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a b s t r a c t

In order to reduce CO2 emissions and waste generation from the steelmaking industry, a high-gravity car-
bonation process via rotating packed bed (RPB) was developed using cold-rolling mill wastewater (CRW)
and basic oxygen furnace slag (BOFS). Since mass transfer among phases is believed to be a key to effec-
tive carbonation for CO2 fixation, in this study, a mass transfer model for the high-gravity carbonation
process was developed based on two-film theory. The mass transfer characteristics including overall
gas-phase mass transfer coefficient (KGa) and height of a transfer unit (HTU) were determined accord-
ingly. The results indicated that the mass transfer resistance of carbonation using BOFS/CRW in an RPB
was mainly lay on the liquid side. In addition, the effect of key operating variables such as rotating speed,
slurry flow rate, gas flow rate, and liquid-to-solid (L/S) ratio on mass transfer characteristics was eval-
uated. The developed model was validated with the experimental data, where the experimental KGa val-
ues lay within ±20% of the values estimated. Based on the obtained results, empirical models of KGa and
HTU values were established. Furthermore, response surface methodology (RSM) was applied to optimize
the high-gravity carbonation process from the viewpoint of mass transfer characteristics. The obtained
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RSM results were in fairly good agreement with the results of the developed model based on the two-film
theory. Based on the theoretical models and statistical analyses, the optimum gas-phase mass transfer
rate for high-gravity carbonation process of steelmaking slags in an RPB was graphically determined.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The CO2 mineralization by accelerated carbonation has been
regarded as diffusion controlled reaction (i.e., mass-transfer lim-
ited) according to the findings reported in the literature [1–3].
Therefore, different types of approaches such as physical inten-
sification [4] and bio- or chemical activation [5,6] were recently
carried out to improve the mass transfer and reaction kinetics.
Based on this idea, a rotating packed bed (RPB) reactor has been
introduced to improve the mass transfer rate among phases due
to its high centrifugal forces and great micro-mixing ability. RPB,
the so-called ‘‘high-gravity’’ (sometimes called the ‘‘HIGEE’’) pro-
cess, is designed to generate high acceleration via centrifugal force,
thereby enhancing mass transfer between gas and liquid, and even
between liquid and solid. Since RPB can provide a mean accelera-
tion of hundreds, and even thousands, of times greater than the
force of gravity, it can effectively lead to the formation of thin liq-
uid films and micro- or nano-droplets [7–9]. Therefore, the volu-
metric gas–liquid mass transfer coefficients are an order of
magnitude higher than those in a conventional packed bed, leading
to dramatic reductions in equipment size over that required for
equivalent mass-transfer in a gravity flow packed bed [7,9,10].

According to previous studies [11–13], performance of the high-
gravity carbonation process using an RPB was found to be better
than that using an autoclave or slurry reactor. The CO2 removal
efficiency in the flue gas by alkaline steelmaking wastes in the
RPB process was more than 96% with a short retention time (less
than 1 min) under ambient temperature and pressure conditions
[13]. Precipitation is usually a very fast process and the mixing,
especially micro-mixing, of the process is very important for parti-
cle size distribution [14]. In such a case, the precipitation process
would be controlled by the intrinsic reaction kinetics due to both
the excellent micro-mixing [15] and the fine BOFS with a particle
size of 44–88 lm in an RPB [11,13,16]. Therefore, before the pas-
sive layers around particles are formed, the minerals in BOFS can
be rapidly dissolved into solution when the BOFS moved though
the packed bed. In other words, the mass transfer between liquid
and solid phases may not be the rate limiting factor in the high-
gravity carbonation system. In addition, the reaction mechanisms
and kinetics of carbonation in an RPB have been studied using
shrinking core model [11] and surface coverage model [17], which
indicate that the film diffusion should be one of the key rate-limit-
ing steps in the high-gravity carbonation system.

Over the past years, several theoretical models have been devel-
oped for describing mass transfer phenomena of RPB for various
applications, especially for gas–liquid separation [18,19], which
was the earliest designed process. However, sophisticated assump-
tions and complicated partial differential equation programming
were generally required. In addition, no major studies on gas–liq-
uid or liquid–solid mass transfer for the high-gravity carbonation
process of alkaline solid wastes have appeared in the literature
so far. Therefore, development of an accurate and precise model
in which only algebraic equations are included is essential to opti-
mize the high-gravity carbonation process.

The objectives of this study were to (1) develop mass transfer
models for high-gravity carbonation of alkaline wastes in an RPB
based on theoretical theory, (2) determine the mass transfer
characteristics such as the overall gas-phase mass transfer coeffi-
cient (KGa) and height of a transfer unit (HTU); (3) evaluate the
effect of key operating variables such as rotating speed, slurry flow
rate and liquid-to-solid (L/S) ratio on mass transfer characteristics;
(4) establish a statistical prediction model via response surface
methodology (RSM) using experimental data, and (5) optimize
the high-gravity carbonation process through a graphical pre-
sentation according to the results of the theoretical models and
RSM.

2. Materials and methods

2.1. Materials

The ground basic oxygen furnace slag (BOFS) was provided by
China Steel Corporation (CSC) (Kaohsiung, Taiwan). The ground
BOFS was dried in an oven at 105 �C overnight to eliminate mois-
ture and then stored at room temperature in large airtight con-
tainers. The specific gravity of BOFS was 3.14 g/cm2, with a mean
particle size of 12.7 lm. The BOFS was rich in CaO (�43%) and
Fe2O3 (�29%), with minor component of SiO2 (�13%) and MgO
(�6%). The Ca(OH)2 and free-CaO contents were found to be 7.7%
and 1.0%, respectively.

Cold-rolling mill wastewater (CRW) was introduced in the car-
bonation reaction. The pH value of the CRW was in the range of
8.9–12.2. The major chemical components of CRW were sodium
ions (�860 mg/L), potassium ions (�93 mg/L), chloride ions
(�2430 mg/L) and sulfate ions (�240 mg/L). Moreover, the concen-
trations of calcium and magnesium ions were around 4.5 ppm and
0.5 ppm, respectively, of which their contribution to CO2 mineral-
ization could be neglected. The conductivity of the fresh CRW was
approximately 10,000 lmho/cm. It was noted that the CRW can
increase the leaching rate and capacity of calcium ions from
BOFS into solution, thereby enhancing the carbonation efficiency
[12,16,20].

2.2. Specifications of rotating packed bed

In this study, high-gravity ex-situ carbonation was performed in
a small pilot-scale RPB. The rotation type of packed bed in this
study was horizontal rotation, where the gas and slurry were
mixed counter-currently within the RPB. The packing zone, where
stainless steel wire acted as a packing material, had an inner
diameter of 20.5 cm and an outer diameter of 62.5 cm, correspond-
ing to an arithmetic mean radius of 46.5 cm. The axial height of the
packed bed was 19.9 cm. In this case, the designed capacity of gas
flow in the RPB was around 2.5 m3/min. In addition, the liquid dis-
tributor consisted of a tube with two vertical sets of holes spaced
180� apart. Each hole had a diameter of 0.1 cm, and the holes were
spaced at intervals of 0.6 cm. Moreover, the designed liquid loading
was 0.009–0.021 m3/(m2 min).

2.3. Carbonation experiments

In the experiments, ex-situ carbonation was carried out by the
high-gravity RPB process using a hot-stove gas at the No. 3 blast
furnace plant in CSC (Kaohsiung, Taiwan). The flue gas of the hot



Nomenclature

A rotation speed (rpm), used in response surface model
am mean acceleration (m s�2)
ae effective surface area per unit volume of packed bed

(gas–liquid interfacial) (m2 m�3)
aw wetted surface area of packing (m2 m�3)
at specific surface area of packing (m2 m�3)
B gas flow rate (m3/min), used in response surface model
C slurry flow rate (L/min), used in response surface model
C�G saturation concentration of CO2 in solution (mg/L)
C0G concentration of CO2 in solution (mg/L)
CG,i CO2 content in inlet gas streams (%)
CG,o CO2 content in outlet gas streams (%)
D L/S ratio (w/w), used in response surface model
DG diffusivity of CO2 in air (m2 s�1)
DL diffusivity of CO2 in water (m2 s�1)
dp effective diameter of packing (m)
g acceleration (m s�2)
H Henry’s law constant
h height of packing bed (m)
I enhancement factor (–)
KGae overall volumetric mass transfer coefficient (s�1)
kG gas-side mass transfer coefficient (m s�1)
kL liquid-side mass transfer coefficient (m s�1)
MG gas mass flow rate (kg s�1)
QG,i volumetric flow rate of inlet gas (m3/min), assumed to

be equal to QG

QG,o volumetric flow rate of exhaust gas (m3/min)

Qsl Slurry flow rate (L/min)
ri inside radius of packed bed (m)
ro outside radius of packed bed (m)
t0 characteristic time of carbonation (s)
V volume of packed bed (m3)

Greek letters
e porosity (–), i.e., 0.991
lL viscosity of liquid (kg m�1 s�1)
qCO2 ;i CO2 mass density at the temperature of inflow gas

streams (g L�1)
qCO2 ;o CO2 mass density at the temperature of exhaust gas

streams (g L�1)
qL density of liquid (kg m�3)
rc surface tension of packing (kg s�2)
rL surface tension of water (kg s�2)
x rotational speed (rad s�1)
x0 rotational speed (rpm)
g CO2 removal efficiency (%)
gmax maximum CO2 removal efficiency (%)

Dimensionless Groups
Re Reynolds number
Sc Schmidt number
Gr Grashof number
We Weber number
Fr Froude number
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stove containing �30 vol.% CO2 flowed inward from the outer edge
of the RPB under a slightly positive pressure driving force, while
the BOFS/CRW slurry was pumped from the repository to the inner
edge of the RPB. The slurry moved outward and left from the outer
edge of the RPB under centrifugal force. The slurry was discharged
from the bottom of the RPB, whereas the CO2 exhaust streams were
expelled from the top. In addition, the flow type of the BOFS slurry
in the RPB was a once-through operation. The schematic diagram
of the RPB process was similar to a previous study reported in
the literature [12,17].

The important operating parameters include gas flow rate (m3/
min), slurry flow rate (L/min), L/S ratio (L/kg), and rotation speed
(rpm). According to previous experience, the optimal value of L/S
ratio for BOFS/CRW slurry was observed to range between 10 L/
kg and 20 L/kg. In the meantime, the gas flow rate was set to range
from 0.33 m3/min to 0.88 m3/min. Therefore, the gas-to-liquid (G/
L) ratios can be varied from 40 to 140. In addition, CO2 concentra-
tions in the inlet and exhausted gas streams were measured using
an NDIR CO2 analyzer (Fuji, ZRJ CO2 Analyzer), with the measure-
ment range from 0% to 100% and a resolution of 0.1%.

2.4. Model development

According to the previous study [13], the CO2 consumption in
bulk solution was mainly attributed (over 98% contribution) to car-
bonation reaction with calcium ions in solution leached from the
steel slag to form calcium carbonate precipitates, where the stoi-
chiometric formula was briefly presented as Eq. (1):

Ca2þ
ðaqÞ þ CO2�

3ðaqÞ ! CaCO3ðsÞ ð1Þ

In this study, the CO2 removal efficiency (g) for the high-gravity
carbonation process was calculated as Eq. (2):
gð%Þ ¼
ðqCO2 ;i

QG;iCG;i � qCO2 ;o
Q G;oCG;oÞ

qCO2 ;i
Q G;iCG;i

�% ð2Þ

For determining the gas-phase mass-transfer coefficient in a
heterogeneous system containing the gas, liquid, and solid phases,
the following assumptions were made:

(1) The effect of an inclined gas–liquid interface is neglected.
(2) The concentration of the liquid at the particle surface is

equal to the saturation concentration of the solution. In
other words, the mass transfer between the liquid and the
solid is neglected.

(3) The changes in size and surface area of solid particles are
neglected.

(4) Solid distribution throughout the bed is uniform.
(5) The Grashof (Gr) number is determined by the mean radius

of the packed bed.

In general, the KGa in a packed bed can be described by the two-
film theory as Eq. (3):

1
KGae

¼ 1
kGae

þ H
IðkLaeÞ

ð3Þ

where H is the Henry’s law constant expressed as the ratio of the
partial pressure in the gas phase to the mass concentration in the
liquid phase. The driving force between the saturated CO2 concen-
tration in the bulk gas and the CO2 concentration on the surface
of liquid film can be determined by mass balance over a thin shell
of fluid with the RPB as shown in Eqs. (4) and (5):

1
qCO2

dMG

dV
¼ KGaeðC�G � C 0GÞ ð4Þ

dV ¼ 2prh � dr ð5Þ
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By substitution of Eq. (5) into Eq. (4), the overall gas-phase mass
transfer coefficient can be obtained as Eq. (6):
KGae ¼
MG

qGhpðr2
o � r2

i Þ
ðNTUGÞ ¼

Q G

hpðr2
o � r2

i Þ
ln

CG;i

CG;o

� �
ð6Þ

Since the volumetric gas–liquid mass transfer coefficients in an
RPB are an order of magnitude higher than those in a conventional
packed bed, the volume of the RPB reactor is much smaller than
that of a conventional reactor [9,10]. In addition, KGa increases
with the gas flow rate, with the liquid flow rate, and mainly with
the rotor speed [21].

Kelleher and Fair (1996) obtained an overall volumetric mass
transfer coefficient in terms of the area of transfer unit (ATU) for
the gas side from the literature [22]. HTU and ATU can be calcu-
lated from the experimental data using Eqs. (7) and (8), respec-
tively [23]:
HTU ¼ ro � ri

NTU
¼ ro � ri

lnðCG;i=CG;oÞ
ð7Þ
ATU ¼ pðr2
o � r2

i Þ
NTU

¼ pðr2
o � r2

i Þ
lnðCG;i=CG;oÞ

ð8Þ

More information regarding development of the mass transfer
model for high-gravity carbonation process can be found in the
Appendix A.
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Fig. 1. Effect of (a) L/S ratio and (b) slurry flow rate on KGa for high-gravity
carbonation of BOFS–CRW.
3. Results and discussion

3.1. Effect of key operating factors on KGa and HTU

In this study, the effect of key operating factors such as rotating
speed, L/S ratio, slurry flow rate, and gas flow rate on KGa and HTU
values was evaluated. Fig. 1(a) and (b) present the effect of rotation
speed, L/S ratio and slurry flow rate on KGa for high-gravity car-
bonation of BOFS–CRW, respectively. The rotation speed varied
from 150 to 550 rpm, offering a centrifugal acceleration variation
from 60 m/s2 to 770 m/s2. The KGa values were found to moder-
ately increase with an increase of rotation speed (i.e., up to 300–
500 rpm), indicating that the mass transfer resistance was reduced
by an increasing rotation speed within this range. However, when
the rotation speed increased beyond this range, a reduction in KGa
was observed. This might be attributed to the fact that the extent
of reduction in mass-transfer resistances at higher rotation speed
was compensated for by a reduction of the retention time, which
was unfavorable to carbonation reaction.

The KGa value was also found to be significantly affected by both
the L/S ratio and the slurry flow rate. The results indicate that a
superior KGa performance was achieved at a low L/S ratio, i.e., 10.
In the case of a low L/S ratio, before carbonation occurs, the con-
centration of reactive species (e.g., Ca2+) in the slurry solution
should be higher than that under a high L/S ratio, leading to a
stronger driving force of chemical potential for carbonation reac-
tion. In addition, the KGa value was found to increase significantly
with the increase of slurry flow rate. The KGa value was four times
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Fig. 2. Effect of rotation speed associated with (a) L/S ratio and (b) slurry flow rate
on HTU value for high-gravity carbonation of BOFS–CRW.
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Fig. 4. Effect of gas and slurry flow rate on HTU value for carbonation of BOFS/CRW
slurry.

Table 1
Mass transfer characteristics determined from two-film theory with their respective
CO2 capture efficiency under various operating conditions.

No Operating conditions g (%)a Mass transfer
characteristics

x0

(rpm)
QG

(m3/min)
Qsl

(L/min)
L/S
(w/w)

KGa HTU
(m)

NTU
(–)

ATU
(m2)(1/s)

1 158 0.38 5.50 20 27.3 0.037 0.658 0.319 0.858
2 200 0.38 5.50 20 37.1 0.053 0.453 0.464 0.590
3 350 0.38 5.50 20 55.9 0.094 0.256 0.819 0.334
4 500 0.38 5.50 20 50.7 0.081 0.297 0.707 0.387
5 541 0.38 5.50 20 56.2 0.095 0.255 0.825 0.332
6 158 0.38 8.33 20 51.4 0.083 0.291 0.722 0.379
7 200 0.38 8.33 20 67.8 0.130 0.186 1.132 0.242
8 350 0.38 8.33 20 95.9 0.366 0.066 3.183 0.086
9 500 0.38 8.33 20 77.0 0.169 0.143 1.471 0.186

10 541 0.38 8.33 20 67.2 0.128 0.188 1.116 0.245
11 350 0.38 6.67 20 71.3 0.144 0.168 1.247 0.220
12 350 0.38 9.33 20 97.3 0.416 0.058 3.613 0.076
13 158 0.38 5.50 15 42.3 0.063 0.382 0.550 0.498
14 200 0.38 5.50 15 59.8 0.105 0.230 0.912 0.300
15 350 0.38 5.50 15 82.8 0.202 0.119 1.759 0.156
16 400 0.38 5.50 15 98.3 0.468 0.052 4.068 0.067
17 450 0.38 5.50 15 86.4 0.229 0.105 1.993 0.137
18 500 0.38 5.50 15 71.4 0.144 0.168 1.253 0.219
19 541 0.38 5.50 15 62.6 0.113 0.214 0.984 0.278
20 158 0.38 6.67 13.3 65.0 0.121 0.200 1.049 0.261
21 200 0.38 6.67 13.3 65.1 0.121 0.200 1.052 0.260
22 350 0.38 6.67 13.3 95.8 0.365 0.066 3.172 0.086
23 500 0.38 6.67 13.3 96.9 0.401 0.060 3.488 0.079
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higher (e.g., from 0.08 s�1 to 0.35 s�1) if the slurry flow rate
increased from 5.5 L/min to 8.3 L/min under a rotation speed of
350 rpm. This implies that the mass transfer limit of high-gravity
carbonation is dependent on the liquid-phase side according to
the two-film theory. It thus suggests that the turbulence resulted
from rapid agitation or appropriate increases of rotation speed in
an RPB may reduce the thickness of the liquid film, thereby lower-
ing resistance of gaseous CO2 to transfer into solution.

The HTU values of the high-gravity carbonation in an RPB were
determined by Eq. (7) according to the HTU definition of a conven-
tional packed bed. The HTU is a simple but representative design
parameter for comparing the performance of a packed bed. The
mass transfer performance of a packed bed can be dictated by
the height of packing, e.g., (ro � ri) in the case of an RPB, and the
number of transfer units (NTU) that can be achieved in that height.
A lower HTU value represents better mass transfer performance.
Fig. 2 shows the effect of rotation speed, L/S ratio, and slurry flow
rate on HTU value. The achievable stages are affected by the inter-
facial contact area, mass flux, and transport properties of the
phases [9]. When the rotation speed of the bed is increased, the
gas velocity and the packing specific surface area can both increase,
thereby causing higher mass fluxes. However, a further increase in
rotation speed will reduce the gas-slurry contacting time in the
packed bed, thereby decreasing the CO2 removal efficiency and
HTU value. It was observed that a favorable rotation speed ranges
between 300 rpm and 500 rpm to provide sufficient retention time
for gas and liquid contacts. For a rotation speed of 350 rpm, the
HTU value was found to be 7.8–28.0 cm with various L/S ratios
between 13.3 and 20.0. Moreover, the HTU values were found to
decrease with both a decrease in L/S ratio and an increase in the
slurry flow rate.

Fig. 3 shows the effect of gas flow rate on KGa, which indicates
that the gas flow rate has little effect on KGa. It was observed that
the KGa decreased as the gas flow rate increased, which indicated
that the carbonation of BOFS/CRW in an RPB should be a liquid-
side mass transfer controlled reaction. Since an increase in gas–liq-
uid contact area and a reduction in gas–liquid mass transfer resis-
tance occur at higher gas flow rates, an overall decrease in KGa
should result from a reduction of contact time. On the other hand,
Fig. 4 shows the effect of gas and slurry flow rate on HTU value for
the high-gravity carbonation process. The results indicate that an
increase in gas flow rate results in a higher HTU value due to a
lower retention time of gas in the packed zone. Regardless of the
gas flow rate, the HTU proportionally decreases as the slurry flow
rate increases, indicating a greater CO2 removal efficiency. In con-
trast to the KGa value, the HTU value was not significantly affected
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Fig. 3. Effect of gas and slurry flow rate on KGa for carbonation of BOFS-CRW.

24 541 0.38 6.67 13.3 88.0 0.244 0.099 2.122 0.129
25 200 0.38 9.33 13.3 99.5 0.603 0.040 5.239 0.052
26 350 0.38 9.33 13.3 99.6 0.645 0.037 5.608 0.049
27 500 0.38 9.33 13.3 99.4 0.596 0.041 5.181 0.053
28 400 0.38 5.50 20 56.9 0.097 0.249 0.842 0.325
29 400 0.48 5.50 20 42.6 0.082 0.378 0.556 0.493
30 400 0.60 5.50 20 35.4 0.080 0.480 0.437 0.626
31 400 0.66 5.50 20 31.8 0.077 0.548 0.383 0.714
32 400 0.77 5.50 20 29.2 0.081 0.608 0.345 0.793
33 400 0.38 7.17 20 76.4 0.166 0.145 1.444 0.190
34 400 0.48 7.17 20 57.5 0.126 0.245 0.856 0.320
35 400 0.60 7.17 20 38.3 0.088 0.435 0.483 0.567
36 400 0.66 7.17 20 35.4 0.088 0.481 0.437 0.627
37 400 0.77 7.17 20 31.7 0.090 0.550 0.382 0.718
38 350 0.38 5.50 15 63.2 0.115 0.210 0.999 0.274
39 350 0.48 5.50 15 49.7 0.101 0.306 0.687 0.398
40 350 0.60 5.50 15 44.4 0.107 0.358 0.586 0.467
41 350 0.66 5.50 15 34.0 0.084 0.505 0.416 0.658

a g (%) = CO2 removal efficiency in flue gas, as determined by Eq. (2).
by the G/L ratio. The G/L ratio is an important factor being com-
monly utilized for absorption process design. It was noted that



Fig. 5. Comparison of experimental and calculated KGa values of high-gravity
carbonation process model developed in this study.
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the high-gravity carbonation process could be operated at the
higher G/L ratio, i.e., greater than 40, capturing a great amount of
CO2 in a relatively less slurry solution.

3.2. Model validation by experimental data

Table 1 summarized the CO2 capture efficiency under key
operating conditions and its associated mass transfer characteris-
tics including KGa, HTU, NTU, and ATU values derived from two-
film theory. The highest KGa value obtained from the developed
model was 0.645 s�1 under the designed experimental conditions
at 350 rpm, where the corresponding HTU value was 3.7 cm.
Generally, the average HTU of traditional columns was 0.5–1.0 m,
whereas the high-gravity process can potentially reduce this value
to 2.8–8.0 cm [24]. In this study, the HTU values of carbonation
using BOFS/CRW in an RPB were found to be 4–66 cm depending
on the operating conditions, which were much lower than that
using a fixed packed bed tower [25]. Consequently, the size of a
CO2 capture reactor could be significantly reduced if an RPB was
applied, which would be beneficial to field CO2 capture due to
the limited available land in industry.

In this study, a correlation for KGa in an RPB was developed
based on the assumption that KGa depends on the following
parameters: gas diffusivity, gas superficial velocity, gas density,
gas viscosity, liquid superficial velocity, liquid density, liquid vis-
cosity, centrifugal acceleration, total specific surface area of pack-
ings, and effective diameter of packings. The following equations
were obtained by the non-linear regression of experimental data
for estimation of both the KGa and HTU values of the high-gravity
carbonation process:

KGae ¼ 0:01
atDG

dp

� �
Re�1:16

G Gr0:33
G Re2:12

L ð9Þ
HTU ¼ 0:0003
atDG

dp

� �
Re2:16

G Gr�0:33
G Re�2:12

L ð10Þ

where the ranges of the dimensionless groups in this correlation are
as follows:

7:8 < ReG < 15:9 ð11Þ
1:3 < ReL < 2:2 ð12Þ
Table 2
Analysis of variance table (ANOVA) for response surface model of KGa values.

Source Sum of
squares

df Mean
square

F
value

p-value
Prob > F

Model 0.89 6 0.13 27.01 <0.0001
A: Rotation

speed
0.028 1 0.028 6.06 0.019

B: Gas flow rate 0.053 1 0.053 11.29 0.020
C: Slurry flow

rate
0.42 1 0.42 90.14 <0.0001

D: L/S ratio 0.22 1 0.22 47.12 <0.0001
AB 0.026 1 0.026 5.64 0.0235
A2 0.082 1 0.082 17.44 0.0002
C2 0.069 1 0.069 14.79 0.0005
Residual 0.15 33 0.0047
Cor total 1.04 40
2:3 < GrG < 26:8 ð13Þ

Fig. 5 shows the comparison of the KGa value estimated by the
developed model with the experimental data, which indicates that
the KGa values predicted by the developed model were similar to
the experimental value. The experimental KGa values lay within
±20% of the values estimated by Eq. (6). Both the KGa and HTU val-
ues varied with the centrifugal acceleration to the 0.33 power. As
evidenced by Eq. (9), the dependence of liquid velocity on KGa value
was much higher than that of gas velocity, indicating that the car-
bonation of BOFS/CRW in an RPB could exhibit a mass transfer resis-
tance lay on the liquid side. In contrast, in the case of the HTU value,
the effect of gas velocity was similar to that of liquid velocity. It was
noted that the overall mass-transfer coefficient in an RPB, especially
the liquid-side mass transfer coefficient (kLa), was greater than that
in packed columns. Since the tangential gas velocity in the rotor is
nearly the same as that in the packing zone, the gas-side mass
transfer coefficient is believed to be in the same range as that of
the conventional packed column [26]. It was reported in the litera-
ture that the kLa value for reaction using CRW with a BOFS particle
size of less than 125 lm was 9.23 � 10�4 s�1 based on the shell
mass balance model [16].
3.3. Establishment of response surface model

In order to optimize the mass transfer rate in the high-gravity
carbonation process, a statistical KGa model was developed by
the response surface methodology (RSM) according to the experi-
mental data. A total of 40 experimental data was introduced in
the RSM analysis. The important factors including rotation speed
(coded as A), gas flow rate (B), slurry flow rate (C), and L/S ratio
(D) would affect the carbonation conversion of BOFS in an RPB.
The independent variables including rotating speed (158–
541 rpm), gas flow rate (0.38–0.77 m3/min), slurry flow rate
(0.33–0.56 m3/h), and L/S ratio (13.3–20.0 L/kg) were coded with
low and high levels in D-optimal design.

The least-squares estimation was used to determine the model
parameters in the approximating polynomial equation, represent-
ing the response surface of KGa value, with a cubic-order model.
Table 2 presents the analysis of variance table (ANOVA) for the
developed response surface model to predict the KGa values. In
general, values of ‘‘Prob > 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. In this study, the model
F-value of 27.0 implies that the model is significant; there is only
a 0.01% chance that a ‘‘Model F-Value’’ this large could occur due
to noise.



Fig. 6. Prediction versus actual values of response surface model for KGa values.

Table 3
Candidates of optimal KGa solutions using RSM under different operating conditions
and verified with theoretical model.

No x0a

(rpm)
QG

a

(m3/min)
Qsl

a

(L/min)
G/L
ratio (–)

L/S ratio
(mL/g)

KGa value (s�1)b RPDc

(%)
Eq. (14) Eq. (9)

(1) (2) (3) (4) (5) (6) (7)

1 462.1 0.33 9.33 35.4 10.12 0.670 0.672 0.3
2 462.7 0.34 9.33 36.4 10.61 0.656 0.650 0.9
3 505.1 0.82 6.50 126.2 12.35 0.708 0.715 1.0
4 487.3 0.44 9.17 48.0 11.21 0.687 0.680 1.0
5 534.4 0.72 6.33 113.7 12.77 0.672 0.632 6.1
6 360.2 0.42 9.00 46.7 10.06 0.651 0.699 7.1

a x0 = Rotation speed (rpm); QG = gas flow rate (m3/min); Qsl = slurry flow rate (L/
min).

b Eq. (14) was obtained for RSM; Eq. (9) was determined based on theoretical
model.

c RPD (relative percent difference) = |(6) � (7)|/{[(6) + (7)]/2}.
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The analysis of the fitted response surface is generally equiva-
lent to the analysis of the actual system if the fitted surface is a
satisfactory estimation of the true response function. The devel-
oped model associated with rotation speed (A), gas flow rate (B),
slurry flow rate (C), and L/S ratio (D) on overall gas-phase mass
transfer coefficient (KGa) is presented in Eq. (14). The L/S ratio
was found to exhibit a negative effect on the KGa value, while there
was a dependent relationship between rotation speed and gas flow
rate on the KGa value.
KGaðcodedÞ ¼ �0:13þ 1:32 � A� 0:71 � B� 0:16 � C � 0:14 � D

þ 2:04 � AB� 0:13 � A2 þ 0:11 � C2 ð14Þ
Figs. 6 and 7 present the comparison of the predicted KGa value with
the calculated KGa value, and the 2D contour plot of RSM model,
respectively. A good fitting of the experimental data to response
surface was observed with an R2 value of 0.85 and a standard devia-
tion of 0.068, which indicates that the KGa value could be well pre-
dicted by the RSM as expressed in Eq. (14). By changing the default
values of slurry flow rate and L/S ratio, different 2D contour plots
based on rotation speed and gas flow rate were obtained.
158.00 234.60 311.20 387.80 464.40 541.00

0.38

0.79

1.19

1.60

2.00

A: Rotation speed (rpm)

B
: G

as
 fl

ow
 ra

te

-4

-3.12185

-2

-1.18994

-0.455601

0.196395

0.196395

0.196395
0.325635

0.627414

2

1.29832

Prediction 0.674519

Fig. 7. 2D contour plot of KGa values (carbonation conditions: 521 rpm;
QG = 0.82 m3/min; Qsl = 7.67 L/min, and L/S = 18.5).
3.4. Optimization of gas-phase mass transfer rate

Several candidate optimal KGa values were obtained at different
operating conditions by the developed RSM, as shown in Table 3.
For instance, a candidate optimal solution of KGa value might be
0.67 s�1 operated under a gas flow rate of 0.33 m3/min and a slurry
flow rate of 9.33 L/min at a rotation speed of 462 rpm with an L/S
ratio of 10.12. The candidate solutions were further verified by the
theoretical model based on the two-film theory. The obtained RSM
results were found to be in fairly good agreement with the results
of the developed model by Eq. (9), with a relative percent differ-
ence (RPD) of less than 10%. It was thus concluded that the mass
transfer characteristics in high-gravity carbonation can be opti-
mized from both the theoretical approach (i.e., two-film theory)
and the statistical approach (i.e., RSM).

Since the KGa value under different operating conditions can be
successfully determined by Eq. (9), a correlation between CO2

removal efficiency and KGa value can be established according to
the definition of KGa in two-film theory and modified as Eq. (15):
gð%Þ ¼ gmax½1� expð�t0 � KGaÞ� ð15Þ

The gmax value is the maximum CO2 removal efficiency of the
high-gravity carbonation process, which should have a theoreti-
cally maximum value of 100%. The exponential coefficient, i.e., t0,
can be regarded as the characteristic time of carbonation, which
was approximately 7.10 ± 0.45 (s) with a determination coefficient
(r2) of 0.955, in the case of utilizing RPB. It was noted that the aver-
age residence time of liquid flow in an RPB was approximately 0.2–
0.8 s [27]. Although the carbonation reaction rate was generally
fast enough compared to the retention time of gas in an RPB, an
appropriate level of G/L ratio should be maintained for the opera-
tion of high-gravity carbonation. At a constant slurry flow rate,
an increase in gas flow rate, corresponding to a greater G/L ratio
would reduce the retention time of gas in the packed bed zone.

In order to optimize the gas-phase mass transfer rate for the
high-gravity carbonation process with a relatively lower energy
consumption, the favorable operating modulus was systematically
determined via graphical presentation, as shown in Fig. 8. The
energy consumptions including RPB, blower, air compressor and
pump were directly measured during operation and expressed in
terms of kW h per ton CO2 capture by the RPB. The result indicates
that a centrifugal acceleration should be maintained at 475 m/s2

for a relatively lower energy consumption (L1 ? L2) and greater
KGa value (L3 ? L4). In addition, the favorable G/L ratio should
range from 40–55 for high-gravity carbonation (determined by
both L5 ? L6 and R1 ? R2 ? R3). A further increase in G/L ratio
up to 80 will lead to a low KGa value and high energy consumption



Fig. 8. Determination of optimal KGa value associated with favorable centrifugal acceleration (i.e., rotation speed) and G/L ratio via graphical presentation for high-gravity
carbonation process (as indicated by red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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for rotation and pumps, thereby exhibiting a poor CO2 removal effi-
ciency and capacity.

4. Conclusions

In this study, the optimum gas-phase mass transfer rate for the
high-gravity carbonation process of steelmaking slags in an RPB
was systematically determined from both theoretical considera-
tions and statistical analyses of experimental data. The developed
mass transfer model based on two-film theory was validated
against experimental data and verified by the RSM. The highest
experimental KGa value determined from the developed model
was 0.645 s�1 at a rotation speed of 350 rpm, where the
corresponding HTU value was 3.7 cm. Moreover, the mass transfer
results showed that the HTU in a liquid-film limited system (i.e.,
carbonation) can be in the range of 4–66 cm at moderate centrifu-
gal acceleration of 6–80 g. The results of theoretical dimensionless
models also were compared to that obtained from RSM. One of the
candidate optimal solutions of KGa value from RSM simulation was
0.67 s�1 operated under a gas flow rate of 0.33 m3/min and a slurry
flow rate of 9.33 L/min at a rotation speed of 462 rpm with an L/S
ratio of 10.12. Furthermore, the energy consumptions of unit pro-
cesses were included to obtain a compromise between CO2

removal efficiency and energy consumption for process optimiza-
tion. This suggests that a favorable G/L ratio for superior mass-
transfer and energy consumption will be achieved at the range of
40–55 under a centrifugal acceleration of 475 m/s2.
It was noted that an integrated approach to utilizing theoretical
model and statistical analysis (i.e., RSM) for identification of the
key operating parameters was investigated in this study.
Furthermore, the future research should be focused on the changes
of size and surface area of solid particles because part of the min-
eral might dissolve and reduce the particle size, and some of parti-
cles will collide each other, thereby breaking up into smaller
particles and increasing the surface area during the carbonation.
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Appendix A. Mass transfer model

Several studies have conducted different kinetic model to deter-
mine the rate-limiting step of mineral carbonation [2,28]. In fact,
solid–liquid mass transfer is particularly important in mineral car-
bonation, and in many cases the rate limiting factor [18,29]
because minerals in solid matrix dissolve partly, and passive layers
are formed, gradually increasing resistance to mass transfer, and
eventually leading to incomplete conversion. In general, the
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solid–liquid mass-transfer coefficient is occasionally correlated as
itself, where such correlations are specific to the system under con-
sideration and are not generally applicable [29]. As the aforemen-
tioned, the mass transfer between liquid and solid phases in the
high-gravity carbonation system was neglected in this study.

In addition, in spite of the significant differences between RPB
and traditional packed column, penetration theory was still cap-
able of describing the liquid-side mass transfer behavior fairly well
in RPB [30]. These correlations are most often expressed in terms of
dimensionless numbers in the form of a power series. For instance,
penetration theory can be applied to RPB to yield as Eq. (A1):

kL ¼ 0:92
DL

dp

� �
Sc1=2

L Re1=3
L Gr1=6

L ðA1Þ

where the Grashof number which represents the ratio of grav-
itational to viscous forces can be determined by Eq. (A2), and the
g value can be replaced by the centrifugal acceleration term as
shown in Eq. (A3):

GrL ¼ gd3
p

qL

lL

� �2

ðA2Þ

g ¼ am ¼
r2

o þ r2
i

2

� �1=2

x2 ðA3Þ

Another commonly used prediction for liquid-side (kL) and gas-
side (kG) mass transfer coefficient in a conventional packed column
is that of Onda et al. (1968), as shown in Eqs. (A4) and (A5), respec-
tively. Onda et al. suggested the constant of 5.23 of Eq. (A5) should
be best correlated by changing the constant into 2.00 for smaller
packings (i.e. diameter is less than 1.5 cm) since the KGa data for
packings smaller than 1.5 cm tend to decrease in the literatures
[31].

kL ¼ 0:0051
at

aw

� �2=3

Re2=3
L Sc�1=2

L
qL

lLg

� ��1=3

ðapdpÞ0:4 ðA4Þ

and

kG ¼ 5:23ðapDGÞRe0:7
G Sc1=3

G ðapdpÞ�2 ðA5Þ

It is usually difficult to obtain mass transfer coefficients sepa-
rated from volumetric mass transfer coefficients kLae and kGae since
the effective interfacial area between the liquid and vapor phase is
usually not known [9]. Several correlations have been reported to
estimate the wetted surface area (aw), among which the Tung
and Muh [30] found that the aw/at predicted value by Perry and
Chilton [32] is ‘‘reliable’’ under high-gravity RPB process as shown
in Eq. (A6).

aw

at
¼ ae

at
¼ 1� exp �1:45

rc

rL

� �0:75

Re0:1
L We0:2

L Fr�0:05
L

" #
ðA6Þ

The assumption of the above equality is that for packing materi-
als with small static hold up (i.e., large packing size) the wetted
area (aw) may equal the interfacial area (ae).
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