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Abstract: Steelmaking industry faces urgent demands for both steel slag utilization and CO2 abatement. Ca and Mg of steel slag can be extrac-
ted by acid solution and used to prepare sorbents for CO2 capture. In this work, the calcium-based sorbents were prepared from stainless steel
slag leachate by co-precipitation, and the initial CO2 chemisorption capacity of the calcium-based sorbent prepared from steel slag with the Ca
and Mg molar ratio of 3.64:1 was 0.40 g/g. Moreover, the effect of Ca/Mg molar ratio on the morphology, structure, and CO2 chemisorption
capacity of the calcium-based sorbents were investigated. The results show that the optimal Ca/Mg molar ratio of sorbent for CO2 capture was
4.2:1, and the skeleton support effect of MgO in calcium-based sorbents was determined. Meanwhile, the chemisorption kinetics of the sorb-
ents was studied using the Avrami-Erofeev model. There were two processes of CO2 chemisorption, and the activation energy of the first stage
(reaction control) was found to be lower than that of the second stage (diffusion control).

Keywords: steel slag; carbon dioxide capture; sorbent; chemisorption; kinetics

 

 1. Introduction

In 2021, the crude steel output of China was 1.035 billion
tons, ranking first in the world [1]. The production of one ton
of  crude  steel  yields  about  1.9  t  of  CO2 emissions.  Carbon
emissions in the steel industry accounted for 15% of the total
carbon emissions in various industries [2], the steel industry
is thus a significant source of carbon dioxide emissions [3–4].
The utilization yield of steel slag in China is only 30% [5–6].
Therefore, to achieve the goal of “carbon peak, carbon neut-
rality”,  the  implementation  of  green  low-carbon  production
in the steel industry is imminent [7].

In  the  long  term,  CO2 capture,  utilization,  and  storage
(CCUS) technologies are considered to be of great strategic
importance  for  achieving  large-scale  CO2 emission  reduc-
tions [8]. Researchers have carried out systematic research on
CO2 capture and separation based on the calcium cycle (CaL)
technology.  The  use  of  calcium-based  sorbents  for  CO2

chemisorption has great potential due to the low cost, avail-
ability of CaO, and high capacity for CO2 chemisorption. The
common calcium sources of sorbents include calcium oxide,
calcium  carbonate,  calcium  gluconate,  and  calcium  lactate
[9]. In recent years, many researchers have used waste mater-
ials  as  calcium  sources  such  as  egg  shells  [9–10],  calcium
carbide slag [11–12], and steel slag [13–14] to prepare calci-
um-based  sorbent  materials  by  physical  mixing  methods,
sol–gel  methods  [15],  and  co-precipitation  methods  [16].

Compared to most other calcium sources, steel slag holds a
distinct  advantage  since  the  high  Ca  content  and  the  low
treatment  costs.  However,  the  calcium-based  sorbents  pre-
pared from steel slag still face the problems of poor cyclic ad-
sorption stability [17–20]. Li et al. [21] has reported that Mg
can  act  as  a  structural  support  in  calcium-based  sorbents,
avoiding  pore  blockage  and  improving  the  stability  of  the
sorbents for CO2 chemisorption. Therefore, extracting Ca and
Mg from steel  slag  by  acid  leaching  and  preparing  a  MgO
doping calcium-based sorbents is a promising method.

Stainless steel slag contains some chromium, which could
release  along  with  the  Ca  and  Mg  during  leaching  process
causing troublesome pollution issues [22]. To limit the leach-
ing  of  chromium,  stabilization  treatment  of  chromium  in
stainless steel slag is extremely necessary. A large number of
experimental  results  [23–28]  have  proved  that  the  molten
stainless steel slag can be modified by enriching the toxic Cr
elements in stainless steel slag in a stable spinel phase, while
the Ca- and Mg-containing elements can be enriched in the
easily  leached  silicate  phase  for  subsequent  leaching  to  re-
cover  Ca  and  Mg.  On  the  basis  of  these  findings,  stainless
steel  slag  could  also  be  treated  as  ordinary  steel  slag  after
modification,  such  as  to  prepare  calcium-based  sorbents.
However, the compositions of various slags are different res-
ulting  the  vary  contents  of  Ca,  Mg,  Si,  and  Al  in  slag
leachate.  Many  experiments  have  shown  that  Si  and  Al  in
sorbents were not harmful components, and hardly affect the 
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cyclic  chemisorption  behavior  of  Ca  [29–31].  researchers
[32–35] have found that the CO2 chemisorption capacity of
the sorbent was closely related to the doping content of mag-
nesium in sorbent. Therefore, researches are necessary to in-
vestigate the effect of Mg content on the CO2 chemisorption
behavior of calcium-based sorbents, providing a guidance for
further effective treatment of steel slag.

In  this  work,  the  calcium-based  sorbents  were  prepared
from solutions with different Ca/Mg molar ratios to investig-
ate  the  effects  of  MgO doping  on  the  sorbent  morphology,
structure,  and  CO2 chemisorption  capacity.  Moreover,  the
chemisorption kinetics of the sorbents were studied using the
Avrami-Erofeevf model. Meanwhile, the CO2 chemisorption
capacity  of  the  sorbent  prepared  from  stainless  steel  slag
leachate was studied.

 2. Experimental
 2.1. Preparation of calcium-based sorbents

Calcium-based sorbents were prepared using a co-precip-
itation method, as shown in Fig. 1. Ca and Mg mixtures with
molar ratios of 2, 4, 6, and 8 were prepared using the pure (>
99.9%)  CaCl2 (0.5  mol/L)  and  MgCl2 (0.25–0.625  mol/L).
The choice of molar ratio of Ca and Mg mixtures was based
on the leaching results of steel slags, including the stainless
steel slag [36–37]. An excess of 2 mol/L ammonium carbon-
ate ((NH4)2CO3) solution (156 mL) was added to the mixed
solution (250 mL), and ammonia (NH4OH) was added to ad-

just the pH value of the solution to about 9.8 [38], which is
favorable  for  the  production  of  CaCO3 and  MgCO3.  Room
temperature  was  performed  throughout  the  process.  The
mixed  solution  was  filtered  after  solid–liquid  partitioning.
The sorbent precursors were obtained by drying the precipit-
ated  product  in  an  oven  at  120°C  for  4  h.  The  sorbents
(xCaO·MgO, x = 2, 4, 6, 8) were obtained by calcining in a
muffle furnace at 850°C for 2 h.

 2.2. Characterization

Analysis of the thermal weight loss of the sorbent precurs-
ors at  different temperatures was carried out by heating the
samples  from  room  temperature  to  1000°C  at  a  rate  of
10°C/min in Ar atmosphere using a thermogravimetric ana-
lyzer  (TG-DSC,  SDTQ600).  The  appearance  and  chemical
composition of the samples were observed by scanning elec-
tron  microscope  and  energy  dispersive  spectrometer
(SEM–EDS, ZEISS EVO18). The phase composition of the
sorbent  was  examined  by  using  an  X-ray  diffractometer
(XRD, Bruker D8 Advance) with a sweeping range of 2θ =
10°–90°  and  a  tracing  speed  of  8°/min.  N2 adsorption–de-
sorption isotherms of the samples were measured at liquid ni-
trogen temperature using a physical adsorption analyzer (Mi-
cromeritics  Tristar  Ⅱ 3020)  with  the  samples  degassed  at
200°C for 6 h to remove the impurities from the pores. The
specific surface area, pore volume, and average pore size of
the samples were calculated by Brunner–Emmet–Teller and
Barret–Joyner–Halenda (BJH).
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Fig. 1.    Diagram of the preparation process for calcium-based sorbents by co-precipitation.
 

 2.3. CO2 chemisorption test

The CO2 chemisorption experiment was tested by Mettler-
Toledo TGA/DSC3+ at ambient pressure (1.0 atm) under the
conditions shown in Fig. 2.

The carbonation conversion yield and CO2 chemisorption
capacity  per  unit  mass  of  sorbent  were  calculated  from the
experimentally obtained data by Eqs. (1) and (2).

XN =
mN−m0

m0 ·a
× MCaO

MCO2

×100% (1)

YN =
mN−m0

m0
(2)

where XN is the carbonation conversion yield of the sorbent
(%), YN is the CO2 chemisorption capacity per unit mass of
the sorbent (g/g), N is the number of cycles, m0 is the initial
mass of the sorbent (g), a is the mass fraction of the active
CaO in the sorbent (%), mN is the mass of the sorbent after the

MCO2

Nth  cycle  (g), MCaO is  the molar  mass of  CaO (g/mol),  and
 is the molar mass of CO2 (g/mol).
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Fig.  2.      CO2  single/cyclic  chemisorption  experimental  opera-
tion of the sorbent.
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 3. Results and discussion
 3.1. Structural characteristics of the sorbents

The contents of Ca2+ and Mg2+ in the filtrate of the sorb-
ents,  named  2CaO·MgO,  4CaO·MgO,  6CaO·MgO,  and
8CaO·MgO, were determined by titrating by ethylene diam-
ine tetraacetie acid standard solution [39], with results shown
in Table 1.

Fig.  3(a)  shows  the  TG-DSC  test  results  of  the  sorbent
precursor. The sample experienced three weight loss periods
during the  heating process,  corresponding to  three  peaks in
the heat flow curve. The weight loss below 300°C is due to
the removal of crystal water, the weight loss between 300 and
500°C  is  caused  by  the  decomposition  of  MgCO3,  and  the

weight loss at about 700°C is the decomposition of CaCO3.
Based on this, to ensure that the samples are completely cal-
cined from CaCO3 to CaO, 850°C was selected as the calcin-
ation temperature.
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Fig. 3.    (a) Thermal weight loss curve and heat flow curve of the sorbent precursor and (b) XRD patterns of the sorbents with dif-
ferent Ca/Mg molar ratios.
 

Fig. 3(b) shows the XRD pattern of the sorbents. The main
phases in the sorbent are CaO and MgO. With the increase of
MgO doping content,  the  intensity  of  CaO diffraction peak
gradually  decreases,  resulting  in  poor  crystallization  and
small grain size of CaO. There is no obvious shift in the peak
position of CaO, which indicates that  the doped MgO does
not  enter  the  interior  of  the  CaO  lattice,  but  instead  that  a
simple physical mixture of the two component arises during
the preparation of the sorbent [34,40].

The average grain sizes of CaO in the sorbent were calcu-
lated by the Scherrer equation:

β =
k ·λ

Dhkl · cosθ
(3)

where Dhkl is the grain size perpendicular to the crystal plane
(hkl), k is a constant, taken as 0.89 when applying half-height
peak width and 0.94 when applying integral peak width. Us-
ing Cu Kα radiation, λ equal to 0.15406 nm, β is the radian
value corresponding to the half-peak width, and θ is the dif-
fraction angle.

Table  2 shows  that  the  average  grain  sizes  of  CaO  in
8CaO·MgO,  6CaO·MgO,  4CaO·MgO,  and  2CaO·MgO
sorbents perpendicular to the (111), (200), and (220) crystal
planes  are  49.4,  47.7,  44.0,  and  42.2  nm,  respectively.  The
average  grain  size  of  CaO gradually  decreases  with  the  in-
crease of MgO doping, indicating that doping effectively pre-
vents the agglomeration and growth of CaO crystallites.

Table 2.    CaO average grain size of the sorbents

Sorbent
Dhk1 / nm

D̄/nm
(111) (200) (220)

CaO 53.0 49.0 39.6 47.2
8CaO·MgO 55.9 51.2 40.3 49.4
6CaO·MgO 55.9 50.7 40.0 47.7
4CaO·MgO 50.5 45.9 35.6 44.0
2CaO·MgO 48.5 43.8 34.3 42.2

D̄Note:  represents the average grain sizes of CaO in sorbents.
 

As shown in Fig. 4, the isothermal N2 chemisorption and
desorption curves of the sorbents are all of type IV, with the
pore size primarily around 8 nm, which represents mesopor-
ous materials. The pore characteristics parameters in Table 3
indicate that  compared to other calcium-based sorbents,  the
4CaO·MgO and 6CaO·MgO sorbents have a larger specific
surface area and pore volume: the larger the specific surface
area,  the  more  adsorption  sites  are  provided  by  the  sorbent
surface, and the stronger is the chemisorption capacity.

The SEM image and EDS element mapping results in Fig.
5 show  that  the  MgO  doping  has  an  effect  on  the  surface
morphology and the three elements Ca, Mg, and O are uni-
formly  distributed  in  the  sorbent.  Combined  with  the  find-
ings of Table 3, it can be concluded that the sorbents with rel-
atively larger  specific  surface area and pore volume have a
loose  and  porous  surface  morphology,  while  the  sorbents

Table  1.      Theoretical  and  actual  Ca/Mg  molar  ratio  of  the
sorbents

Theoretical
Ca/Mg molar

ratio

Ca2+

transformation
yield / %

Mg2+

transformation
yield / %

Actual Ca/Mg
molar ratio

2:1 99.84 96.40 2.1:1
4:1 99.84 95.52 4.2:1
6:1 99.68 94.24 6.3:1
8:1 99.68 93.60 8.5:1
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Table 3.    Pore characteristic parameters of the sorbents

Sorbent Specific surface area / (m2·g−1) BJH pore size / nm BJH pore volume / (cm3·g−1)
2CaO·MgO 1.4782 8.6565 0.006752
4CaO·MgO 2.3243 7.4672 0.008737
6CaO·MgO 1.9614 7.9290 0.008246
8CaO·MgO 1.9339 7.8946 0.007263
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with  smaller  specific  surface  area  and  pore  volume  have  a
dense  and  smooth  surface  morphology.  During  the  CO2

chemisorption  reaction,  the  loose  and  porous  surface  struc-
ture  facilitates  the  diffusion  of  CO2 into  the  interior  of  the
sorbent and the subsequent chemisorption reaction.

 3.2. CO2 single chemisorption of the sorbents

 3.2.1. Effect of MgO doping content
MgCO3 is  decomposed  into  MgO  and  CO2 at  above

around 410°C at atmospheric pressure in Fig. 3(a). Under the
experimental conditions set here, the chemisorption temper-
ature is 700°C and the desorption temperature is 850°C, both
much higher than the decomposition temperature of MgCO3.
Fig. 6 clearly shows that MgO cannot react with CO2, so it is
considered to be an inert component [31].

Fig.  7 shows  the  chemisorption  capacity  of  the  sorbents
for  a  long  CO2 chemisorption  period.  The  CO2 chemisorp-
tion  capacity  of  the  sorbents  increased  with  the  increase  of
MgO  doping  content  in  the  first  20  min.  At  20  min,  the
2CaO·MgO sorbent  had the highest  CO2 chemisorption ca-
pacity of 0.3 g/g, indicating that the increase of MgO doping
content  is  beneficial  to  increase  the  initial  CO2 chemisorp-
tion capacity. However, as the chemisorption time increases,
the  4CaO·MgO  sorbent  shows  better  chemisorption  per-
formance, which may be related to its large specific surface
area and the number of chemisorption sites provided [41–42].
The 8CaO·MgO sorbent consistently shows the lowest CO2

chemisorption capacity. Thus, a very high or very low MgO
doping content is not beneficial for the CO2 chemisorption by
the sorbents.
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Fig. 6.    SEM images and EDS element mapping results of the blocky CaO·MgO sorbent before (a) and after (b) CO2 chemisorption.
 

 3.2.2. Kinetic chemisorption of the sorbent
Based on the results presented in Fig. 7, the kinetics of the

chemisorption capacity of the 4CaO·MgO sorbent for a long
CO2 chemisorption can be further analyzed. The adsorption is
a gas–solid two-phase reaction, and the kinetic process was
analyzed  by  the  constant  temperature  adsorption  method.
Khoshandam et  al.  [43]  divided  the  process  of  CaO
chemisorption of CO2 into two stages, the first controlled by
chemical  reactions  and  the  second  controlled  by  diffusion

[44]. Fig.  8(a)–(c)  presents  the  chemisorption  capacity,  the
carbonation  conversion X,  and  its  time  derivative  dX/dt for
sorbents, respectively. Fig. 8(c) clearly shows that the reac-
tion is very fast at the beginning of the carbonation due to the
reaction between CO2 and the directly exposed surface of the
sorbent, and the reaction rate reaches its highest value point
P1. As the reaction continues, the CaCO3 product layer starts
forming  and  gradually  thickens.  The  appearance  of  this
product layer hinders the reaction between CO2 and the unre-
acted CaO inside the sorbent, increasing the diffusion resist-
ance  and  slowing  down  the  reaction.  The  reaction  rate  is
already  low  when  the  reaction  has  proceeded  to P2 (about
8%/min), after which the reaction enters a slower stage.

The kinetic simulation of the CO2 chemisorption process
of sorbent was carried out by using the kinetic model equa-
tion (Eq. (4)) for a constant temperature, the Arrhenius equa-
tion (Eq. (5)), and the Avrami-Erofeev model (Eq. (6)) [42].
dX
dt
= K ·F (X) (4)

K = K0 · exp[−E/ (RT )] (5)

F (X) = (1/n) (1−X) [−ln (1−X)]−(n−1) (6)
where X is the carbonation conversion yield of the sorbent, K
is the reaction rate constant, T is the chemisorption temperat-
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ure, K0 is  the pre-exponential  factor, E is  the activation en-
ergy, R is the gas constant and equal to 8.314 J/(mol·K), and
reaction order n equal to 1/4–4.

The Eq. (6) was fitted to the experimental  results by the
methods of least squares. Tables S1 and S2 giving the r2 val-
ues  for  different  reaction  orders n of  the  first  and  second
stages. Table S3 presents the values of K and −ln K at differ-
ent temperatures, while Fig. 9 plots −ln K against 1/(T × 10−3)
for the different stages and a linear fit. The slope of this curve
is −E/R and the intercept is −ln K0. From these, the activation
energy E and the pre-exponential factor K0 are obtained.

The results in Table 4 show that the activation energy of
the first stage is less than that of the second stage. In fact, the
lower  the  activation  energy,  the  faster  the  reaction  rate.
Therefore, the reaction rate of second stage is lower than that
of first stage. The activation energy tells the temperature de-
pendence.  As  is  seen,  the  value  of E increases  with  an  in-
crease T.  There  is  a  relationship  of  mutual  compensation
between the activation energy and the pre-exponential factor,
called the “compensation effect”, which is caused by the fact
that  the  problem  is  somewhat  ill-conditioned  [45–46]:  Ac-
cording to Arrhenius model Eq. (5) there is a linear relation-
ship  between  the  activation  energy E and  the  logarithm  of
pre-exponential factor K0, as shown in Eq. (7), the higher the

value of the activation energy E, the higher the value of the
pre-exponential factor K0.
ln K0 = aE+b (7)
where a and b are slope and intercept, and a > 0.

The  carbonation  reaction  of  the  sorbent  conforms  to  the
nucleation  and  growth  mechanism  of  the  Aveami-Erofeev
model. The linear relationship of the fitted curve is determ-
ined by the r2 values for different reaction orders n of the first
and second stages (Tables S1 and S2). Therefore, the model
of n = 2/3 is determined by fitting in the first stage (reaction
control), and the model of n = 1/2 is determined by fitting in
the second stage (diffusion control).

 3.3. CO2 regeneration chemisorption of the sorbents

Fig.  10(a)  shows  the  CO2 chemisorption  capacity  of  the
first chemisorption and the second chemisorption of the dif-
ferent  Ca/Mg  molar  ratio  sorbents.  After  the  second
chemisorption  of  CO2,  the  chemisorption  capacity  of  the
sorbents  increased  substantially  compared  to  the  first
chemisorption,  and  4CaO·MgO  shows  a  maximum  CO2

chemisorption  capacity  of  0.60  g/g.  This  phenomenon  is
known as the “self-reactivation” phenomenon of the sorbents
[47].  The  occurrence  of  self-activation  is  mainly  related  to
the structural changes of the sorbents, and Manovic and An-

Table 4.    Activation energy E and pre-exponential factor K0 of the different stages of the chemisorption

First stage Second stage
Activation energy E / (kJ·mol−1) Pre-exponential factor K0 Activation energy E / (kJ·mol−1) Pre-exponential factor K0

40.17 2.66 61.73 17.86
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thony [47] explained this phenomenon: In the preparation of
the sorbents, the sorbent precursor is calcined at high temper-
atures  to  form  a  sorbent  containing  the  inert  component
MgO. The sorbent forms a hard skeleton on the inside and a
soft  skeleton  on  the  outside.  The  soft  skeleton  shows  CO2

chemisorption performance,  but  the hard skeleton does not.
However, the hard skeleton can play a skeleton support role
inside the sorbent, which helps to maintain the stability of the
pore  structure  of  the  sorbent.  After  CO2 chemisorption–de-
sorption using the sorbent, the hard skeleton gradually trans-
forms into a  soft  skeleton with CO2 chemisorption activity,
and  the  doping  of  the  inert  component  MgO  also  helps  to
prolong the self-reactivation cycle of the sorbents, as shown
by a gradual increase in CO2 chemisorption capacity during
the first few cycles.

With reference to Fig. 10(b) and (c), it may be concluded
that before the chemisorption of CO2,  the small particles of
sorbent gathered with each other and formed irregular depos-
its  with obvious holes.  After the chemisorption of CO2,  the
sorbent generated carbonate products from the outside to the
inside, and the outer surface is covered by carbonate product
layers, which is a dense block structure. After the desorption

of CO2, the morphology of the regenerated sorbent is fluffier
showing more developed pores than the initial sorbent. As an
inert component, MgO plays a supporting role in the sorbent,
which  is  also  one  of  the  reasons  for  the  higher  CO2

chemisorption  capacity  of  the  sorbent  during  the  second
chemisorption. Therefore, to increase the CO2 chemisorption
capacity of the sorbent, the first chemisorption process step is
used as a pretreatment stage.

 3.4. Calcium-based sorbent prepared from steel slag

According to the process in Fig. 1, mixed solution was re-
placed  by  the  stainless  steel  slag  leachate  and  the  calcium-
based sorbent was prepared directly. Fig. S1 shows the SEM
image and EDS element mapping result of the calcium-based
sorbent  form  stainless  steel  slag,  the  main  elements  in  the
sorbent are Ca and Mg, and Si and Al are relatively less. The
initial  CO2 chemisorption  capacity  of  the  calcium-based
sorbent after pretreatment is calculated by Eq. (2) to be 0.40
g/g and is a very promising raw material for the CCUS.

Table  5 shows  the  CO2 chemisorption  capacity  of  the
sorbents  prepared  by  different  Ca/Mg  molar  ratio  mixture

Table 5.    Comparison of CO2 chemisorption capacity of calcium-based sorbents

Raw material Preparation method Temperature / (°C) Ca/Mg molar ratio CO2 chemisorption capacity / (g·g−1)
Stainless steel slag Co-precipitation 700 3.64:1 0.40

CaCl2+MgCl2 Co-precipitation 700

2.1:1 0.39
4.2:1 0.60
6.3:1 0.38
8.5:1 0.32
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solutions  and  stainless  steel  leachate.  The  CO2 chemisorp-
tion  capacity  of  calcium-based  sorbent  prepared  from  the
stainless steel slag leachate is lower than that prepared from
mixture solution with Ca/Mg molar ratio of 4.2:1, which may
be related to the presence of impurity elements in the adsorb-
ent.  At  present,  the  mechanisms  of  action  of  Si  and  Al  on
CO2 chemisorption  capacity  in  sorbents  is  still  in  the  re-
search stage and will be reported accordingly in the future.

 4. Conclusions

In  this  study,  the  calcium-based  sorbents  were  prepared,
and the effect  of Ca/Mg molar ratios was investigated.  The
following main conclusions are drawn as follow.

(1) The doping of MgO can reduce the size of CaO grains
found  by  calculating  and  comparing  the  microcrystalline
parameters  of  CaO  in  different  sorbents.  However,  doping
with small or large amounts of MgO is not beneficial for the
CO2 chemisorption capacity. Thus, the MgO doping should
be  carefully  designed  to  achieve  maximum  benefits  and
avoid possible drawbacks.

(2) The chemisorption kinetics of the sorbent was studied
by the Avrami-Erofeev model. It is demonstrated that the ac-
tivation energy of the first stage is lower than in the second
stage.After regeneration of the sorbent, the CO2 chemisorp-
tion  capacity  was  increased  due  to  the “self-reactivation”
phenomenon of the sorbent, and thus the skeleton support ef-
fect of MgO in the sorbent could be verified.

(3)  The  maximum initial  CO2 chemisorption  capacity  of
the sorbent prepared from the mixed solutions with different
Ca/Mg molar ratios was 0.60 g/g after pretreatment, and the
initial  CO2 chemisorption  capacity  of  the  sorbent  prepared
from  the  stainless  steel  slag  acid  leach  solution  with  the
Ca/Mg molar ratio of 3.64:1 was to be 0.40 g/g.
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