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Indirect carbonation as an efficient CO2 sequestration strategy has received
extensive attention in recent years. This study proposes a two-step leaching
indirect carbonation process using NH4Cl and CH3COOH in order to combine
the advantages of the two leaching agents to obtain a better experimental
outcome. The experimental results show that NH4Cl has a high pH buffering
capacity, which can increase the pH of the mixed leachate to an alkaline level.
Among the 21 groups of mixed leachate, 17 were alkaline (pH> 7). The mixed
leachate has a high Ca2+ ions carbonation rate under low CH3COOH con-
centration conditions, and the carbonation rate of steel slag with a particle
size of< 38 lm can reach 60% when the CH3COOH concentration is 0.1 M.
SEM imaging showed that the CaCO3 formed by the reaction exists in a
hexagonal calcite crystal form.

INTRODUCTION

The dramatic increase in the concentration of CO2

in the atmosphere has caused scientists to act. Forty
years ago, in 1980, the concentration of CO2 in the
atmosphere was 337 ppm; however, the number has
now increased to 419 ppm,1 an increase of 24.3%. As
a promising CO2 sequestration measure, carbon
capture and storage (CO2 capture and storage, CCS)
technology has received increasing attention in
recent years. CCS technology includes three parts:
CO2 capture, CO2 utilization, and CO2 storage.2 It
uses certain technical means (such as chemical
absorption, membrane separation, and adsorbent
adsorption) to capture CO2 from combustion or
gasification processes.3 The captured CO2 is then
used in the food and beverage industry, chemical
production (such as urea, methanol, etc.), and
mineral carbonation,4 or it is pressurized (>100
bar) to be transported to different geological struc-
tures or geologically-relevant locations, including
deep seas, sea beds, oil and gas fields, saline-alkali
aquifers, and other places, for long-term storage.5

The use of CCS technology is considered an

important approach for the reduction of the concen-
tration of CO2 in the atmosphere,4 and thus it also
plays a very important role in alleviating the
ecological and environmental problems caused by
the greenhouse effect.

Mineral carbonation is an important method of
storage in CCS technology; that is, alkaline earth
metal ions (mainly Ca2+ ions) within minerals react
with CO2 to form thermodynamically stable carbon-
ate, thereby achieving CO2 sequestration.6 The
processes of mineral carbonation are classified as
direct carbonation or indirect carbonation according
to their technical route. Direct carbonation refers to
a process in which mineral feed stock and CO2 react
to form carbonate through a one-step reaction.
Indirect carbonation includes two steps, a leaching
step and a precipitation step; that is, the alkaline
earth metal elements in the minerals are extracted
with chemical reagents, and then CO2 is introduced
into the leachate to react, producing pure carbon-
ate.7 Indirect carbonation has greater advantages
than direct carbonation because, firstly, the pH
environment required for the leaching reaction and
the carbonation reaction is different. An acidic
environment is conducive to the leaching reaction,
and an alkaline environment is beneficial for the
carbonation reaction.6 Indirect carbonation sepa-
rates the two steps so that they can be carried out in
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their respective, suitable pH environments; thus, a
higher leaching rate and carbonation rate can be
obtained.8 Secondly, carbonate generated by direct
carbonation will deposit onto the surface of mineral
particles,9 hindering further leaching of the alkaline
earth metal ions, while the leaching reaction of
indirect carbonation does not involve the deposition
of carbonate, thus avoiding the reduction of the
leaching rate. Finally, indirect carbonation can
obtain pure carbonate, which can lead to consider-
able economic benefits.10,11

Steel slag is a byproduct of the steelmaking
process, and is often used as a feed stock for mineral
carbonation due to its special physical and chemical
properties. Steel slag has a relatively high content
of CaO (30–60%),12–14 which allows for the provision
of more alkaline earth metal elements for the
carbonation reaction. At the same time, due to the
presence of free CaO, steel slag tends to be alka-
line,15,16 which is quite advantageous for the car-
bonation reaction because CO3

2� ions are often
formed in an alkaline environment.17 In addition,
the iron and steel industries that produce steel slag
also generate a large amount of CO2, which allows
the steel slag to be used as a feed stock of mineral
carbonation for nearby carbon sequestration,6

reducing transportation costs.
CH3COOH and NH4Cl are commonly used in the

leaching reaction of indirect carbonation to extract
Ca2+ ions from steel slag.10,18–28 As an acid,
CH3COOH is more acidic than NH4Cl, so its leach-
ing rate for Ca2+ ions is higher. However, the strong
acidity also causes the pH of the leachate to be low,
which makes the subsequent carbonation reaction
difficult because it is hard for CO2 to dissolve in a
low pH environment and produce CO3

2� ions. After
the leaching reaction, the leachate contains
CH3COO� ions. In the carbonation reaction, the
introduction of CO2 will produce H+ ions and CO3

2�

ions in the aqueous phase, and Ca2+ ions will react
with CO3

2� ions to produce CaCO3. Because
CH3COOH is a weak acid, the CH3COO� ions will
combine with H+ ions to produce CH3COOH again.
With the continuous introduction of CO2, the
amount of CH3COOH will gradually increase.
CH3COOH will dissolve CaCO3 and make the
reacted Ca2+ ions dissolve back into the aqueous
phase, which leads to a decrease in the carbonation
rate.7 Eloneva et al.21 leached Ca2+ ions from steel
slag with 1 M CH3COOH, and then carbonated the
leachate. In the case of no alkali addition, the
carbonation rate of 3% was obtained in the exper-
iment. Bilen et al.20 conducted carbonation reaction
of 0.7 M CH3COOH leachate, and their experimen-
tal results showed that the precipitation reaction
would not occur without the addition of NaOH. For
NH4Cl, its acidity comes from the H+ ions produced
by the hydrolysis of the NH4

+ ions, thus it is slightly
lower than that of CH3COOH, and its ability to
leach Ca2+ ions is also weak. During the leaching
reaction, H+ ions are constantly consumed, which

makes the equilibrium of the hydrolysis reaction
shift to the right. After the leaching reaction,
NH3ÆH2O is present in the leachate, so it is alkaline.
During the carbonation reaction of the NH4Cl
leachate, the H+ ions produced by the introduction
of CO2 consume NH3ÆH2O to produce NH4

+ ions,
which will hydrolyze to produce NH3ÆH2O. There-
fore, in the initial stage of the reaction, the NH4

+/
NH3ÆH2O pH buffer system formed in the aqueous
phase will keep the pH of the aqueous phase
stable for a long time, and this high pH environment
is conducive to the carbonation reaction. Therefore,
a higher carbonation rate of Ca2+ ions can be
obtained from the leachate of NH4Cl. Eloneva
et al.27 performed a carbonation precipitation reac-
tion on different concentrations of ammonium salt
leachate of steel slag, and the results showed that
the carbonation rate of Ca2+ ions was 50–70%. Lee
et al.29 carried out the carbonation reaction of 2 M
NH4Cl leachate and obtained a carbonation rate of
60% under the optimal experimental conditions.

In view of the characteristics of the two leaching
agents, this study proposes a combination of the two
reagents to make use of their respective advantages,
namely, the high Ca2+ ions leaching rate of
CH3COOH and the high Ca2+ ions carbonation rate
of NH4Cl, in order to obtain a better experimental
outcome.

MATERIALS AND METHODS

Materials

The steel slag used in the experiment was col-
lected from Masteel (Ma Anshan, China), and three
groups of different particle sizes were obtained by
crushing, grinding and screening: < 38 lm, 38–75
lm and 75–150 lm. The slag was dried overnight at
105�C to remove moisture, and then stored in sealed
bottles for later use. The chemical composition of
the three groups of steel slag with different particle
sizes was analyzed by x-ray fluorescence, and the
results are shown in Table I. The main chemical
components of the steel slag are CaO, MgO, SiO2,
and Fe2O3. However, the chemical composition of
the steel slag varied with the different particle sizes.
The CaO content decreased with increasing steel
slag particle size, while the Fe2O3 content increased
with increasing steel slag particle size.

Glacial CH3COOH (> 99.5 wt.%, AR) was pur-
chased from Saen Chemical Technology (Shanghai),
NH4Cl was purchased from Shanghai Aladdin Bio-
chemical Technology (> 99.8 wt.%, GR), and CO2

gas (purity> 99%) was purchased from Beijing Plex
Practical Gas.

Method

NH4Cl and CH3COOH were used for the step-by-
step leaching experiment, and the experimental
flowchart is shown in Fig. 1. In the first step, NH4Cl
solution was used to leach the Ca2+ ions in steel
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slag. After the leaching reaction, the slag obtained
in the first step was filtered and reacted with
CH3COOH. Finally, the leachates obtained in the
first and second steps were mixed, and CO2 was
introduced into the mixture for the carbonation
reaction. In the experiment, 3 groups of steel slag
with particle sizes of< 38 lm, 38–75 lm and 75–150
lm were selected. Seven groups of concentration
ratios of NH4Cl and CH3COOH were selected: 2 M,
1.9/0.1 M, 1.8/0.2 M, 1.7/0.3 M, 1.6/0.4 M, 1.5/0.5 M,
and 1.4/0.6 M. All the experiments were carried out
at room temperature (25 �C).

The First Step of the Leaching Experiment

First, 100 mL of NH4Cl solution with the required
concentration was prepared with deionized water,
and then the solution was added to a three-neck
flask and placed in a water bath. The temperature of
the water bath was set at 25�C, and a temperature
electrode and pH electrode were inserted into the
aqueous phase of the flask. The experiment was
stirred by a magnetic rotor, with the rotation speed
set at 500 rpm. Subsequently, 5 g of steel slag was
weighed, and when the temperature and pH were
stable, steel slag was added to the three-neck flask

Fig. 1. Flow chart of experiment.

Table I. Chemical composition of steel slag

Constituent (wt.%) CaO MgO Al2O3 SiO2 Fe2O3 MnO TiO2 V2O5 Cr2O3 P2O5 Others

Contentsa 45.34 4.35 1.31 11.41 30.31 2.19 1.27 0.85 0.25 2.42 0.30
Contentsb 45.19 4.15 1.32 11.40 30.56 2.30 1.35 0.85 0.26 2.38 0.24
Contentsc 43.74 4.26 1.35 11.40 31.86 2.29 1.37 0.85 0.26 2.43 0.19

a< 38 lm.b38–75 lm.c75–150 lm.
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to start the reaction. The reaction time was set to 30
min. After the reaction, the slurry was passed
through a PTFE Millipore filter (0.45 lm pore size)
to obtain the first leachate and filter residue. A
small amount of filtrate was diluted to a certain
concentration, and the concentration of Ca2+ ions
was measured by inductively coupled plasma–
atomic emission spectrometry (ICP-AES).

The leaching rate of the Ca2+ ions in the first
leaching reaction (gCa,1) was calculated by Eq. 1:

gCa;1 ¼ CCa;1 � V
mslag � xCaO

� MWCaO

MWCa � 1000
ð1Þ

where CCa,1 (mg/L) is the concentration of Ca2+ ions
in the leachate obtained in the first leaching
experiment, V (L) is the volume of the leachate,
mslag (g) is the mass of steel slag used in the
experiment, xCaO (%) is the mass fraction of CaO in
the steel slag, MWCaO (g/mol) is the molar mass of
CaO and MWCa (g/mol) is the molar mass of Ca.

The Second Step of the Leaching Experiment

Deionized water was used to prepare 100 mL of
CH3COOH solution at the required concentration,
and this was added to a three-necked flask and
placed in a water bath. A temperature electrode and
pH electrode were inserted into the CH3COOH
solution to measure the temperature and pH of the
solution online, and the rotation speed was still set
at 500 rpm. When the temperature and pH stabi-
lized, the filter residue obtained in the first step was
added to the flask to start the reaction. After 30 min,
the reaction was finished, and the reaction slurry
was filtered in the same above-mentioned way to
obtain the second leachate and filter residue.

The leaching rate of Ca2+ ions in the second
leaching reaction (gCa,2) is calculated by Eq. 2:

gCa;2 ¼ CCa;2 � V
mslag � xCaO

� MWCaO

MWCa � 1000
ð2Þ

where CCa,2 (mg/L) is the concentration of Ca2+ ions
in the leachate obtained by the second-step leaching
experiment.

Carbonation Experiment

The leachate obtained from the two-step leaching
reaction was mixed in a ratio of 1:1, and the mixed
solution was added into a three-neck flask. A
temperature electrode and pH electrode were
inserted into the mixed leachate. After the temper-
ature and pH were stabilized, CO2 was introduced
into the aqueous phase at a flow rate of 0.1 L/min for
the carbonation reaction. The reaction time was set
to 20 min. After the reaction, the carbonated slurry
was filtered by a PTFE Millipore filter to obtain
carbonated products and carbonated filtrate. A
small amount of carbonated filtrate was diluted,

and the concentration of Ca2+ ions was detected by
ICP-AES.

The Ca2+ ions carbonation rate (nCa) was obtained
from Eq. 3:

nCa ¼ 0:5CCa;1 þ 0:5CCa;2 � CCa;3

0:5CCa;1 þ 0:5CCa;2
ð3Þ

where CCa,3 (mg/L) is the concentration of Ca2+ ions
in the carbonated filtrate.

The experimental design is shown in Table II.

RESULTS AND DISCUSSION

The pH of the Leaching Reaction

Steel Slag of< 38 lm

The pH variation during leaching process can be
referred to in the online supplementary material,
where Fig. S1a shows the pH variation of the steel
slag leaching with different concentrations of
NH4Cl. The pH of the leachate quickly stabilizes
within 2 min of the reaction. At the same time, there
was little difference in the pH between the NH4Cl
leaching processes with different concentrations.
After 30 min of reaction time, the pH was in the
range of 8.69–8.89, which indicates that the NH4Cl
leachate is alkaline. In addition, the pH of the
leachate does not completely increase with a
decrease in the concentration of NH4Cl. For exam-
ple, the pH of 2 M NH4Cl was 8.74 after leaching for
30 min, while the pH of the leachate of 1.9 M NH4Cl
was 8.69. However, overall, low-concentration
NH4Cl leaching resulted in a high-pH leachate.
This is because NH4Cl is a strong acid and a weak
base salt, and because NH4

+ ions will undergo a

Table II. Experimental scheme design

No. d/lm C1,N/M C2,C/M

1 < 38 2.0 /
2 < 38 1.9 0.1
3 < 38 1.8 0.2
4 < 38 1.7 0.3
5 < 38 1.6 0.4
6 < 38 1.5 0.5
7 < 38 1.4 0.6
8 38–75 2.0 /
9 38–75 1.9 0.1
10 38–75 1.8 0.2
11 38–75 1.7 0.3
12 38–75 1.6 0.4
13 38–75 1.5 0.5
14 38–75 1.4 0.6
15 75–150 2.0 /
16 75–150 1.9 0.1
17 75–150 1.8 0.2
18 75–150 1.7 0.3
19 75–150 1.6 0.4
20 75–150 1.5 0.5
21 75–150 1.4 0.6
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hydrolysis reaction to generate NH3ÆH2O, as shown
in Eq. 4. The aqueous phases of NH4

+ and NH3ÆH2O
coexist during the reaction to form a pH buffer
system, so the pH variation is not clear.

NHþ
4 ðaqÞ þ H2OðlÞ ! NH3 � H2OðaqÞ þ HþðaqÞ ð4Þ

The pH of the CH3COOH leaching process is
shown in Fig. S1b, from which it can be clearly seen
that the pH of the leachate decreases with increas-
ing CH3COOH concentration, and the pH of
leachates with slightly differing concentration val-
ues differ greatly. For example, when leaching with
0.1 M CH3COOH, the pH of the leachate was 7.54
after 30 min of reaction time, while it was 6.21 at 0.2
M. At the same time, the time it took for the pH of
the leachate to stabilize decreased with the increas-
ing CH3COOH concentration. The pH stabilized
after 10 min at 0.1 M, and after 2 min at 0.6 M. This
is because there are fewer H+ ions that can be
ionized under low-concentration CH3COOH leach-
ing conditions, so the reaction takes a long time to
reach equilibrium. Under high-concentration
CH3COOH leaching conditions, the acid is more
abundant than the slag, so the pH stabilizes faster.

The fitting of the pH variation curve of the
leaching process found that the pH variation curves
of the NH4Cl and CH3COOH leaching processes are

in line with the curve y ¼ abx1�c

1þbx1�c. That is, in the

initial stage of the reaction, the pH increases
rapidly with increasing time. After a certain period
of time, the pH variation with time decreased, and
in the last stage of the reaction, an increase in time
did not lead to a variation in pH.

The pH of the mixed leachate of < 38 lm steel
slag is shown in Fig. 2. Except for the 1.4/0.6 M
group, the pH values of the mixed leachates are all
greater than 8, which is alkaline. At the same time,
the pH values of the mixed leachate of the 2 M, 1.9/
0.1 M, 1.8/0.2 M, 1.7/0.3 M, and 1.6/0.4 M groups are
all greater than 8.5. It should be pointed out that

the pH values of the mixed leachate of the 1.7/0.3 M
and 1.6/0.4 M groups were 5.36 and 4.98, respec-
tively, which were relatively acidic, while the pH
values of the mixed leachate were 8.66 and 8.63,
respectively, indicating that the NH4Cl had a
significant effect on raising the pH of the CH3COOH
leachate. For the 1.4/0.6 M group, the pH of the
mixed extract was lower, at only 5.44. This is
because the pH of the 0.6 M CH3COOH leachate is
4.51, which is low, and the amount of NH4Cl is
further reduced, which results in an insufficient
alkalinity for the CH3COOH leachate; therefore, the
pH of the mixed leachate is low.

Steel Slag of 38–75 lm

The pH variations in the 38–75 lm steel slag
leached in NH4Cl and CH3COOH are shown in
Fig. S2a and b, respectively. The pH of the NH4Cl
leachate at the end of the reaction was not much
different from that of the < 38 lm group, which
indicated that the particle size had little effect on the
pH of the NH4Cl leachate. This phenomenon, and the
insignificant effect of NH4Cl concentration on the pH
of the leachate in the previous section, suggest that
the NH4Cl leachate is not sensitive to changes in the
experimental parameters due to the presence of the
NH4

+/NH3ÆH2O buffer system. However, for the
CH3COOH leachate, the pH of the 38–75 lm group
was significantly lower than that of the < 38 lm
group. For the 0.1 M CH3COOH leaching, the pH of
the leachate of the < 38 lm group was 7.54, while
the pH of the 38–75 lm group was 6.37, representing
a decrease of 1.17 units. The pH of the leachate
under other concentration conditions also decreased
to different degrees. This shows that NH4Cl and
CH3COOH are two reagents with different proper-
ties. NH4Cl is a strong acid and a weak base salt that
generates H+ ions through the hydrolysis reaction of
NH4

+ ions, while CH3COOH is a weak acid that
releases H+ ions through an incomplete electrolysis
reaction, as shown in Eq. (5), which leads to the
difference in pH of their respective leachates.

CH3COOHðaqÞ ! CH3COO�ðaqÞ þ HþðaqÞ ð5Þ

The pH variations of the 38–75 lm steel slag mixed
leachate are shown in Fig. 3. The pH values of the
mixed solutions of the 2 M, 1.9/0.1 M, 1.8/0.2 M, and
1.7/0.3 M groups were greater than 8, the pH values
of the mixed solutions of the 1.6/0.4 M and 1.5/0.5 M
groups were between 7 and 8, and the pH of the 1.4/
0.6 M group was less than 7 (6.38). Compared with
the< 38 lm group, the pH of the mixture in the 38–
75 lm group decreased to a certain extent, but the
decrease was not significant. This is also due to the
buffering effect of the NH4Cl leachate.

Steel Slag of 75–150 lm

The pH variations of the 75–150 lm steel slag
leached in NH4Cl and CH3COOH are shown in

Fig. 2. pH of< 38 lm steel slag mixed leachate.
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Fig. S3. The pH of the NH4Cl leachate was in the
range of 8.57–8.74, which was not significantly lower
than the results of the first two groups. For the
CH3COOH leaching experiment, the pH of the
leachate is in the range of 4.39–5.98, and the differ-
ence between its pH and the pH of the previous group
of particle sizes is smaller than that of the former two
groups, which shows that an increase in particle size
has a weaker effect on the reaction, and that the
relationship between the particle size and the effect
on the reaction is not linear.

The pH of the 75–150 lm steel slag mixed
leachate is shown in Fig. 4. The pH of the 1.5/0.5
M group dropped below 7 (6.37), the pH of 1.6/0.4 M
dropped between 7 and 8 (7.72), and the pH of the
other four groups was still greater than 8. It can be
seen that the greater the amount of CH3COOH, the
greater the drop in pH of the mixed solution.

Ca2+ Ions Leaching Rate

The changes in the Ca2+ ions leaching rate of the
three groups of steel slags with different concentra-
tions of NH4Cl and CH3COOH are shown in Fig. 5.
The leaching rate of Ca2+ ions decreases with
decreasing NH4Cl concentration and increases with
increasing CH3COOH concentration. At the same
time, as with the pH results, changes in the
concentration of NH4Cl have little effect on the
leaching rate of the Ca2+ ions, while changes in the
concentration of CH3COOH have a more obvious
effect on the leaching rate of the ions. For the< 38
lm particle size group, as can be seen from Fig. 5a,
the leaching rate of the NH4Cl in the 1.8/0.2 M
group was 4.25% lower than that of the 1.9/0.1 M
group, while the leaching rate of the CH3COOH
increased by 99.60%. At the same time, the Ca2+

ions leaching rate of the NH4Cl is relatively low.
When leaching with 2 M NH4Cl, the leaching rates
of the three particle size groups of steel slag were
38.65%, 28.77%, and 24.15%, while the leaching
rates when leaching with 0.6 M CH3COOH were
31.93%, 29.87%, and 26.45%, respectively. The
leaching rates of 0.6 M CH3COOH in the 38–75
lm group and the 75–150 lm group were even
higher than that of 2 M NH4Cl, which shows that
the leaching ability of CH3COOH is better than that
of NH4Cl.

When leaching with 2 M NH4Cl, the leaching rate
of the 38–75 lm group was reduced by 25.56%
compared with the< 38 lm group, and the 75–150
lm group was reduced by 16.06% compared with the
38–75 lm group, which was similar to the variations
in pH, indicating that the relationship between
particle size and reaction effect is not linear. The
larger the particle size, the smaller the inhibitory
effect of increasing particle size on the reaction
effect.

In addition, the Ca2+ ions leaching ability of
CH3COOH for large particles of steel slag is better
than that of NH4Cl. It can be seen from Fig. 5 that,
as the particle size increases, the difference between
the leaching rates of CH3COOH and NH4Cl grad-
ually decreases. At the concentration of 1.9/0.1 M,
the differences in the leaching rates of CH3COOH
and NH4Cl in the three groups of particle sizes were
27.47%, 19.02%, and 14.04%, respectively. For the
< 38 lm group, the Ca2+ ions leaching rate of all
the concentrations of NH4Cl was higher than that of
CH3COOH, while in the 38–75 lm group, the
leaching rate of CH3COOH in the 1.4/0.6 M group
exceeded that of NH4Cl. For the 75–150 lm group,
there are 1.5/0.5 M and 1.4/0.6 M groups of
CH3COOH with higher leaching rates than NH4Cl.
This also shows that the leaching ability of
CH3COOH is better than that of NH4Cl, because
the specific surface area of large-sized steel slag is
small, and the diffusion path of Ca2+ ions from the
slag matrix to the surface is longer. Therefore, the
leaching reaction of Ca2+ ions does not proceed

Fig. 3. pH of 38–75 lm steel slag mixed leachate.

Fig. 4. pH of 75–150 lm steel slag mixed leachate.
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easily, and the forward reaction necessitates more
acidic conditions. The difference in the leaching rate
between CH3COOH and NH4Cl decreases with
increasing particle size, which indicates that the
acidity of CH3COOH is stronger than that of NH4Cl,
and its leaching ability for Ca2+ ions is also stronger.

The pH of the Carbonation Reaction

The pH variations during the carbonation reac-
tion of the three groups of steel slag mixed leachate
are shown in Fig. 6. Most of the pH variations result
in a step shape; in the initial stage of the reaction
(3–10 min), the pH drops slowly. Afterward, the pH
goes through a rapid decline (approximately 90 s) to
a lower level. Finally, the pH drops slowly until it
stabilizes.

During the experiment, it was found that, in the
initial stage of the reaction, the introduction of CO2

did not cause white precipitation in the leachate.
White precipitation began to appear in the solution
at about 3 min of reaction, and there was obvious
white precipitation in the aqueous phase at approx-
imately 4 min. This is because CO2 needs to be
dissolved in the aqueous phase to form carbonic acid

after it’s introduced. At the initial stage of the
reaction, there are few CO3

2� ions produced by
carbonic acid electrolysis, and the concentration
product Q of Ca2+ ions and CO3

2� ions is less than
the solubility product Ksp of CaCO3; therefore, no
CaCO3 is produced. The dissolution of CO2 at the
beginning of the reaction is the limiting link of the
reaction, so the pH of the aqueous phase decreases
slowly. As the amount of dissolved CO2 increases,
the amount of carbonic acid in the aqueous phase
also increases. At this time, carbonic acid continu-
ously ionizes H+ ions, HCO3

� ions, and CO3
2� ions,

so that the pH of the aqueous phase drops rapidly.
When the Ca2+ ions in the aqueous phase are
consumed in large quantities and have a lower
concentration, the concentration product Q of Ca2+

ions and CO3
2� ions also decreases. At this time, the

carbonation reaction progresses slowly, and the
amount of CO3

2� ions required for the reaction also
decreases. Therefore, the ionization reaction of
H2CO3 tends to balance, so the pH drops slowly
until it stabilizes.

The above phenomenon occurs when the pH of the
mixed solution is greater than 8. For the case of
pH< 8, as in the experiments of 1.4/0.6 M in the

Fig. 5. Ca2+ ions leaching rates of three groups of particle size steel slag: (a)< 38 lm; (b) 38–75 lm; (c) 75–150 lm.
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< 38 lm group and the 1.6/0.4 M, 1.5/0.5 M, and
1.4/0.6 M in the other two particle size groups, the
pH first drops rapidly and then stabilizes. This is
due to the higher concentration of CH3COOH in
these groups of experiments, which resulted in more
CH3COO� ions in the leachate. When CO2 is
introduced into the aqueous phase, CH3COO� will
combine with the H+ ions ionized by H2CO3 to
generate CH3COOH, which accelerates the ioniza-
tion of H2CO3 and makes the pH drop rapidly. At
the same time, the low pH makes it hard to generate
CO3

2� ions, so the carbonation reaction proceeds
with difficulty, and there is little white precipitate
in the aqueous phase. When the combination of
CH3COO� ions and H+ ions reaches equilibrium,
the ionization reaction of H2CO3 also tends to
equilibrium, so the pH slowly stabilizes.

Ca2+ Ions Carbonation Rate

The Ca2+ ions carbonation rate of the three groups
of steel slag leachates is shown in Fig. 7. For the
< 38 lm group, when leaching with 2 M NH4Cl, the
Ca2+ ions carbonation rate was 76.54%. As the
concentration of CH3COOH increases and the

concentration of NH4Cl decreases, the carbonation
rate gradually decreases. The carbonation rate of
the 1.9/0.1 M group was 60%, while that of the 1.4/
0.6 M group was only 3.05%, and almost no
carbonation reaction occurred. The trend in the
carbonation rate is not consistent with the trend in
the pH of the mixed leachate. Regarding the pH of
the mixture, it can be seen from Fig. 2 that, except
for the 1.5/0.5 M and 1.4/0.6 M groups, the pH
values of the other 5 mixtures were all above 8.6,
with no obvious fluctuations. However, the carbon-
ation rate decreased considerably. The carbonation
rate of the 1.6/0.4 M group was 23.62%, which was
69.14% lower than that of the 2 M group. This is
because, as the concentration of CH3COOH
increases, the amount of CH3COO� ions in the
leachate also increases. CH3COO� ions will combine
with the H+ ions ionized by H2CO3 to form
CH3COOH, thus making it difficult for the carbon-
ation reaction to occur. This result shows that the
ionic system of the leachate has a significant effect
on the carbonation rate, and that its effect is much
greater than that of pH. Therefore, in order to
control the precipitation reaction during indirect
carbonation, attention should be given not only to

Fig. 6. The pH variations during the carbonation reaction of the three particle size groups of steel slag leachates: (a)< 38 lm; (b) 38–75 lm; (c)
75–150 lm.
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the pH of the leachate but also to the ionic system of
the leachate. Under the same pH condition, the
carbonation rate of the leachate of different ionic
systems will also have considerable differences.

The carbonation rate of the 38–75 lm group was
lower than that of the < 38 lm group. Under the
condition of 1.6/0.4 M, the pH values of the leachate
of the< 38 lm group and the 38–75 lm group were
8.63 and 7.95, and the carbonation rates were
23.62% and 8.59%, respectively, which indicates
that the particle size has a greater impact on the pH
of the leachate. At the same time, the pH has a
significant effect on the carbonation rate. When the
pH drops by 0.68 units, the carbonation rate drops
by 63.63%. In addition, the pH of the 1.6/0.4 M
group of the 38–75 lm group was lower than that of
the 1.5/0.5 M of the < 38 lm group (8.05), but its
carbonation rate was higher than that groups
(4.79%), which also shows that the effect of the
leachate ionic system on the carbonation rate is
greater than the effect of pH. When the concentra-
tion of CH3COOH in the 1.5/0.5 M group is higher,
the amount of CH3COO� ions in the leachate is
greater, and the inhibitory effect of CH3COO� ions

on the carbonation reaction is more significant, so
its carbonation rate is lower. The carbonation rate
of the 75–150 lm group was further reduced, and
the carbonation rate of the four groups was lower
than 10%, including the 1.7/0.3 M group with a pH
of 8.14. This is because the large particle size makes
the reaction less complete, the amount of
CH3COOH that does not participate in the reaction
is greater, and its inhibitory effect on the carbona-
tion reaction is more obvious. The carbonation rate
under the condition of 1.9/0.1 M concentration was
29.67%, which was 50.55% lower than in the <38
lm group (60%).

Figure 8 shows the x-ray diffraction pattern of the
carbonation product. It can be seen that the reaction
product is mainly calcite, which indicates the for-
mation of CaCO3. Figure 9 shows the scanning
electron microscopy morphology of the CaCO3

formed by the precipitation reaction. The CaCO3

exists in a hexagonal calcite crystal form, with a
crystal grain size of approximately 2.5–5 lm. The
crystal grains are agglomerated, and the size of the
agglomerates is approximately 18–24 lm. The for-
mation of CaCO3 show that the carbonation reaction

Fig. 7. Ca2+ ions carbonation rate of three groups of particle size steel slag: (a)< 38 lm; (b) 38–75 lm; (c) 75–150 lm.
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can take place in the case of multistep leaching
using NH4Cl and CH3COOH without the addition of
alkali.

CONCLUSION

This study explored the experimental effects of
the indirect carbonation reaction of two-step leach-
ing using NH4Cl and CH3COOH. Among the 21

groups of mixed leachate, 17 groups had an alkaline
pH (pH> 7), while the pH of the CH3COOH
leachate was acidic except for the 0.1 M group of
< 38 lm particle size. This indicates that the
NH4Cl leachate has a strong pH buffering capacity
and can effectively increase the pH of the mixed
leachate, which is favorable for the subsequent
precipitation reaction. The pH variations of the
mixed leachate are similar to the pH variations of
the NH4Cl leachate; that is, the fluctuation is not
large, and it is mostly contained between 8 and 9.
The mixed leachate of NH4Cl and CH3COOH has a
higher Ca2+ ions carbonation rate, because the
NH4Cl leachate drives an increase in the pH of the
mixed leachate, creating a suitable alkaline envi-
ronment for the precipitation reaction. However,
the trend in the carbonation rate is not completely
consistent with the trend in pH; that is, as the
concentration of CH3COOH increases, the carbona-
tion rate undergoes a greater decrease. This result
shows that the ionic system of the leachate has a
significant effect on the carbonation rate, and that
its effect is much greater than that of the pH.

This study shows that a two-step leaching reac-
tion that uses NH4Cl and CH3COOH can combine
the advantages of the two leaching agents to obtain
a higher pH leachate and a higher Ca2+ ions
leaching rate. In view of the fact that the Ca2+ ions
carbonation rate is greatly affected by the increase
of CH3COOH concentration, we will explore in
future research how to increase the Ca2+ ions
carbonation rate of the leachate with high pH and
high CH3COOH concentration to take further
advantage of this two-step method.
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