the
pure sorbent and that prepared by ALS and lithium car-
bonation. The pure sorbent captures CO, as soon as it
contacts at low temperature, the mass of pure sorbent
increases gradually until 1010.67 K, and then, it loses mass
due to desorption under high temperature. However, the
LBS-ALS does not absorb any CO, until about 773 K. The

10pm
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Fig. 10 Multiple cycles of sorption and desorption for both sorbents

sorbent gains mass gradually between 773 K and approx-
imate 983 K, and it reacts with CO, sharply then. The mass
increment increases from 0.92 to 3.65 mg only in about
4 min, and then, it decreases down to 1.30 mg in no more
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than 2 min. Compared with P-Li,SiO, sorbent, the sorbent
by ALS has narrower reaction temperature range being
beneficial to energy conservation.

The isotherms at different temperatures of P-LisSiOy4
sorbent and LBS-ALS are shown in Fig. 9. As expected,
the CO, adsorption capacity of both the sorbents increases
as a function of temperature. After 4 h, the conversion of
LBS-ALS and P-Li4SiO4 sorbent is 28% and 27% at
873 K, respectively. The adsorption capacity of LBS-ALS
does not increase at 923 K; however, it increases to 59%
for the pure sorbent. At 973 K, the conversion of LBS-ALS
and the pure sorbent is 98 and 76%, respectively. It indi-
cates an increment of adsorption capacity for the LBS-ALS
due to small amount of potassium and calcium and impure
phase in P-Li,SiO,4, which is in agreement with previous
reports [27]. The conversion of the sorbents decreases
sharply at 1023 K, which is consistent with the non-
isothermal analysis due to desorption process at high
temperature.

Twelve CO, sorption and desorption cycles were carried
out to investigate the working cyclic capacity and stability
for both P-LiySiO4 and LBS-ALS, and the results are

Time/s

Fig. 11 Fitting results of isothermal graphs using double exponential model
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prsmioes i dontle w_ A 5 c__ b R

exponential model LBS-ALS 873 ~ 0.088 0272 0343 406 x 1073 123 x 107*  0.998

923 —0.08 —0329 0398 392 x 1077 1.09 x 107*  0.992

973 — 34406  — 33321 0.979 1.14 x 1073 1.13 x 1073 0.993

1023 —0.351 — 0185 0492 509 x 107> 277 x 107*  0.990

P-Li,Si0, 873 —0.028 —0.291 0.315 1.95 x 1073 143 x 107*  0.995

923 —0.244 —039 0609 3.8 x 1077 241 x 107*  0.998

973 —0.568 —0429 0775 2.02x 107 202x 107 0950

1023 —0.154 —0.155 0301 238 x 107* 238 x 107*  0.996

shown in Fig. 10. It indicates that the sorption capacity of
LBS-ALS is higher than that of pure sorbent due to smaller
particle size and metal impurities. The sorption capacity of
both the sorbents remains almost unchanged even after 12
cycles indicating excellent stability. Therefore, LBS-ALS
may be a new option for CO, absorption.

Kinetic analysis

The reaction of the sorbents with CO, is typical gas—solid
multiple phase reaction, and the reaction process can be
approximately divided mainly into two steps according to
previous reports [8, 16, 27]. The CO, reacts with the
lithium-based sorbent on the surface as soon as it contacts,
and the production layer of lithium carbonation and lithium
metasilicate is generated then. At the second stage, CO,
diffuses through the layer to reach the reaction interface
and reacts with each other. Therefore, a double exponential
model was introduced to calculate kinetic parameters of the
absorption process [16, 27]. The model can be described
as:

y = Aexp(—kit) + Bexp(—kyt) + C (2)

where y is the mass increment of the sorbents, %, ¢ is
reaction time, s, k; and k, are reaction rate constants for
chemisorption on the surface and chemisorption controlled
by diffusion, A and B are pre-exponential factors, and C is a
constant.

Nonlinear fitting method is used to calculate the
parameters according to the isothermal graphs in Fig. 9.
The fitting results are shown in Fig. 11, and the calculated
parameters are shown in Table 4. It is obvious that the
double exponential model can be used to describe the
conversion of the sorbents well, and R? of all conditions is
higher than 0.95. It indicates that k; values are at least 1
order of magnitude higher than those of k, at 873 and
923 K for both sorbents, revealing that the limiting step in
the sorption process at these temperatures is diffusion of
CO, and Li*, and it is constant with the previous study [8].
At 973 K, indicating the reaction is controlled by both
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interface reaction and diffusion at this temperature.
Desorption process is observed at 1023 K obviously, and k;
value is approximately equal to that of k, for P-Li4SiOy;
however, k; value is about 20 times higher than that of &,
for LBS-ALS indicating different controlling mechanism
for desorption process.

Conclusions

Silica source can be derived from blast furnace slag to
prepare highly efficient sorbent for CO, capture. When the
blast furnace slag was treated at 373 K for 10 h using
45 mL HCI diluted to 200 mL, the content of amorphous
SiO, was 98.33%. Highly purified LBS-ALS can be syn-
thesized at 1023 K for 4 h, and the particle size is smaller
than that of P-Li4SiO4 due to metal impurities. LBS-ALS
shows similar absorption capacity with P-LisSiO4, but
narrower absorption temperature range at non-isothermal
absorption condition. However, the absorption capacity of
LBS-ALS is different from that of P-LisSiO,, and the
conversion of LBS-ALS is 98% at 973 K, which is higher
than P-Li;SiO4 due to smaller particle size and impurities.
LBS-ALS maintains higher absorption capacity after 12
carbonation/calcination cycles. The double exponential
model fits well with the isothermal graphs for both sorbents
showing chemical reaction and diffusion mechanism. Dif-
fusion process is the controlling step at lower temperature,
and mixed control of interface reaction and diffusion takes
place at 973 K. In addition, LBS-ALS shows diffusion-
controlled mechanism in desorption process; however, it is
mixed control for P-Li SiOy.
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