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CO,, separation under different component ratios in blast furnace gas (BFG) is of great significance for promoting
the application of top gas recovery in the iron and steel industry. The CO; separation performance in BFG under
four typical cases on zeolites modified by alkaline cations were studied. The results showed that the static
selectivity increased from 6 to 15 when BFG pressure decreased from 200 to 100 kPa. In both isotherms and
breakthrough experiments, it is favorable to obtain high adsorption selectivity of CO2/CO under the case of low
CO; concentration and high CO concentration. It could be attributed to the relative increase in the average
energy occupied by CO. In practical VPSA simulation, the LiX zeolites exhibited excellent COy recovery and
purity in all cases. It suppressed the adverse effects of CO on CO, adsorption capacity during adsorption phase
and released a large amount of CO, during desorption phase due to its significant differences in potential energy
of different adsorption sites. From the two aspects of optimizing O injection concentration and CO; separation

performance, LiX zeolites are recommended to be used in medium oxygen blast furnaces.

1. Introduction

The energy-intensive iron and steel industry (ISI) consume a large
amount of coal-dominated energy in the production process, resulting in
7% of global anthropogenic CO5 emissions [1,2]. It is reported about
70% of the total CO, emissions are in the form of blast furnace gas (BFG)
generated from blast furnace (BF) units [3,4]. The implementation of
low-carbon technology transformation in BF is crucial for reducing CO»
emissions in ISI. The most widely used CO, emission reduction tech-
nologies in ISI are Oxygen Blast Furnace (OBF) combined with top gas
cycling and CO capture and storage (CCS). It is considered the only
means of significantly reducing CO, emissions without transforming the
steel production process in the current stage [5,6]. The characteristic of
OBF technology is to increase the usage of coal powder consumption,
calorific value of BFG and reduce coke consumption by increasing ox-
ygen concentration [7]. The application of CCS technology could sepa-
rate and capture CO» from the top furnace gas for underground storage
and increase the reducibility and calorific value of BFG. Considering the
reduction of coke and storage of CO,, the direct CO; emissions in ISI can
be reduced by 68% adopting top gas cycling combined with CCS tech-
nology [8].
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The main components of BFG under high oxygen injection concen-
trations are CO3 and CO. It is related to the direct reduction and indirect
reduction leading to the conversion of coke into CO and CO into COs.
The O, concentration is considered to be the main factor affecting the
degree of reduction reaction related to CO, emissions [9]. Meanwhile, it
also leads to fluctuations in BFG compositions, which is often over-
looked. The detailed BFG compositions at different blast oxygen con-
centrations are summarized in Table 1. Generally speaking, the
separation performance is closely related to the gas composition.
Therefore, the impact of changes in gas compositions on CO5 removal
should be considered.

Currently, previous experimental work are mainly concentrated in
the field of flue gas (CO3/N3) [15] rather than BFG (CO/CO) in ISIL
There are only a few projects involving the CO, capture in traditional
blast furnace, mainly including POSCO, Course 50, UCLOS and Bayi
Steel. Han et al. reported [16] aammonia-based CO5 capture technology
used to separate blast furnace gas with COy concentration of 20% in
POSCO RIST program. Stel van der et al. [17] selectively captured CO,
concentration of 36% from oxygen blast furnace in ULCOS program. In
addition, there are some studies on the separation and capture of CO
from BFG (CO/CO3). Kim et al. [4,18] applied CuCl/Boehmite to
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Table 1
The BFG compositions under different concentration of oxygen injection.
Type of blast furnace Concentration The BFG compositions (v%) References
of Oy (V%)
CO, co Ny H, Hy0
Traditional blast furnace 20-25 20-21 21-22 53-54 2-3 / [8]
Medium oxygen enriched blast furnace 40-60 28 31 38 4 / [10,11]
Oxygen-enriched blast furnace 90 31 39 11 10 6 [12]
Full oxygen blast furnace 98-100 32-37 46-50 3-5 8 4 [9,13,14]
microporous structure by a static volumetric analyzer (ASAP 2010,
Ta_b.le 2 . ) . Micrometrics, USA). The specific surface areas were measured with
Mixing ratios of CO,/CO/He in four typical cases. Brunauer-Emmett-Teller (BET) method. The total pore volumes were
Case types Type of blast furnace €Oz co He calculated at relative pressure of P/Py = 0.98 and the pore size distri-
Case A Traditional blast furnace 20 20 60 bution of micropores were obtained by nonlocal density functional
Case B Medium oxygen enriched blast furnace 30 30 40 theory (NLDFT). The morphological features of three zeolites were
Case C Oxygen-enriched blast furnace 30 40 30 examined by scanning electron microscopy (ZEISS Gemini 300). The
Case D full oxygen blast furnace 30 50 20

selective separation and recovery of CO from blast furnace gas (N3: CO:
CO3 = 60:20:20 mol%). However, it is hardly to improve CO5 purity and
difficult combined with CCUS technology reducing CO, emission. The
above research lack analysis on the separation performance and mech-
anism of COy/CO under complex gas compositions in oxygen blast
furnace, which cannot provide guidance for the further improvement of
CO; capture performance. Therefore, the effect of different BFG com-
positions on CO2/CO separation with a systematic and deeper insight are
highly required.

Adsorption, as a high-efficiency and low-cost separation technology,
has been widely used in BFG mixtures, especially at high CO, concen-
trations [19]. The adsorption capacity and separation performance are
heavily dependent on the interaction between gas and cations on ad-
sorbents. In this work, 13X zeolites were used as adsorbents. Three
alkaline cations of Li", Na™ and K* were introduced into zeolites sur-
faces to improve the adsorption selectivity of CO»/CO mixtures. Effects
of different BFG compositions on separation performance of CO2/CO
were studied based on the adsorption isotherms, breakthrough experi-
ments and VPSA simulation. The effects of differences between gas and
cations corresponding influential rules on CO2/CO separation perfor-
mance under different cases were explored in detail. The suggestions for
the selection of adsorbents in practical VPSA processes in the OBF were
provided.

2. Experiments and methods
2.1. Preparation for zeolites with different cations

The X-type zeolites with different cations (Li*, Na™ and K*) were
studied in this work. The original powder samples of NaX were pur-
chased from Luoyang Jalon Micro-nano New Materials Co., Ltd. The LiX
and KX zeolites were obtained based on ion-exchange methods of NaX
samples modified by LiCl and KCl aqueous solution, respectively
[20-22]. NaX zeolites (5 g) were dispersed in 50 ml aqueous with 1 mol/
L LiCl or NaCl. The solid samples were collected by filtration and washed
by deionized water to remove residual cations on the surface of the
material. The above ion-exchange procedure was performed at least
three times. Subsequently, the sample were dried and activated at 383 K
for 12 h to remove a large amount of free water in the pore and at 673 K
with heating rate of 5 K/min for 24 h, respectively.

2.2. Materials characterization

The X-ray diffraction results were used to confirm position of char-
acteristic diffraction peak based on X-ray diffractometer (D8 Advance,
Bruker, Germany). Ar adsorption-desorption isotherms (87 K) were
performed in the range from 1 x 107* to 0.98 bar to analyze

concentration of Li", Na™ and K' and ion exchange degree were tested
by an inductively coupled optical atomic emission spectrometry (Agilent
5110). Pure CO5 and CO adsorption isotherms (298 K) over adsorbents
degassed at 623 K in vacuum for 8 h were examined to determine static
saturated adsorption capacity for COy and CO by a micromeritics
instrument.

2.3. Adsorption, breakthrough and TPD tests

It is important to evaluate the adsorption behaviors of CO5 and CO
over adsorbent surface including adsorption capacity, adsorption rate
and separation performance. In the breakthrough experiments, helium
was used as balance gas to replace other gases (N2 ~ 50 vol%) in BFG
except CO5 and CO, which can ensure that the partial pressure remains
unchanged. The helium concentration is constantly adjusted to keep
fixed total adsorption pressure of 1 bar under four typical cases. The
similar methods regarding adsorption separation for CO,/CO/He
mixture can be found in this literature [23]. In fact, the adsorption ca-
pacity of N5 on zeolites can be ignored because it is much smaller than
the adsorption capacity of CO (see Fig. S1). Moreover, it is difficult to
separate and detect simultaneously for CO and Ny due to the similar
molecular structure. Therefore, the BFG compositions under different
oxygen injection concentrations is simplified as ternary gas mixture of
CO,/CO/He shown in Table 2.

The multi-component breakthrough experiments for CO2/CO/He
were used to calculate dynamic saturated adsorption capacityby with a
mass spectrometry (BSD-MAB, Beishide Instrument Technology Beijing
Co., Ltd.). About 1 g of adsorbents with particle size of 250-420 um were
packed into adsorption bed (inner diameter: 6 mm and length: 100 mm).
Prior to breakthrough experiments, all samples were degassed at 623 K
for 2 h and purged by He flow with 30 ml/min to remove moisture and
other impurity gases. The component proportions in the gas mixture of
CO2/CO/He is adjusted by the corresponding gas flow ratio under 10
ml/min of total gas flow rate.

The temperature programmed desorption (TPD) experiments were
carried by a gas detection apparatus (Auto Chem II 2920, USA). The 100
mg of zeolites were heated up to 623 K at 10 K/min in a helium flow of
30 ml/min for 1 h. After cooling down to room temperature, the zeolites
were equilibrated in mixtures of COo/He or CO/He (v: v, 10/90) with
gas flow of 30 ml/min for 1 h. The desorbed amounts of CO, or CO were
determined by a thermal conductivity detector in the range from 300 K
to 900 K at 10 K/min in a helium flow.

2.4. Separation performance evaluation

Adsorption separation parameters including separation factor, CO,
recovery and purity are essential for evaluating separation performances
of adsorbents. Separation factor can reflect the purity of CO5 gas outlet,
which is crucial for the processing and utilization of COs. It is generally
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Fig. 1. XRD patterns (a), Ar adsorption isotherms (b) and pore size distribution (c) of three zeolites.
Table 3 7
Experimental results for structural parameters of zeolites.
Adsorbents BET surface Pore volume Pore size Ion exchange 6 |
area (mz/g) (cmg/g) (nm) degree (%)
LiX 828 0.32 0.74-0.86 75.80 5L
NaX 854 0.32 0.75-0.87
KX 693 0.29 0.67-0.86 88.68
~ 4 -
o0
=

. . . . =]
believed that adsorbents with the separation factor higher than 2 can be g
applied in the practical separation process [24]. In this work, S1 for é 3r CO, on LiX
static selectivity is used to predict the separation performance of COy/ & ; d —=——0—CO, on NaX
CO mixed gas based on pure gas isotherm, and the formula is defined as 2F 5 CO, on KX
follows: T

1
VsCO,/VsCO B
51 = V3€0x/VsCO )
YC0,/YCO
0
where VsCO2 and VsCO are the mole fractions of CO, and CO on the | | | | | |
adsorbents obtained from equilibrium isotherms, YCO, and YCO are the 0 20 40 60 80 100
corresponding mole fractions of CO5 and CO in gas phase. P (kPa)

S2 for dynamic selectivity is used to calculate separation perfor-
mance from breakthrough curves under practical mixing conditions of 12 b
CO,/CO/He. It is defined as:

VdCO,/vdCO 1.0 -
52 = VdCO:/VdCO @ 0
YC0,/YCO
Where V4CO2 and V4CO are CO and CO adsorption capacity obtained by o 08 1
numerical integration of the gas concentration at the outlet of the fixed =
bed. The method for calculating dynamic adsorption capacity can be g 0.6
found in our previous study [22]. \E/

The CO; purity and recovery are related to each gas flow rate and s 04k —s——+— CO on LiX
volume concentration in product stream from PSA process. The CO» —e——0— CO on NaX
recovery rate is defined as the ratio of amount of CO; in the product —e———COonKX
stream to the amount of CO; in the feed stream. The COy purity is 02
defined as the ratio of amount of CO; in the product stream to the
amount of total gas in the product stream. The detailed formulas for 0.0 |
purity and recovery are as follows: L L L L L L

" 0 20 40 60 80 100
F, dt
Purityo, = Jo' Fououco,dt ;::!_You[.COZ 3) P (kPa)
’ Jo' Foudt
Fig. 2. Adsorption-desorption isotherms of CO, (a) and CO (b) on three zeolites
ta at 298 K.
F. dt
Recoverycoz _ ﬁ) outYout,CO, 4

];;“ FinYinco,dt

Where t, and t4q represent the time in adsorption and desorption step in
the whole cycle process, respectively; Fo,: and Fi, are stream flowrate at
the outlet and inlet port, respectively; you,co, and yinco, are concen-
tration of CO3 in the gas phase at the outlet and inlet port, respectively.

2.5. VPSA simulation

In order to evaluate the adsorption performance of mixed gases in
practical industrial applications, it is necessary to calculate the gas pu-
rity and recovery rate in the pressure swing adsorption process. In this
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Static adsorption amounts of single CO, and CO at different partial pressure for BFG.

Zeolites CO, static adsorption amounts CO static adsorption amounts
(mmol/g) (mmol/g)
20 kPa 30 kPa 50 kPa 100 kPa 20 kPa 30 kPa 40 kPa 50 kPa 100 kPa
LiX 4.14 4.65 5.30 5.94 0.29 0.39 0.49 0.59 0.97
NaX 4.91 5.27 5.72 6.18 0.32 0.47 0.59 0.70 1.13
KX 4.07 4.35 4.71 5.11 0.51 0.60 0.68 0.74 0.95
15
LiX Adsorbents
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Fig. 3. Adsorption selectivity of CO2/CO on LiX (a), NaX (b) and KX (c) zeolites in BFG compositions under four typical cases.

work, a mathematical model combining mass, momentum, thermody-
namic isotherms, kinetic diffusion and energy equations were applied to
the fixed-bed adsorption unit [25,26]. To simplify this adsorption pro-
cess, the following assumptions are made:

1) The gas phase follows the ideal gas law;

2) The fixed bed is simplified to an axial one-dimensional plug flow
model, ignoring the gradient of velocity, concentration and tem-
perature in the radial direction;

3) The particles and porosity of adsorbents in the fixed bed remain
constant;

4) The Ergun equation calculates the pressure drop along the axial di-
rection of the fixed bed;

5) The adsorption and desorption process are described by the Lang-
muir equation;

6) The mass transfer rate is described by the linear driving force LDF
model.

The boundary conditions and physical characteristics of the fixed bed
can be found in Table S1.
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Fig. 4. Breakthrough curves and simulate results of CO, and CO mixtures (50%/50%, v/v) on LiX (a), NaX (b) and KX (c).
Table 5
Retention time, adsorption capacity and separation factor in the breakthrough test.
Mixing ratios of BFG Samples Retention time/s Dynamic adsorption capacity (mmol/g) Separation factor
CO, Cco CO, Cco S1 S2
CO,/CO (50/50) LiX 1305 207 4.85 0.77 8.89 6.29
NaX 1178 208 4.38 0.77 8.08 5.65
KX 813 126 3.01 0.30 6.34 6.27
Case A LiX 2774 209 4.12 0.31 14.38 13.27
NaX 2732 212 4.06 0.31 14.78 12.87
KX 1891 205 2.81 0.30 7.87 9.21
Case B LiX 2001 196 4.46 0.43 11.69 10.20
NaX 1889 202 4.21 0.45 11.21 9.34
KX 1306 163 291 0.36 7.13 7.97
Case C LiX 1980 186 4.42 0.55 12.42 10.62
NaX 1865 193 4.16 0.58 11.81 9.62
KX 1286 139 2.87 0.41 8.50 9.20
Case D LiX 1959 179 4.37 0.66 13.09 10.88
NaX 1842 186 4.11 0.69 12.41 9.87
KX 1267 125 2.82 0.46 9.76 10.09
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Fig. 5. Breakthrough curves of CO,/CO/He mixtures on three zeolites at 298 K (a, b, c on zeolites at Case A; d, e, f on zeolites at Case B; g, h, i on zeolites at Case C, j,

k, 1 on zeolites at Case D, respectively).
3. Results
3.1. Characterization results and adsorption equilibria of COz and CO

As shown in Fig. 1(a), the XRD patterns of three zeolites showed the
similar characteristic diffraction peak compared with standard PDF
cards. It showed that the crystal structure of zeolites were maintained
after modification with Li* or K* cations.

The Ar adsorption isotherms and pore size distribution are presented
in Fig. 1b and c, respectively. The corresponding texture property
including BET surface area, pore volume, and ion exchange degree are
summarized in Table 3. The detail on calculation process of cation ex-
change degree [25] is presented in Table S3.With the increase of ionic
radius of Li*(0.76 A), Na™(1.02 A) and K(1.83 A) [22], the pore volume
and pore size decrease from 0.32 cm®/g and 0.74 nm (LiX) to 0.29 cm®/g

and 0.67 nm (KX). It may be related to the shielding effects of cations on
6-membered rings of p cages or faujasite cages in FAU zeolites, causing a
decrease in porosity. Similar results could be found in this literature
[25]. The morphological features of three zeolites are shown in Fig.S2.
The zeolites were made of uniform particles from 2 to 3 pm and
exhibited typical features of octahedral crystalline form.

Fig. 2 show the adsorption isotherms of CO5 and CO for X-type ze-
olites with Li", Na™ and K™ cations. As shown in Fig. 2(a), all zeolites
show type I adsorption isotherms for COy [27]. It shows a rapid increase
in CO, adsorption amounts at low pressure (~10 kPa) due to the micro-
pore filling effect and a slow increase followed by a gradual levelling off
at the medium to high pressure (>30 kPa). At adsorption pressure of 20
kPa, which is the most common partial pressure for CO5 in flue gases
from the steel industry, the adsorption capacity of CO; on LiX, NaX and
KX zeolites are 4.14, 4.91 and 4.07 mmol/g shown in Table 4. At
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Fig. 6. Numerical settings for the VPSA simulation cycles.

pressure of 100 kPa, the saturation adsorption of CO, on LiX, NaX and
KX is 5.94, 6.18 and 5.11 mmol/g respectively. It suggests that the NaX
zeolites have the highest adsorption capacity at whole partial pressure
stage and may exhibit excellent adsorbent productivity in practical ap-
plications. LiX zeolites can be used as a candidate adsorbent for
capturing CO3 because of the its saturated adsorption capacity for COy
nearly 96% of that on NaX zeolites. It may be related to the similar pore
volume (0.32 vs 0.32 cms/g) and surface area (828 vs 854 mz/g) shown
in Table 3. For KX zeolites, the small pore size significantly reduced CO,
adsorption capacity due to the hindrance of large cations. The CO;
adsorption amounts on LiX in the low-pressure stage is lower than that
on NaX, indicating more CO; production can be desorbed during the
vacuum pressure swing adsorption process. Therefore, NaX zeolites with
high CO, saturation adsorption capacity is conducive to the improve-
ment of COy capture efficiency, while LiX zeolites with high regenera-
tion ability is beneficial for improving the CO, product gas content.

It can be seen from Fig. 2(b), the CO adsorption results of the other
two zeolites except KX are all linear adsorption isotherm, indicating the
low adsorption intensity of LiX and NaX zeolites for CO and the increase
of adsorption capacity mainly driven by the gas concentration. The
similar adsorption capacities at saturation pressure on LiX, NaX, and KX
for CO are 0.97, 1.13, and 0.95 mmol/g, which is much lower than the
CO4, adsorption capacity of ~6 mmol/g. Comparisons of the adsorption
capacity for CO, and CO on zeolites in this work and previous literatures
are summarized in Table S4. It could be concluded that the zeolites with
different cations used in this study have satisfactory adsorption amounts
for gases with higher values.

The differences in uptake amounts for each component in blast
furnace gas are beneficial for improving the CO,/CO separation factor
and COy purity. Among the three materials, LiX has the lowest adsorp-
tion capacity for CO at various pressure stages, which is conducive to
CO4/CO adsorption and separation. More information regarding CO,
and CO adsorption isotherms of zeolites exchanged by other alkali cat-
ions (Mg?Z* and Ca®") could be found in Fig. S3. The comprehensive
evaluation of the adsorption and separation performance over zeolites
under various operating conditions including different mixed ratios of
CO3/CO are crucial. Combined with CO3 and CO adsorption isotherm of
zeolites, the adsorption and separation performance are comprehen-
sively evaluated under different pressures in BF in the next section.
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3.2. Static selectivity of CO2/CO mixture

Fig. 3 show the variations of S1 on three zeolites with the mixed gas
pressure at different CO,/CO molar fractions. The total pressure of 100
to 200 kPa and different mixed gas compositions represent various
operating conditions in BF, which can comprehensively reflect the COy/
CO separation performance of adsorbents in practical applications. It
could be observed that with the increases of total gas pressure, the
adsorption selectivity shows a decreasing trend for all mixed gas ratios
on adsorbents. This is mainly attributed to the differences in adsorption
behavior of CO, and CO; gas on the surface of zeolite. The strong
electrostatic interactions between COy with high quadrupole moment
(4.3 x 1020 esu/cm®) [28] and non-framework cations in zeolites are
conducive to quickly reaching high adsorption capacity close to satu-
ration at low pressure [29], and then the adsorption capacity slowly
increases with increasing pressure. The weak interaction is responsible
for the linear relationship between CO adsorption capacity and pressure.
The CO interacts weakly with electric field created by the zeolites due to
low quadrupole moment (2.5 x 10%° esu/cmg) [28]. It may adsorb on
the pore wall like Ny, rather than cation sites [30]. With the increase of
total pressure, the adsorption sites with high energy may be completely
occupied by CO- resulting in a slow increase in adsorption capacity at
high pressure, and then the selectivity of CO,/CO shows a decreasing
trend.

For LiX and NaX zeolites, the similar values of adsorption selectivity
for CO2/CO in different cases both follow the orders of Case A > Case D
> Case C > Case B. It can be attributed to the energetic heterogeneity of
CO4 and CO adsorption on zeolites. In Case A, the CO, fraction of 20% is
relatively low in BFG. Adsorption sites with high energy on adsorbent
surfaces are preferentially occupied by these small amounts of CO, gas
molecules because of the interaction strength between CO and zeolites
higher than that of CO. Thus, preferential adsorption of CO2 over CO at
low levels results in the highest separation selectivity among all cases. It
is easy to understand that the adsorption selectivity of S1 decrease when
CO», fraction rises to 30%. For the same reason, the increased fraction of
CO leads to the adsorption site with high energy are completely pref-
erentially occupied by CO, then the remaining low energy sites are
competitively occupied by CO5 and CO. The adsorption affinity between
CO and cations in zeolites is not as strong as that between CO, and
cations. It may result in fewer low-energy sites being occupied by CO,
implying that the selectivity of CO2/CO adsorption increases with
increasing CO fraction. In the case of CO5 volume fraction fixing at 30%
and CO decreasing from 50% to 30% (Case B, C and D), the S1 decrease
from 13.1 to 11.8 under total pressure of 100 kPa. The differences in the
adsorption selectivity of LiX and NaX for CO/CO mixture will be dis-
cussed in the next section on dynamic separation.

For KX zeolites, the selectivity orders at various mixing CO/CO
ratios are different from that of LiX and NaX zeolites. Additionally, the
KX zeolites have a lower separation selectivity value of CO5/CO than
that of the other two materials. It could be both attributed that the gas-
cation interactions between CO, and K™ cations is not as strong as that
between CO, and Li" or Na™ cations due to the low charge density of K*
cations [31]. In addition, the narrow pores of KX zeolites may increase
collisions between CO5 and CO in the pores and competition for
adsorption sites, decreasing the separation performance of CO,/CO
mixtures. Thus, separation results show that the values of S1 in low CO,
fraction (Case A) is between in high CO, and CO fraction (case D and
case C) and in high CO, and low CO fraction (Case B). Similar work on
CO4 recovery at different mixing ratios of CO5/CH4 were reported in this
literature [32].

3.3. Breakthrough experiments
Considering the practical application of zeolites in BFG, the dynamic

separation factors were obtained from breakthrough curves shown in
Fig. 4. The retention time, the dynamic adsorption capacity, dynamic
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Fig. 7. CO, purity and recovery of LiX (a), NaX (b) and KX (c) zeolites under different mixtures ratios of CO,/CO by VPSA simulation.

and static selectivity factors are listed in Table 4. In order to reduce the
influence of other impurity gases, the three adsorbents were first
executed under the binary gas mixture of CO2/CO (50:50 v/v) to
investigate the separation performance. It could be observed from
Table 4 combined with Table 5 that the dynamic CO; uptake is
considerably lower than the static value (4.85 < 5.30, 4.38 < 5.72 and
3.01 < 4.71 mmol/g), whereas the dynamic CO one is similar to the
static value (0.77 ~ 0.59, 0.77 ~0.70 and 0.48 ~0.74 mmol/g). The
same trend can also be observed in the breakthrough experiments of
zeolites with low Si/Al ratio using CO2/N2 (15:85 v/v) and COy/CH4
(50:50 v/v) gas mixture [33]. It can be reasonably inferred that the
competitive adsorption of CO and CO> on adsorption sites in this work.
Additionally, the breakthrough curves were fitted to obtain thermody-
namic and kinetic parameters for adsorption process of CO2 and CO
based on the described mathematical methods in section 2.6. It can be
seen that the simulated breakthrough exhibits good fitting results with
dynamic experiments for all adsorbents. The fitting parameters listed in
Table S2 are further applied to breakthrough prediction and PSA
simulation.

More different component ratios of CO2/CO/He (v/v, 20/20/40, 30/
30/40, 30/40/30 and 30/50/20, v/v) are carried out to evaluate the gas
separation performance on three zeolites shown in Fig. 5. Under
different CO,/CO gas mixture, the dynamic separation factors of S2 for

all adsorbents are slightly lower than the static separation factors.
Taking LiX zeolites as example, it shows 14.38 vs 13.27, 11.69 vs 10.20,
12.42 vs 10.62 and 13.09 vs 10.88 in four cases, respectively. However,
the sequences between S1 and S2 are shown in the same order as
selectivity in Case A > Case D > Case C > Case B on LiX and NaX zeolites
and selectivity in Case D > Case C > Case A > Case B on KX zeolites by
comparisons of Table 4 and 5. It suggests that the mixed gases of COy
and CO have weak influences on the adsorption behaviors of the single
gas adsorbed on the surface of the zeolites. S1 could be used to simply
and qualitatively predict the separation performance of zeolites for CO2/
CO mixture without practical industrial environment.

The similar separation performance of LiX and NaX zeolites for COy/
CO mixture are higher than that of KX zeolites except under full oxygen
blast furnace with oxygen injection volume concentration of 98 ~ 100%
(Case D). The retention time of CO5 and CO on LiX zeolites were 2774,
2001, 1980, 1959 s and 209, 196, 186, 179 s under all cases, respec-
tively. The retention time interval between the CO5 and CO on LiX ze-
olites longer than that on NaX and KX zeolites, indicating LiX zeolites
with best CO,/CO separation ability could apply for different scenarios
of mixed gas compositions. It is interesting to note that LiX has a slightly
higher dynamic adsorption of CO5 than NaX, although the highest static
adsorption of NaX is known from the CO, adsorption isotherms. This
may be due to the fact that Li* cations with high charge density are more
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Fig. 9. Schematic diagram of different adsorption interactions for CO, and CO on zeolites.

capable of binding CO» and are less likely to be interfered by impurity
gases of CO. The adsorption capacity of CO, and CO obtained through
the breakthrough curves of KX zeolites smaller compared to static
adsorption capacity could be observed in Table 4 and 5, which show that
the adsorption performance of KX zeolites is unstable during the
adsorption of mixed gas. This may be attributed to the small pore vol-
ume of the KX zeolites (0.29 cm®/g) being unable to hold the excess gas
molecules and the poor guest-host interaction. Based on the results of
breakthrough experiments and adsorption isotherms, further PSA sim-
ulations were carried out to discuss the separation behaviors of mixed
gases in multiple adsorption—desorption cycles.

3.4. VPSA simulation

In order to evaluate the practical CO,/CO separation and CO»
enrichment efficiency of the zeolites in industrial application for blast
furnaces with different oxygen concentrations, the PSA process model
was designed based on these literatures [34,35]. The adsorp-
tion—desorption experiments were performed at least 5 times to ensure
stable gas flow and concentration as shown in Fig.S4. Simulation pa-
rameters including device size and PSA process settings are shown in
Fig. 6. In terms of the size of the adsorption tower, it is designed to be
larger than the breakthrough bed to meet the practical application, and
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the corresponding gas flow and adsorption/desorption time are also
scaled up to 0.02 ~ 0.04 mol/s and 200 s accordingly.

In terms of COs purity, it could be observed from Fig. 7 that the CO,
purity could be enriched to 60-70% on the three zeolites under all cases
after VPSA separation, which is mainly related to selective separation in
the adsorption stage and product gas recovery in the desorption stage.
Considering the subsequent processing and utilization of CO,, the
product gas needs to be further purified to over 95% (v/v) used for
chemical production or geological storage [36,37] by a two-stage PSA
process. Meanwhile, it should be noted that the low-medium concen-
tration of CO; is sufficient for steel slags carbonization used to produce
industrial by-product such as aggregate and concrete [38,39]. It is worth
noting that with the increase in feed concentration for CO, from 20 to
30%, the CO; purity increases. However, when the CO, concentration is
fixed and the CO concentration rises from 30 to 50%, corresponding to
Case B, C and D, the purity of CO, decreases. It is well understood that
the CO adsorption amounts will increase with increasing feed concen-
tration during adsorption stage. A large amount of impurity gas of CO
will be desorbed in desorption stage, resulting in a decrease in CO,
purity. LiX zeolites exhibit the best CO» purity under various operating
conditions.

In terms of CO; recovery, its range is 30-50% in all conditions, which
is far lower than the capture rate of 90% in COURSES50 [40] and POSCO
Project [41]. This may be related to the low vacuum pressure of 0.1 bar
used in the VPSA process, and a large amount of CO; are trapped in the
supercages of zeolites without being effectively desorbed. In the Case A
and Case B, it can be observed that the CO, recovery decrease with the
increase of CO; feed concentration. The increase in CO concentration of
impurity gas has a weak impact on CO, desorption, and the recovery
rates of the three adsorbents decrease by 49% to 48%, 31% to 30%, and
30% to 29%, respectively. In summary, the adsorbents exhibited the
highest CO, recovery in Case A and the highest CO5 purity in Case B. For
three adsorbents, LiX exhibits the best separation performance, which
may be related to the large differences in the adsorption strength of CO,
and CO on the material surface and the desorption behaviors.

3.5. Adsorption and separation of CO2/CO mechanisms based TPD tests

TPD tests can be used to investigate the differences in interaction
energy distribution between gases and adsorbents [42]. The TPD results
of CO5 and CO on zeolites are shown in Fig. 8. In the case of LiX and NaX
zeolites, two desorption peaks of the CO, were located at weak
adsorption sites at 320-470 K and strong adsorption sites at 670-870 K,
respectively [43]. It suggested that the energetic heterogeneity of the
CO3-zeolite interaction. KX zeolites showed only a single peak located at
320-470 K. The desorption peak of the CO located at 370-570 K is be-
tween the two CO2 desorption peaks, indicating the medium adsorption
strength of the zeolites for CO. In order to better illustrate the three
different interaction strengths, a schematic diagram of CO, and CO
adsorption mechanisms is presented in Fig. 9.

For KX zeolites, a wide desorption peak with high signal value of
0.06 a. u. for CO can be observed in Fig. 8(a). On the contrary, there is
only a weak CO, desorption peak with low signal value 0.02 a. u. in KX
zeolites implying weak adsorption force for CO,. It may be related to the
limitation of CO4 adsorption in pores due to the KX zeolites with small
pore size and volume shown in Fig. 9(a). The high adsorption strength
between KX and CO may significantly affect the CO, adsorption with
weak interaction, resulting in poor separation performance with low
CO4 production mixed high CO concentration. For NaX zeolite, it is
beneficial for allowing CO2 and CO to freely enter the large pores and
interact with adsorption sites shown in Fig. 9(b) and (c). The obvious
strong CO4 adsorption sites could be observed in Fig. 8(b). Therefore, the
influence of impurity gas CO on the adsorption of CO, on NaX zeolites is
relatively small compared to that on KX zeolites. NaX zeolites show
better CO, separation performance. For LiX zeolites, it has similar
adsorption and separation properties to NaX zeolites, which could be
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demonstrated by the results of pore structures, adsorption isotherms,
breakthrough experiments in this work. Besides, LiX zeolites have both
strong CO, adsorption sites with high resistance to CO and a large
amount of weak CO2 adsorption sites beneficial for desorption. It is
critical to further improve the separation performance for CO,. This
indicates that CO, with high purity and recovery could be obtained for
LiX zeolites under all cases.

4. Conclusions

Based on the different oxygen blast concentration, the BFG compo-
sitions were divided into Case A (CO5/CO/He, v/v, 20/20/60), Case B
(CO2/CO/He, v/v, 30/30/40), Case C (CO2/CO/He, v/v, 30/40/30) and
Case D (CO,/CO/He, v/v, 30/50/20) in this work. A combination of
experimental, simulation and characterization methods were used to
investigate the effects and mechanisms of different mixing ratios of COy/
CO in blast furnace on the CO,/CO separation performance over 13X
zeolites with different cations.

In both static and dynamic separation selectivity, the CO5 separation
performance of NaX and LiX zeolites with similar adsorption properties
in various CO3/CO mixing ratios follow the orders of Case A
(12.87-14.78) > Case D (9.87-13.09) > Case C (9.62-12.42) > Case B
(9.34-11.69), while that of KX zeolites with lower adsorption strength
and pore volume follow the orders of Case D (9.76-10.09) > Case C
(8.50-9.20) > Case A (7.87-9.21) > Case B (7.13-7.97). The competi-
tion between CO5 and CO with increasing concentration against limited
high-energy sites is responsible for separation performance. In the VPSA
practical process, the influence of adsorption and desorption steps on
separation performance was considered simultaneously. For all zeolites,
the CO, purity ranging from 60% to 70% in each case were shown as
Case B > Case A > Case C > Case D and CO; recovery ranging from 30%
to 50% were shown as Case A > Case B > Case C > Case D. The influence
mechanisms were related to competitive adsorption capacity between
CO3 and CO in the adsorption stage and the degree of CO, desorption in
the desorption stage. It is confirmed by the differences in the energy
distribution of the interaction between gas and adsorbent by TPD ex-
periments, specifically shown as the single moderate adsorption sites of
CO and two strong and weak adsorption sites of CO, in zeolites..
Considering the challenges of oxygen injection into blast furnaces for
ironmaking processes and CO5 separation performance under different
blast oxygen concentration presented in this work, we propose the use of
LiX zeolites for CO; separation and capture in medium oxygen enriched
blast furnaces.
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