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(‘L!TVI) (Nﬂﬁﬂiuﬂi’)aﬂi)
0 10.32 350.02
5 7.49 148.26
10 7.48 148.27
15 7.48 148.25
ANAY 7.48 148.26
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0 10.62 603.80
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10 6.72 423.71
15 6.71 423.75

ANAY 6.72 423.71
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5 6.69 108.93
10 6.70 108.95
15 6.67 108.91
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Abstract: Carbon dioxide (CO) sequestration using
steelmaking slag via carbonation reaction comprises of
fwo steps. First, the calcium irons (Ca™") from the slag
particles were extracted into an acid solution. Second,
the chemical absorption of CO, by Ca™solution to form
a solid particle of calcium carbonate (CaCQs3), where the
COq was sequestrated. This studies aim to investigate the
optimal condifion for Ca** extraction from steelmaking
slag by using acetic acid solution. The response surface
methodology  (RSM) used to optimize the
concentration of Ca”". The investigated parameters were
the temperatures in the range of 30-70°C, whereby
liquid/solid mass ratio and the acetic concentration in
the range of 5:1-20:1 and 1-8 M, respectively, were
investigated. The optimum conditions in the leaching
process are the liquid/solid ratio of 5:1, the acetic acid
concentration and temperature of 7.3 M and 70 °C,
respectively. This optimum condition gave maximum
Ca’* concentration of 35226 ppm

Kev Words: CaCOy Carbonation/ CO/ Extraction/
Leaching/ Slag

was

1. INTRODUCTION

The global warming associated with an increase of
the greenhouse gas emissions represents a worldwide
problem that is due in major part to the industrial
combustion of fossil fuels [1]. The cwrent global
warming is a global problem which caused by the
climate change due to an increasing of carbon dioxide
(CO,) in the atmosphere [2]. Carbon dioxide mineral
sequestration is a technology that can reduce CO-
emissions fo the atmosphere for long-term storage of
CO; [3].

Interest in using industrial residue materials and by-
products as sources of calcium for mineral carbonation
has arisen because they are readily available and cheap.
Besides that. the carbonation of these waste materials
could reduce the amount of harmful substances. such as
trace elements. released to the environment, as they

would be trapped in inert carbonates [4]. The slag from
steelmaking process is known as a material which has the
ability to capture CO; and transform to calcium
carbonate (CaCO;) owing to their high contents of
calcium (Ca®) as in a form of calcium oxide (CaO) [5].
Thus. the extraction of Ca™" from slag is an important
step for carbon dioxide sequestration via carbonation
process.

In this study. the steel making slag was used as a
precursor for leaching Ca>* which the main objective was
to determine the optimum condition for Ca®" leaching
process.

2. MATERIALS

The steelmaking slag is a by product from the
electric arc furnace (EAF) steel production obtained from
Siam Steel Syndicate co., Ltd. (Samut Prakan. Thailand).
Acetic acid (99.7 wt %), analytical grade, was obtained
from Baker. Inc. USA and used as received without
further purification.

3. EXPERIMENTAL

3.1 Preparation of the steelmaking slag

The steelmaking slag was dried at 105 °C in an oven
and roughly grinded with jaw crushers. The steelmaking
slag was then finely grinded by gyratory crusher and
sieved to get particle size of smaller than 45 pm. The
fine grinded material was then dried overnight at 105 °C.
The composition of the slag is analyzed using X-ray
diffraction (XRD) and X-ray fluorescence spectroscopy
(XRF)

3.2Ca™ leaching procedure

The leaching experiments were carried out in 2 L
beaker glass. The prepared slag which particle size
smaller than 45 pum is added into 1 L of acetic acid
solution with different concentrations (1, 2, 5, 6 and 8
M) which corresponded to the ratio of the liquid/solid
mass ratio (L/S) of 5:1, 8:1. 10:1, 15:1 and 20:1 g/g,



respectively. The solutions were well mixed by using a
mechanical stirrer at 300 rpm. The leaching temperatures
were varied from 30 to 70 °C. For each experiment, the
liquid samples of 10 ml were taken during the leaching
period at 0. 1, 2, 5. 10, 20, 40, 60, 90 and 120 minutes.
The sample was filtered by syringe membrane filter (0.45
pm) before it was analyzed by XRD, XRF and Atomic
Absorption Spectrophotometer (AAS).

3.3 Analysis

The structure of the steelmaking slag is analyzed by
XRD. using a Philips X Pert MPD, and the elemental
composition of the steelmaking slag is analyzed by XRF
using a Philips PW2400. The concentration of Ca®’in the
leaching solution is measured by AAS (Aanalyst 100
spectrometry manufactured by Perkin-Elmer, USA).

3.4 Experimental design

Central composite design (CCD) was used to design
of Ca®™ leaching experiments. Three independent
variables. namely acetic acid concentration (7. M).
liquid/solid mass ratio (Y5, g/g) and temperature (X3, °C)
have been investigated by the single factor method. The
coded units for each factor investigated in this work are
presented in Table 1.

Table 1: The CCD consisting of 17 experiments for the
study of 5 experimental factors in coded units

Run no. X, X X;
1 -1 0 0
2 -0.59  -0.59  -0.59
3 -0.59  -0.59  0.59
4 -0.59 059  -0.59
5 -0.59 0.59 0.59
6 (0] -1 0
7 0 0 -1
8 0 0 0
9 0 0 0
10 0 0 0
11 (0] 0 1
12 0 1 0
3 0.59  -0.59 -0.59
14 0.59 -0.59 0.59
15 0.59 059 -0.59
16 0.59 0.59 0.59
17 1 0 0

Min-Max Value 1-8 30-70

The statistical significance of the full predicted
quadratic models was evaluated by the analysis of
variance (ANOVA). The ANOVA regression
coefficients of individual linear, quadratic and interaction
terms were determined.

The variables were coded according to the following
quation:

X =X"To (1)
Ax;

i
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Where X; was a coded value of the variable; x; was the
actual value of variable: x; was the actual value of the x;
on the center point; and Ax was the step change value.

Empirical model describing the experimental results
were developed using data collected from the 17 runs.
Model parameters were estimated using a second order
polynomial as given by Eq. (2).

3 3

2 3
V=Y 4,+> 4X,+> 4X+> > 4 XX, (2
i=1 i=1 i=l j=i+l

Where Y is the measured response that means
concentration of calcium (C a}). Ay is intercept term, A,
A;. and A4y are, respectively the measures of the effects of
variables X;. X:Y;. and Xf}. The variable X.X; represents
the first-order interactions between X; and X; (7<j). The
regression coefficients were used to make statistical
calculations to generate surface and contour plots from
the regression models. The P-values of less than 0.05
were considered to be statistically significant parameters
where as the parameters with p-values greater than 0.100
was considered as an in-significant parameter. which
could be dropped out manually from the model to
enhance the regression quality and optimization results.

4. RESULTS AND DISCUSSION

4.1 Slag composition

Chemical and physical properties of slag were
measured using XRF. XRD. and AAS. The results from
XRF indicated that the slag posses CaO up to 55%
which is a key component and XRD analysis showed that
the main compositions of slag are tricalcium magnesium
orthosilicate (Ca;Mg(S10y),). gehlenite (Ca,Al,Si0;).
and calcium strontium  manganese oxide ((Cagg
S194)MnOs). This composition characteristic make them
suitable candidates for the industrial sequestration of
CO, [6].

4.2 Optimize leaching condition

The concentrations of Ca®" at various leaching
conditions are listed in Table 2. From this table, the
optimum conditions for Ca®* leaching were liquid/solid
ratio of 5:1. acetic acid concentration of 7.3 M. and
temperature 70 °C which gave a maximum Ca®
concentration of 35226 ppm. The application of
response surface methodology vyielded an empirical
model that expressed the relationship between the Ca®
concentration and investigated leaching parameters as
given by Eq. (3).

Y =111653X, +187.16X, — 679.88.
~24439X,X, -142307

The value of the determination coefficient (R* ) and
adjusted value of the determination coefficient (Adjusted
R%) were 0.963 and 0.951, respectively, indicating the
model is present the experimental data well. This is also
evident from the fact that the plot of predicted versus
experimental concentrations of Ca*” in Fig. 1 is close to
v = x showing that the prediction of experimental data is
quite satisfactory.

The ANOVA of the quadratic regression model
indicates that the model is significant. The P values were



used as a tool to check the significance of each of the
coefficients, which, in turn, are necessary to understand
the pattern of the mutual interactions between the test
variables. The t ratio and the corresponding P values.
along with the coefficient estimate. are given in Table 3.
The smaller the magnitude of the P, the more significant
is the comresponding coefficient. Values of P less than
0.05 indicate model terms are significant. The coefficient
estimates and the corresponding P values suggests that.
among the test variables used in the study. X
(Concentration of acetic acid). X; (Temperatures. °C) and
XX, (mutual interaction between concentration of acetic
acid and liquid/solid mass ratio (L/S)) are the significant
model terms. Concentration of acetic acid (P < 0.0001)
has the largest effect on concentrations of Ca®". The
mutual interaction between concentration of acetic acid
and liquid/solid mass ratio (L/S) (P < 0.0001) were also
found to be important.

Table 2: Uncoded values of the variables used in the
different experimental of the central composite design
and the corresponding experimental results

Ry xox —
no. Experimental Predicted
1 1 10 50 3601 3169
2 2 8 40 9610 8957
3 2 8 60 12140 12700
4 2 15 40 6713 5535
5 2 15 60 7429 9278
6 5 5 50 26800 27847
7 5 10 30 15950 17994
8 5 10 30 23025 21737
9 5 10 50 22560 21737
10 5 10 30 22340 21737
11 5 10 70 23795 25481
12 5 20 50 11165 9518
13 6 &8 40 23286 24041
14 6 8 60 31560 27784
15 6 15 40 13194 13777
16 6 15 60 15930 17520
17 8§ 10 30 21102 21386
t’»"/"/)/.

’/¢4
AT

L fl

Fig. 1. Plot of predicted and measured Ca’*
concentration

Response surface are drawn as a function of two
factors at a time. holding all other factors at fixed levels
(zero. for instance). Those plots are helpful in
understanding both the main and the interaction effects
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of these two factors. These plots can be easily obtained
by calculating from the model the values taken by one
factor where the second varies with constraint of a given
Y value. The typical surface plots obtained from Eq. (2)
are given in Fig. 2 and Fig. 3. Each figure graphically
explained the effect of two interested parameters on the
production of Ca®".

Table 3: Model coefficients estimated by multiples linear
regression

Factor Coefficient  Computed t value P value
Intercept -14230.7 -4.906 0.000362
X; 111653 10.78 <0.0001
X; 187.16 4.261 0.00110

o -679.88 -5.831 <0.0001

X x X -244.39 -9.922 <0.0001

Fig. 2 show the response surface plot obtained as a
function of acetic acid concentration versus liquid/solid
mass ratio. Ca”" concentration was increased with the
increasing acetic acid concentration. It is obvious that the
concentration of Ca®* was decrease while liquid/solid
mass 1atio was increase.

B30000-35000
[25000-30000
m20000-23000
W13000-20000
®10000-1 5000
B3000-10000

10000 {"‘

3000

R
CH, " 7
COOH conceniry g, )

Fig. 2. Response surface plot showing the effect on acetic
acid concentration, liquid/solid mass ratio and their
. , 2+
mutual effect on the production of Ca

Fig. 3 show the response surface plot obtained as a
function of temperature versus liquid/solid mass ratio.
An increase in Ca®  concentration with increase in
temperature. Acceleration of diffusion phenomenon with
increasing temperature gives the reason for this fact [7].
A decrease of liquid/solid mass ratio results in an
increase of Ca*"concentration. which might be explained
by the higher ionic strength and. consequently, higher
solubility of calcium [8]. It can be observed from Fig.3
that the lowest liquid/solid mass ratio of 5 g/g gave the
highest Ca* concentration.
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Fig. 3. Response surface plot showing the effect on
temperature, liquid/solid mass ratio and their mutual
effect on the production of Ca’™

5. CONCLUSIONS

The leaching of Ca®™ from steelmaking slag using
acetic acid solution was investigated. The optimum
conditions for leaching of Ca>” were determined using a
statistical response surface methodology (RSM). From
the equation of response variables. the acetic
concentration has the most significant effect on the
concentrations of Ca’. The optimum conditions for
leaching of Ca*" were liquid/solid ratio of 5:1, acetic acid
concentration of 7.3 M and temperature of 70 °C which
gave a maximum Ca”~ concentration of 35226 ppm.
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Abstract

CO, mineral sequestration is an important technology
for reducing greenhouse gas emissions. The
steelmaking slag was interested for CO, sequestration
because of its containing high CaO. This research
aimed to investigate the CaO leaching efficiency
using two common solutions which are acetic acid
solution and pure deionized water. Several operating
variables including initial acetic acid concentration (0
and 2 M). liquid-to-slag ratio (10:1 g/g). reaction
temperature (70 °C) and reaction time (0-60 min)
were investigated. The alkalinity of leaching solution
obtained from both solutions were also studied. The
results shown that leaching solution of steelmaking
slag using deionized water gave higher pH and
alkalinity than acetic acid. The efficiency of both
leaching solutions on CO, sequestration was also
investigated and reported in this work.
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1. Introduction

The increasing CO, concentration mainly caused
by fossil fuel combustion associated with the
greenhouse effects represented a worldwide problem
[1.2]. A possible technology that can contribute to the
reduction of carbon dioxide emissions is CO,
sequestration by mineral carbonation. Sequestering
carbon dioxide in synthesized carbonates is a long-
term solution to global warming that will keep CO,
out of the atmosphere on geologic timescales [3].
Mineral sequestration research poinfted to accelerate
the reaction for a potential industrial process.
Research on the aqueous carbonation route has
focused on alkaline and concentration of Ca®" [4].
These residues are likely to be more reactive for
carbonation than primary minerals due to their
chemical instability and thus their use might enable to
reduce energy consumption and costs of CO, muneral
sequestration. The interesting in using the industrial
residue materials as a source of calcium for mineral
carbonation has increased since they are readily
available and cheap. Furthermore, the carbonation of
these wastes could reduce the amount of harmful
substances. such as trace elements. released to the
environment, as they are trapped in inert carbonates.
The slag from steelmaking process is known as a
material has the ability to capture and convert CO; to

calcium carbonate (CaCOs). due to their high contents
of calcium (Ca®) in the form of calcium oxide (Ca0O)
So. the leaching of Ca” fiom slag is an important step
for CO, sequestration via carbonation process [5].
This research focuses on method of CO,
sequestration:  permanent CO,  fixation  as
environmentally benign carbonate minerals. In this
case, the steelmaking slag was used as a precursor for
Ca™ and the main objective was to determine the
optinmm condition for Ca”” leaching process.

2. Materials

The steelmaking slag is a byproduct of the
electric arc furnace (EAF) obtained from Siam Steel
Syndicate co., Ltd. (Samut Prakan. Thailand). Glacial
acetic acid (99.7 wt %) analytical grade, was obtained
from Baker, Inc. USA and used as received without
further purification. The deionized water was produce
onsite at our laboratory.

3. Experimental
3.1 Preparation of the steelmaking slag

The steelmaking slag was dried at 105 °C in an
oven and roughly grinded with jaw crushers. The
steelmaking slag was then finely grinded by gyratory
crusher and sieved to get particle size of smaller than
45 pm. The fine grinded material was then dried
overnight at 105 °C. The compositions of prepared
slag were analyzed using X-ray diffraction (XRD), X-
ray fluorescence spectroscopy (XRF) and Atomic
absorption spectrometry (AAS).
3.2Ca" leaching procedure

The leaching experiments were carried out in 2
L beaker glass. The prepared slag which particle size
smaller than 45 pm is added into 1 L of acetic acid
solution with different concentrations (0 and 2 M)
which corresponded to the ratio of the liquid/solid
mass ratio (L/S) of 10:1 g/g. The solutions were well
mixed by using a mechanical stirrer at 300 rpm. The
leaching temperature was 70 °C. For each experiment,
the liquid samples of 10 ml were taken during the
leaching period at 0. 1. 5, 10. 15, 30 and 60 minutes.
The samples were filtered by syringe membrane filter
(0.45 um) before analyzed by XRD, XRF and AAS.
3.3 CO; removal efficiency

The CO; removal efficiency using steelmaking
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slag leaching solution obtained from section 3.2 was



performed using a lab scale absorption reactor as
described in figure 1.

COy N3y

Figure 1. A schematic of laboratory CO, absorption
reactor

From figure 1. the gas mixture containing
15.0 vol % CO, and 85.0 vol %N, was fed to 1 L of
steelmaking slag leachate in absorption reactor at a
flow rate of 0.73 I/min. The CO, concentrations at the
inlet and outlet of reactor were measured. The CO,
removal efficiency (CO, RE) was determined from
the inlet (Cy) and outlet (Cuy) CO. concentration
according to equation (1).

€0, rE = S —Cout 100 (1)
Where Cj = inlet CO, concentration (ppm)
Cout = outlet CO; concentration (ppm)
CO; RE = CO;removal efficiency (%)
3.4 Analysis
The structure of the steelmaking slag is analyzed
by X-ray diffraction (XRD). using a Philips X'Pert
MPD. and the elemental composition of the
steelmaking slag is analyzed by X-ray fluorescence
spectroscopy (XRF). using a Philips PW2400. The
concentration of calcium (Ca®) in the leaching
solution is measured by using Atomic Absorption
Spectrometry (AAS) (AAanalyst 100 spectrometry
manufactured by Perkin-Elmer, USA).

4. Results and Discussion
4.1 Slag composition

The XRF was applied to evaluate the slag
compositions. The compositions of the fresh slag,
precipitated solid leached with acetic acid and
deionized water were presented in Table 1. From
Table 1, the fresh slag contains 51.61 % of CaO. After
extraction with acetic acid. CaO content in a
remaining precipitate was 6.56% where as the amount
of CaO in the precipitate when using deionized water
as leaching solution was almost the same as original
found in fresh slag. The XRD patterns of fresh slag,
and the solid slag leached with acetic and deionized
water were compared in figure 2. It can be seen from
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figure 2 that the main compositions of slag in all cases
are tricalcium magnesium orthosilicate
(Ca;Mg(Si0y),). and gehlenite (Ca,Al,Si0;). This
composition characteristic make them suitable
candidates for the industrial sequestration of CO; [6].
The extraction of Ca™ from fresh steelmaking slag by
acetic acid and deionized water gave a leachate and
leached hydrated-matrix. The XRD patterns (see
figure 2) revealed that the leached hydrated-matrixes
obtained from steelmaking slag leaching with acetic
acid (slag - acefic acid) contains Tricalcium
magnesium orthosilicate (CasMg (SiOg4), structure
(calcium acetate hydrate) indicating that some
elements 1n steelmaking slag have reacted with acetic
acid resulting in structure change. While the leached
hydrated-matrixes obtained from steelmaking slag
leaching process using only deionized water (slag-
water) has no structural changes.
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Figure 2. XRD patterns of the steelmaking slag used
in the experiment: [J Tricalcinm magnesium
orthosilicate (CasMg (SiOy) 5. ® gehlenite, and o
calcium acetate hydrate

Table 1 Composition of remained — solid from XRF
analyses (units: wt.%)

Composition . wt.%
Solid slag Solid slag
. = leached
Components Fresh leached with
slag with S
= . . deionized
acetic acid
water
Ca0 51.61 6.56 51.1
MgO 4.51 1.33 3.75
ALO, 9.32 10.71 7.67
8i0, 14.19 24.31 13.3
Fe,O3 14.46 6.84 14.44
MnO 4.78 0.52 5.09

4.2 Concentrations of calcinm

The concentrations of calcium (Ca®™) in the
leaching solution in time period of 60 min are shown
in figure 3. It clearly shown that the acetic acid can
extract CaO from fresh slag mmch better than
deionized water. Since Ca’™ is a metal thus it was
better dissolved in acid solution than water. The
concentration of Ca’” in leachate using acetic acid and
deionized water leaching were up to 4755 mg/l and
502 mg/l, respectively.
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Figure 3. The concentration of Ca™ from leaching
process

4.3 CO, removal efficiency

The concentrations of Ca®" in precipitate (solid)
from CO; removal using leachate of steelmaking slag
obtained by using acetic acid and deionized water as
extracted solvent were compared in figure 4.
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Figure 4. The concentration of Ca®" in precipitate
(solid) from CO, removal process
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It can be seen from figure 4 that Ca®* in acetic
acid solution and deionized water hold with carbon
dioxide, to from calcium carbonate as indicated by the
reduction of Ca® concentration. The CO, removal
efficiencies using these solution were shown in figure
5. Although Ca’" eluted with acetic acid was even
high, the maximum CO, removal efficiency was only
39 %. Where as that of Ca’ in deionized water was
up to 72 %. It is surprised that the leachate of
steelmaking slag obtained by deionized water gave
much higher CO, removal efficiency than that of
acetic solution. The leachate properties using acetic
acid and deionized water are compared in table 2. It
was found that the Ca® concentration in leachate of
acetic acid solution was about 9.5 times of deionized
water. The leachate of steelmaking slag obtained by
deionized water., however, posses much higher pH
and alkalinity than that obtains by using acetic acid
solution. This results implied that the alkalinity and
pH are the most important parameters for CO,
removal instead of Ca® concentration in solution.
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Table 2 Leachate properties

Leachate :
. . i Leachate using
Properties using acetic . =
: deionized water
acid
Ca” -
. 4755 mg/l 502 mg/l
concentration = =
pH 3.7 11.7
.. 1270 mg/1 as
Alkalinity 0 CaCO;

5. Conclusions

The conclusion of this work can be drawn as
follow. The leaching of Ca® from steelmaking slag
using acetic acid and deionized water as extracted
solution was investigated. The concentration of Ca*
in acetic acid solution were much greater than that of
deionized water. Although Ca® eluted with acetic
acid was even high. the maximum efficiency of CO,
removal was much lower than of deionized water
extraction. In addition. the alkalinity in water leaching
was very high. It can be concluded that the alkalinity
and pH are the most important parameters for CO,
removal instead of Ca®" concentration. Thus deionized
water leaching process is adequate for steelmaking
slag extraction for CO, sequestration.
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