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ABSTRACT

The global warming associated with an increase of the greenhouse gas
emissions particularly carbon dioxide (CO,) represents a worldwide problem. The CO, emissions
reduction is necessary. Thus researches on CO, capture technology which is effective and low
cost are required. 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. The slag
from steelmaking process is known as a material has the ability to capture and convert CO, to
calcium carbonate’ (CaCOS). These researches focuses on method of CO, fixation as
environmentally benign carbonate minerals and determine the optimum condition for ca”
leaching process.

.' The Ca’' leaching procedure with two solutions acetic acid and deionized
water. The optimum solution to remove CO, was calcium ion solution leachated with deionized
water. The removal efficiency was up to 75.74 % where as the removal efficiency of 39.69% was
obtained when acetic solution was applied. The lower efficiency was derived from acetic acid
solution due to pH and alkalinity that do not suitable for capture CO,. Therefore, this research
selected calcium ion solution leachated with deionized water at liquid per solid ratio (L/S) 10:1
(g/g), room temperature. This optimum condition was further examined with CO, absorption
process.

The CO, removal was investigated by synthesis gas of CO, and studied the
optimum condition for CO, removal in packed column. The parameters studied including liquid
flow rate (0.3 — 0.9 L/min), gas flow rate (0.25 — 0.85 L/min) and concentration of calcium ion
(200 - 1000 mg/L). Design of experimental and mathematic model by response surface metrology
(RSM) and central composite design (CCD) with Design Expert Software Program was used for
evaluate and show relation between independent variables. The optimum condition for CO,
removal process derived from Equation at liquid flow rate 0.77 L/min, gas flow rate 0.25 L/min
and concentration of calcium ion 725 mg/L. The predicted-efficiency in treatment CO, was up to

100 % and the results of experiment that was 97.81 % with less than 5% errors.

(4)
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y=72.52+54.11x, -164.79x, +0.079x, +0.13x, x, ~828x107° X,

where y is removal efficiency of CO, (%)
, 1s liquid flow rate (L/min)
x, 1s gas flow rate (L/min)

, 1s concentration of calcium ion solution (mg/L)

In conclusion, this research has confirmed that the steel slag can effectively
use to capture CO,. In addition, this approach can be applied as a guideline for CO, emission

reduction in industrial sector.
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Abstract: Carbon dioxide (CO» sequestrarion using

steelmaking slag via carbonation reaction comprises of

nvo steps. First, the calcium irons (C a") from the slag
particles were extracted into an acid solution. Second.
the chemical absorption of CO; v Ca¥*solution ro form
a solid particle of calcium carbonare (CaCQOs, wihere the
CQ» was sequtestrated. This studies aim 1o investigare the
oprimal condition for Ca™ extraciion from steelmaling
slag by using aceric acid solution. The response surface
methodology (RSM) was  used 1o oprimize  the
concentrarion of Ca~~. The investigated parameters were
the temperatures in the range of 30-70°C, whereby
liquidisolid mass ratio and the acetic concenrration in
the range of 3:1-20:1 and 1-8 M. respectively, were
investigated. The opiinnan conditions in the leaching
process are the liquidsolid raiio of 5:1. the acetic acid
concentrarion and temperanre of T3 M and 70 °C.
respectivelv. This optimum condition gave maxinimi
Ca™* concentrarion of 33226 ppm

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

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 curent global
warning is a global problem which caused by the
climate change due to an increasing of carbon dicxide
(CQ,) in the anmosphere [2]. Carbon dioxide mineral
sequestration is a technology that can reduce CO»
emissions to 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
mace elements. released to the environment. as they

would be wapped in inert catbonates {4]. The slag from
steelmaking process is known as a material which has the
ability to capure CO: and wansform 1o calcium
carbonate (CaCO;) owing to their high contents of
calcium (Ca™) as in a form of calcimn oxide {CaO) [5].
Thus. the extaction of Ca™ from slag is an Important
step for carbon dioxide sequestration via carbonation
process.

In this smdy. the steel making slag was used as a
precursor for leaching Ca™™ which the main objective was
to determine the optimun condition for Ca®™ leaching
process.

2. MATERIALS

The steelmaking slag is a by product from the
eleciric arc furnace (EAF) steel production obtammed from
Siam Steel Syndicate co.. Ltd. (Samut Prakan. Thailand).
Acetic acid (99.7 wt o). analyTical grade. was obmined
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 (NRD) and X-ray fluorescence spectroscopy
(XRF}

3.2 Ca™ 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 imto 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. §:1. 10:1. 15:1 and 20:1 gig.



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 dwing 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
1) 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
compomnon of the steelnaking slag is analyzed by XRY
using a Philips PW2400. The concentration of Ca™in the
leaching solution is measured by AAS (Aanalyst 100
spectrometry manutactured by Perkin-Elmer. USA).

3.4 Experimental design

Central composite design (CCD) was used 1o design

2+ - . .
of Ca” leaching experiments. Three independent
variables. namely acetic acid concentration (Xj;. M).
liquidfsolid mass ratio (.. g’g) and temperamre (13 °C)
have been investigated by the single factor method. The
coded wunits for each factor investigated in this work are
presented in Table 1.

Table 1: The CCD cousisting of 17 experimenis for the
studv of S experimental facrors in coded units

Run no. Y AV RY]
1 -1 0 0
2 -0.59  -0.539  -0.59
3 -0.59  -0.39 059
4 059 059 05
3 -0.59 039 059
6 0 -1 0
7 0 0 -1
by 0 Q 0
9 0 Q 0
10 0 0 0
11 0 0 1
12 0 1 0
13 0.59 -0.59 0359
14 0.59 -0.39 039
15 0.59 059 -0.59
16 0.39 0359 059
17 1 0

Min-Max Value 1-8 5-20  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 deternined.

The variables were coded according to the following
quation:

X, =——"% (1)

Where _\; was a coded value of the variable: x; was the
actual value of variable: x; was the acrual 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).

Z4O+Z47Y+Z4.\' +Z§“4 AVR IR

j=l i=1 j=i=1

Where Y is the measwwed response that means
concentration of calcium (C'az"). dg 1S Itercept tern). A,
;. and A are. 1espeu1ve1v the measures of the effects of
variables ;. ;Y. and 3. The variable ALY represents
the first-order interactions between .\; and _\_‘ (7<f). 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 compesition

Chemical and physical properties of slag were
measwred using XRF. XRD. and AAS. The resuits 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(Si0y),).  gehlenite (Ca,AlSiO;).
and calcium  swontum  manganese oxide ((Cagg
Sto4)MnQO;). This composition characteristic make them
suitable candidates for the industrial sequestration of
CO, {6].

4.2 Optimize leaching condition

The concentations of Ca™" at various leaching
conditions are listed in Table 2. From this table. the
optimum conditious for Ca’~ leaching were liqxlidf"solitl
ratio of 3:1. acetic acid concentration of 7.3 M. and
temperatwre 70 °C which gave a maximum Ca
concentration of 35226 ppm. The application of
response surface methodology  yielded an empimal
model that expressed the relationship between the Ca®™
concentration and investigated leaching parameters as
given by Eq. (3).

Y =111653X, +187.16.X;
—-244394 .Y, -142307

~679.88.7 &)

The value of the determination coefficient (R ) and
adjusted value of the detennination 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 C a”™ in Fig. 1 is close 0
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
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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 comresponding P values.
along with the coefficient estimate. are given in Table 3.
The smaller the magnitude of the P. the more significant
is the corresponding coeflicient. Values of P less than
0.03 indicate model terms are significant. The coefficient
estimates and the corresponding P values suggests that.
among the test variables used in the study. A7
(Concentration of acetic acid). X (Temperatures. °C) and
V.Y, (murual 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 corvesponding experimental results

NS VIR R ¢ ot

710. Experimental Predicred

1 1 10 50 3601 3169

2 2 8 40 9610

3 2 8 60 12140

4 2 15 40 6713

s 215 60 7429

6 5 5 50 26800

7 5 10 30 15930

8 S 10 50 23025

9 s 10 30 22560

10 S 10 50 2340

11 s 10 70

12 S 20 30

13 6 & 40 23286

14 6 & 60 31560 27784

15 6 15 40 13194 13777

16 6 15 60 15930 17520

17 8§ 10 30 21102 21386

,:5/"'!“'/ ’

,-f’(u - ‘/&4'

. . o
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

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 estimared by multiples linear
regression

Factor Coefficient  Computed t value P value
[ntercept -14230.7 -1.906 0.000362
X; 111633 10.78 +0.0001
A 187.16 1.261 ¢.00110
Y -679.88 -5.831 <0.0001
RVER -244.39 -9.922 ~<0.6001

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/salid
mass ratio was increase.

Tz

e W LS adeiz

& - .

CHC o
00y “encentration vy

Fig. 2. Response surface plot showing the effect o acetic
acid concentration, liquid/solid mass rario and their
muzial 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 liquidisolid 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 C a’” from steelmaking slag using
acetic acid solurion was investigated. The optinm
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 C a”* concentration of 35226 ppu.
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Abstract

CO; mineral sequestation is an inportant technology
for reducing greenhouse gas enissions. 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
obrained from both solutions were also studied. The
results shown that leaching solution of steelmmking
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.

Kevwords: Leaching. Precipitation. Steelnnaking Slag

1. Introduction

The increasing CO: concentration mainly caused
by fossil fuel combustion associated with the
areenhouse effects represented a worldwide problem
[1.2]. A possible techuology 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-
termi solution fo global warming that will keep CO»
out of the aunosphere on geologic umescales [3].
Mineral sequestration research pointed 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
catbonation than primary minerals due to their
chemical instability and thus their use might enable to
reduce epergy consumption and costs of CO, mineral
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 ineit carbonates.
The slag from steelmaking process is known as a
material has the ability to capture and convert CO; 10

calcium calbonare {CaCO;). due to their high contents
of calcium {Ca™) in the form of calcium oxide {Ca0)
So. the feaching of C a*" from slag is an important step
for CO, sequestration via carbonation process [S].
This research focuses on  method of CO;
sequestiation:  permanent  CO,  fixation  as
environmentally benign carbonate minerals. In this
case. the steelmaking slag was used as a precursor for
Ca® and the nmin objective was to determine the
optinuun 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. Thailaud). Glacial
acetic acid (99.7 wt %) analvtical grade. was obtained
from Baker. Inc. USA and used as received without
further pwification. The deionized water was produce
onsite at our laboratory.

3. Experimental
3.1 Preparation of the steehnaking slag

The steelmaking slag was dried at 105 *C in an
oven and roughly ginded with jaw crushers. The
steelmaking slag was then finely ginded by gvratory
crusher and sieved 1o get particle size of smaller than
45 um The fine grinded material was then dried
overnight at 105 >C. The compositions of prepared
slag were analyzed using X-ray diffiaction (XRD). X-
ray fluorescence spectroscopy (XRF) and Atomic
1b501pnou spectronetry (AAS).
32Ca% leaching procedure

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

The CO; removal efficiency using steelmaking
slag leaching solution obtained from section 3.2 was
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performed using a lab scale absorption reactor as
described in figure 1.

COrN,

Figure 1. A schematic of laboratory COs absorption
reactor

From figure 1. the gas mixture comtaining
15.0 vol %6 CO; and 85.0 vol 20N> was fed to 1 L of
steelmaking slag leachate in absorprion 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 (CQ; RE) was determined from
the inlet (Cy) and outlet (Cuy) CO: concentration
according to equation (1).

c -C
Coziezz-ﬂ%xmo (n
Where Cy = infet CO, concentrarion (ppin)
Cou = outlet CO; concentration {ppmy)

CO: RE = COsremoval etficiency (%o)

3.4 Analysis

The stucrure of the steelmaking slag is analyzed
by X-ray diffraction (XRD). using a Plilips 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 (Cazb) in the leaching
solution is measured by using Atomic Absorption
Spectromenny (AAS) (Adanalyst 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 S1.61 % of CaO. After
extraction with acetic acid. CaQO content in a
remaining precipitate was 6.56% where as the amount
of Ca0 in the precipitate when using deionized water
as leaching solution was almost the same as original
found in fresh slag. The XRD pattems of fresh slag.
and the solid slag leached with acetic and deionized
water were compared in figure 2. It can be seen from

figure 2 that the main compositions of slag in all cases
are tricalcium magnesium orthosilicate
(Ca;Mg(Si0,),). and gehlenite (Ca,Al;Si07). This
composition  characteristic make them suitable
candidates for the industial sequestration of CO; [6].
The extraction of Ca®" from fresh steelmaking slag by
acetic acid and deionized water gave a leachate and
leached hydrated-manix. The XRD pattems (see
figure 2) revealed that the leached hydrated-matrixes
obrained from steelmaking slag leaching with acetic
acid (slag - acetic acid) contains Tricalcium
magnesium orthosilicate (CasMg (SiO4)» stucture
(calctum  acetate  hydrate) indicating that some
elemnents in 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: 1] Tricalcium magnesiunt
orthosilicare (Ca;Mg (S10,) ». » gehlenite. and o
calciuin acetate hiydrate

Table 1 Conposition of remained — solid from XRF
analyses (units: wi.%)

Composition . Wi.%
Solid slag Solid slag
. ) . o = leached
Components Fresh leached -
! with
slag with .
< . dejonized
acetic acid i
water
CaO 51.61 6.56 S1.1
MgO 451 33 378
AlO; 9.32 10.71 7.67
S10- 1419 2431 133
Fe 04 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 CaQ from fresh slag mwch bewter than
deionized water. Since Ca™" is a metal thus it was
Letter dissolved in acid solution than water. The
concentration of Ca® in leachate using acetic acid and
deionized water leaching were up to 4755 mgl and
302 mg'l. respectively.
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Figure 3. The concentration of Ca®~ from leaching
process

4.3 CO, removal efficiency

The concenrrations 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.

—8~DI Warter
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Figure 4. The concentration of Ca®" in precipitate
¢solid) from CO, removal process

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 dejonized water was
up 10 72 %. It is swprised that the leachate of
steelmaking slag obtained by deionized water gave
nch 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 alkaliniry and
pH are the most unporrant parameters for CO,
removal instead of Ca™” concentration in solution.

e —4~~DI Waeer

—h—Acetic Acid

5 COy removd
. . e
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Figure 3. Efficiency of CO, removal

Table 2 Leachate properties

Ieachate .
. - ] Leachate using
Propernes usig acetic . N
= cdeionized water
acid
TTTYE
Ca” . <
. 4755 mgil 302 mgl
concentration N =
pH 37 11.7
L. 1270 mg/l as
Alkalinity 0 .
: - CaC O;

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 investigared. The concenmation 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 etficiency of COa
removal was much lower than of deionized water
extraction. In addition. the alkaliniry in water leaching
was very high. It can be concluded that the alkalinity
and pH are the meost important parameters for €O,
removal instead of Ca** concenmation. Thus deionized
water leaching process is adequate for steelmaking
slag extraction for CO, sequestration.
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Abstract: The slag from steelmaking process that is able to convert CO, to be calcium carbonate (CaCOj3) was studied. Calcium ion
solution was prepared by optimum condition of leaching. The leaching condition is liquid to solid ratio (L/S) 10:1 (g/g), room
temperature. The CO, removal was investigated by synthesis gas of CO, and studied the optimum condition for CO, removal in
packed column. The studied parameters include liquid flow rate (0.3 ~ 0.9 L/min), gas flow rate (0.25 — 0.85 L/min) and
concentration of calcium ion (200 — 1000 mg/L). Design of experimental and mathematic model by response surface metrology
(RSM) and central composite designm (CCD) with Design Expert Software Program was used for evaluate and showed relation
between independent variables. The optimum condition for CO, removal process is liquid flow rate of 0.77 L/min, gas flow rate of
0.25 L/min and concentration of calcium ion 725 mg/L. The predicted-efficiency in CO, treatment was up to 100 % and the results of
experiment is 97.81 % with less than 5% errors. In conclusion, this research has confirmed that the steel slag can effectively use to

remove CO,. In addition, this approach can be applied as a guideline for CO, emission reduction in industrial sector.
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1 Introduction B

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 current 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 to the
atmosphere for long-term storage of CO, {3].

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 [4]. Mineral sequestration research
pointed to accelerate the reaction for a potential industrial process. Research on the aqueous carbonation route has
focused on alkaline and concentration of calcium ion [5]. 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, mineral 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 ion (Ca2+) in the form of calcium oxide (CaO) so, the leaching of ca’* from slag is an
important step for CO, sequestration via carbonation process [6]. 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 [7]. 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 (Ca2+) as in a form of calcium oxide (CaO) {8]. Thus,
the extraction of Ca’* from slag is an important step for carbon dioxide sequestration via carbonation process.

Response surface methodologies (RSM) have long been applied to design and evaluate experiments to find
how the outcomes are influenced by various input factors or process variables. RSM has been applied to optimize
and evaluate interactive effects of independent factors. This methodology arises from experiments which include
interactive effects among various parameters. The responses of the experiment can be simply related to the chosen
independent factors by quadratic models. The model is fitted by using multiple regressions and plotted 3D
response surfaces. This approach could effectively be used to form a process model and prediction for achieving
the optimal CO, removal efficiency. Analysis of variance (ANOVA) has been employed to justify the significance
of the models.

This research focuses on method of CO, removal. The main objective was to determine the optimum

condition for CO, removal process.
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2 Materials and Method
2.1 Material
The steelmaking slag gained from Siam Steel Syndicate co., Ltd. (Samut Prakan, Thailand) was a

byproduct of the electric arc furnace (EAF). The de-ionized water was produced onsite at our laboratory.

2.2 Experimental procedure
2.2.1 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 that was 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).

2.2.2 Ca** leaching procedure

The leaching experiments were carried out in 2 L beaker glass. The prepared slag which particle size is
smaller than 45 um was added into 1 L of the de-ionized water 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 25 °C. For each experiment, the liquid samples of 10 m! 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 pum)
before analyzing by X-ray diffraction (XRD).The XRD was used to identify the structure of the steelmaking slag.
X-ray fluorescence spectroscopy (XRF) was used to measure the elemental composition of the steelmaking slag.
The concentration of Calcium ion in the solution was analyzed using Atomic absorption spectrometry (AAS). The

experimental setup is shown in Fig. 1

Mutor

Thormo couple

Fig. 1 The experimental setup

2.2.3 CO; removal efficiency
The CO; removal efficiency using steelmaking slag leaching solution obtained from section 2.2.2 was

performed in a packed column as shown in Fig. 2.
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Fig. 2 A schematic of packed column absorber for CO, removal

Fig. 2 shows the process diagram of the CO, removal. Dimension of the packed column is 100 cm height
and a 6.5 cm in diameter of acrylic column with a 60 cm bed section height polyethylene packing. The packing
material is 6 mm raschig ring. Mixed gases contain 15.0 vol % CO,, 85.0 vol %N, and two Storage Tanks for
steelmaking slag leaching solution were equipped. The experiments were performed in absorption column system
for CO, removal over room temperature (25 ‘C). The packed column was carried out by feeding the mixed gases
at the bottom of column and exiting to the top of column. The steelmaking slag leaching solution was launched at
the top of column and exited to the bottom of column by flowing across to the raschig ring packing media in
absorption column. Counter current flow between gas and solution were perfdrmed to absorb CO,. The
experimental operations were to investigate parameters of liquid flow rate (0.3-0.9 I/min), Gas flow rate (0.25-
0.85 I/min) and concentration of calcium ion (Ca”") (200-1000 mg/1) in counter current operating mode. The CO,
concentrations at the inlet and outlet of adsorber were measured. The CO, removal efficiency (CO, RE) was

determined from the inlet (C;;) and outlet (C,,) CO, concentration according to equation (1).

o, RE = S=Cau 4100 (0
Cin
Where C;, = inlet CO; concentration (ppm)
Cout = outlet CO, concentration (ppm)

CO; RE =CO; removal efficiency (%)

2.2.4 Analysis
The structure of the steelmaking slag is analyzed by X-ray diffraction (XRD), using a Philips X’Pert MPD
model, and the elemental composition of the steelmaking slag is analyzed by X-ray fluorescence spectroscopy
(XRF), using a Philips PW2400 model. The concentration of calcium ion (Ca*") in the leaching solution is
measured by using Atomic Absorption Spectrometry (AAS) (AAanalyst 100 spectrometry manufactured by
Perkin-Elmer, USA).
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2.2.5 Experimental design

The experimental design for modeling CO, removal was carried out by using response surface
methodology (RSM). RSM is useful software for optimization performing and experimental designs [9]. In this
study, RSM was used to relate parameter between the response (CO, removal efficiency, %CO; RE) and the
independent variables, as well as to optimize the relevant conditions of independent variables in order to predict
the best value of the responses. Central Composite Design (CCD) was employed to determine the effect of
operational variables on the CO; removal efficiency {10]. RSM was established with the help of the Design Expert
software program. Three independent variables, namely liquid flow rate (X;, I/min), gas flow rate (X3, /min) and
concentration of calcium ion (Ca’") (X, mg/l} have been investigated by the single factor method. The
corresponding actual values for each variable are presented in Table 1. The coded units for each factor

investigated in this work are presented in Table 2.

Table 1 Independent variables levels for the central composite design

values for the coded levels

-1.682 -1.000 0 1.000 1.682
Liquid flow rate (X}), /min 0.3 0.42 0.6 0.78 0.9
Gas flow rate (X3), I/min 0.25 0.37 055 0.73 0.85
Concentration of calcium ion (X;), mg/l 200 362 600 838 1000

Independent variables

Table 2 The CCD consisting of 20 experiments for the study of 3 experimental factors in coded units

Run no. X X; X;
1 -1 -1 - -1
2 -1 -1 1
3 -1 1 -1
4 -1 1 i
5 1 -1 -1
6 1 -1 1
7 ] 1 -1
8 I 1 1
9 0 0 0
10 0 0 0
11 0 0 0
12 1.682 0 0
13 -1.682 0 0
14 0 1.682 0
15 0 -1.682 0
16 0 0 1.682
17 0 0 -1.682
18 0 1 0
19 -1 0 0
20 0 0 1

Min-Max Value 0.3-0.9 0.25-0.85 200-1000

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 equation (2).
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X =i 0 @

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 20 runs.

Model parameters were estimated using a second order polynomial as given by equation (3).

Y:ZAO""Z}:A:'X:'"'EAHX?"'ZZ: iA"inXJ ©)
i=l i=l

i=l j=i+l

Where Y is the measured response that means the CO, removal efficiency, 4, is intercept term, 4;, 4;, and
Aj; are the measures of the effects of variables X, XX}, and X/ respectively. The variable X.X; represents the first-
order interactions between X; and X; (i<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 insignificant parameter, which could be dropped out manually from the model to enhance the regression

quality and optimization

3 Results and discussion
3.1 Slag composition

Chemical and physical properties of slag were measured using XRD, XRF, and AAS. The XRD patterns
of fresh slag and the leached slag were compared in Fig. 3. It can be seen from Fig. 3 that the main compositions
of slag in all cases are tricalcium magnesium orthosilicate (Ca;Mg(SiOy),), and gehlenite (Ca,Al,Si05). This form
of calcium ion is suitable for the CO, removal [11]. The XRF was applied to evaluate the slag compositions. The
compositions of the fresh slag, precipitated solid leached with deionized water were presented in Table 3. From
Table 3, the fresh slag contains 51.61 % of CaO but after extraction with deionized water the composition of slag
is 51.1%. It mean that CaO was dissolve around 0.5%. That is in line with the result of AAS which indicate 2000

ppm of calcium ion.
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Fig. 3 XRD patterns of the steelmaking slag used in the experiment; 0] Tricalcium magnesium orthosilicate (Ca;Mg (S8i0y) 5, ®

gehlenite, and o calcium acetate hydrate

Table 3 Composition of remained — solid from XRF analyses (units: wt.%)

Components Composition , wt.%
Fresh slag Solid slag leached with deionized water
Ca0 51.61 51.10
MgO 4.51 3.75
AlOs 9.32 7.67
Si0, 14.19 13.30
Fe,03 14.46 14.44
MnO 4.78 5.09

3.2 The coefficients in a mathematical model and model design
Process and parameters of the CO, removal efficiency using steelmaking slag leaching solution in packed
column were designed and investigated by RSM and CCD design. The CO, removals are carried out based on the

design experiment given in Table 4.

Table 4. Uncoded values of the variables used in the different experimental of the central composite design and the

corresponding experimental results

Variable
liquid flow rate gas flow rate Concentration of
(I/min) (I/min) calcium ion (mg/l)
1 0.42 0.37 362 77.72
2 0.42 0.37 838 91.22
3 0.42 0.73 362 29.29
4 0.42 0.73 838 61.54
5 0.78 0.37 362 88.33
6 0.78 0.37 838 95.69
7 0.78 0.73 362 51.10
8 0.78 0.73 838 83.18
9 0.6 0.55 600 75.74
10 0.6 0.55 600 75.74
11 0.6 0.55 600 75.45
12 09 0.55 600 98.01
13 03 0.55 600 53.92
14 0.6 0.85 600 41.16
15 0.6 0.25 600 89.64
16 0.6 0.55 1000 81.05
17 0.6 0.55 200 33.50

18 0.6 0.73 600 53.26
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19 0.42 0.55 600 65.12

20 0.6 0.55 838 77.81

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 f-value and the corresponding p-values, along
with the coefficient estimate, are given in Table 5. Corresponding p-values suggest that, among the test variables
used in this study, X;, X5, X3, XoX; and X are significant model terms. Other model terms are not significant
(with a probability value less than 0.05). The effects of the terms on the response could be easily seen from the
normalized coefficients. Based on the results, the response surface constructed in this study for predicting CO,
removal efficiency was considered reasonable. The application of response surface methodology yielded an
empirical model that expressed the relationship between the CO, removal and investigated absorption parameters

as given by equation (4).

2

y =72.52+54.11x —164.79x +0.079x  +0.13x x —8.28 X IO_SX3 )

Table 5 ANOVA for adequacy of the quadratic model

Source of P-value
Variation Sum of Squares DF Mean Square F-value Prob > F Remarks
Model 7375.22 35 1475.04 36.48 <0.0001 significant
X1 1359.01 1 1359.01 33.61 <0.0001 significant
X2 3594.68 I 3594.63 88.91 <0.0001 significant
X3 2048.79 1 2048.79 50.68 < 0.0001 significant
XpX3 236.19 1 236.19 5.84 0.0029 significant
X32 311.61 { 311.61 7.71 0.0149 significant
Residual 566.01 14 40.43
Lack of Fit 565.95 12 47.16 1680.06  0.006 significant
Pure Error 0.056 2 0.028
Correlation Total ~ 7942.23 19
R? 0.9287 Adjusted R? 0.9033
Predicted R? 0.8180 Adequate 21.363

Precision

ANOVA results of the reduced quadratic model in Table 5 indicated that the model could adequately be
used to describe the CO, removal under a range of operating conditions. Data given in this Table demonstrate that
the quadratic model was significant at 5% confidence level since P-values (0.0001) were less than 0.0500 Values
of p>f less than 0.0500 indicate that model terms are significant, while values greater than 0.1000 indicate that the

model terms are not significant. The value of the determination coefficient (R? ) and adjusted value of the

120




determination coefficient (Adjusted R?) were 0.9287 and 0.9033, respectively, indicating the model is presented
the experimental data well. This is also evident from the fact that the plot of predicted CO, removal efficiency

versus measured CO, removal efficiency in Fig. 4 is close to y = x showing that the prediction of experimental

data is quite satisfactory.
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Fig. 4 Plot of predicted CO, removal efficiency versus measured CO, removal efficiency from quadratic model.

3.3 Effect of independent variables on CO; removal efficiency

Individual and interaction effects of the three factors consist of liquid flow rate, gas flow rate, and
concentration of calcium ion on the CO, removal efficiency were presented by the quadratic model (equation (4)).
The three dimensional (3D) surface plot of the CO, removal efficiency by the quadratic model from the regression
analysis are given in Fig. 5-7. The 3D plots can be used to explain and identify the effect of each variables and
major interactions between the variables. The variables were individually, it is also important to check the

interaction effect of these variables, especially the two factor interaction effects.

3.3.1 Effect of gas flow rate and concentration of calcium ion

Fig. 5 show the response surface plot obtained as a function of gas flow rate (X) versus concentration of
calcium ion (Xj3). It is observed that CO, removal efficiency significantly increases with increasing concentration
of calcium ion and decreasing gas flow rate. The Fig. 5 expressed relation between flow rate of liquid and gas and
Concentration of calcium ion. It was shown that percent removal of CO, decrease with increasing gas flow rate, so
the coefficient of X, is -164.79. The reason is few contact time between gas and liquid at high gas flow rate, so,
percent removal of CO; lesson [12]. Furthermore, the coefficient of X3 in equation (4) is 0.079 that is the percent
CO, removal depend on calcium ion concentration of CO, directly but weakly. Because increasing bulk

concentration affect to more different between bulk and surface concentration.
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Carbon Dioxide Removal Efficiency (%)
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Fig. 5 Response surface plot showing the effect on Gas flow rate (X;) and Concentration of calcium ion (X;) on CO, removal

efficiency

3.3.2 Effect of liquid flow rate and gas flow rate
The Fig. 6 showed relation between liquid flow rate and gas flow rate. It was found that the higher liquid
flow rate provide the higher percent removal of CO,. Because it is more contact time between liquid and gas at the

high liquid flow rate. The equation (4), the coefficient of X; is 54.11, the CO, removal efficiency depend on liquid

flow rate strongly.
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Fig. 6 Response surface plot showing the effect on liquid flow rate (X;) and gas flow rate (X,) on CO, removal efficiency

3.3.3 Effect of liquid flow rate and Concentration of calcium ion

Fig. 7 expressed the relation between liquide flow rate and calcium ion concentration at gas flow rate 0.55
I/min. It can be seen that higher liquide flow rate gain higher percentage of CO, removal been in line with the
coefficient of X, in equation (4), that is 54.11. The reason why higher liquid flow rate showed higher percentage
removal is that higher flow rate gain higher mass transfer coefficient, so it can be absorbed more than at lower

flow rate.
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Fig. 7 Response surface plot showing the effect on liquid flow rate (X;) and Concentration of calcium ion (X;) on CO,

removal efficiency

3.4 Optimization of CO, removal conditions

An optimization process was carried out to determine the optimum value of CO, removal efficiency using
the Design Expert software. Parameters used in the software for each operational condition (liquid flow rate, gas
flow rate, and concentration of calcium ion ) were set as constraints within the upper and lower limit ranges. The
CO, removal model (equation (4)) was employed as objective function for the response of CO, removal efficiency
to achieve the highest performance. The program combines the constfaints into the objective function, and then
searches for the best combination to maximize this function. Accordingly, the optimum condition and respective

CO, removal efficiencies were established. As presented in Table 6

Table 6 Model validity of response surface for CO, removal under optimal condition

quuig/g(;;v) rate gas(:'/lr(:‘\;vnl)"ate Concentrati((:rr:g(;lf)calcium ion CO, removal efficiency (%CO, RE)
(0.6)] X3) X;) Predicted Experimental
0.77 0.25 725 100 97.83

An experiment was then performed to validate and confirm the optimum results of the optimization
performance. CO, removal efficiency of 97.83% as shown also in Table 6 was obtained from the experiment

which agrees well to the predicted response value, 100 %, with 95% confident.

4 Conclusion

The conclusion of this work can be drawn as follow. The optimum condition for CO, removal was
determined using a statistical response surface methodology (RSM). From the equation of response variables, the
gas flow rate has the most significant effect on CO, removal. The optimum condition for CO, removal was carried
out of liquid flow rate of 0.77 I/min, gas flow rate of 0.25 I/min and concentration of calcium ion of 725. It was

most suitable to achieve 100% and verified by an actual experimental result of 97.83%. The multiple correlation
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coefficient of determination R® obtained was 0.9287, indicating that the acquired data fitted well with the
predicted data from the quadratic model. Thus, the steel slag can effectively use to remove CO, with high

potential to be applied as a guideline for CO, emission reduction in industrial sector.
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