Microporous and Mesoporous Materials 184 (2014) 21-27

Contents lists available at ScienceDirect

MICROPOROUS AND
MESOPOROUS MATERIALS

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

Review

Experiments and simulations on separating a CO,/CH, mixture using @CmssMark
K-KFI at low and high pressures

Jiangfeng Yang?, Rajamani Krishna”, Junmin Li?, Jinping Li**

2 Research Institute of Special Chemicals, Taiyuan University of Technology, Taiyuan 030024, Shanxi, PR China
bVan ‘t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands

ARTICLE INFO ABSTRACT
Am'Cl_e history: Separation of CO, from CHy is needed in order to use low-quality biogas or landfill gas and to reduce
Received 13 August 2013 greenhouse gas emissions. To study the separation of a CO,/CH,4 gas mixture, K-KFI (Si/Al = 4.59) sorbent

Received in revised form 17 September 2013
Accepted 18 September 2013
Available online 27 September 2013

was synthesized and pelletized. We performed breakthrough experiments at flow rates of 16.6 and
30 N mL/min under ambient temperature and pressure (298 K, 100 kPa). The breakthrough experiments
results showed that K-KFI separated a 40%/60% mixture of CO,/CH,4 better than a 50%/50% mixture. Fur-
thermore, the separation performance of K-KFI is superior to that of commercial sorbents zeolite-5A and

Keywords: 13X under the same conditions. Simulations of the breakthrough of binary mixed gases CO,/CH,4 = 40%/

Separate CO,/CHy . . . . R
Zeolite 60%, yield results that are in good agreement with our experimental data. By performing breakthrough
K-KFI simulations at a total pressure of 2 MPa, we demonstrated that pure CH4 can be separated from CO,/
Simulation CH4 gas mixtures under high pressure, and that pure CH, can be recovered in the initial stages of the

breakthrough.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction ner energy source. Biogas and landfill gas are supplemental gas en-

ergy sources, which mainly contain CHy. As an effective complement

Compared with fossil fuels such as petroleum and coal, natural to conventional natural gas, actively developing and using biogas
gas produces less CO, per energy unit; thus, it is regarded as a clea- and landfill gas has tangible benefits. However, CO, impurities in
these gases (30-50% in biogas and landfill gas) could reduce their
heating value and cause equipment and pipeline corrosion [1]. Pipe-
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natural gas used be lower than 2%; thus, the CO, content of the
unconventional gas used must be reduced before pipeline transport
[2]. Additionally, CO, and CH,4 are greenhouse gases, which contrib-
ute significantly to global warming. About 60% of the global warm-
ing effect is caused by CO, [3], while CH4 much more strongly
influences global warming per unit volume than does CO, [4]. Thus,
separating CO, from CH, is needed in order to use low-quality
unconventional gas while reducing greenhouse gas emissions [5].

Various technologies have been developed to separate CO,/CHy4
mixtures; these techniques include absorption, membrane separa-
tion, and adsorption. Among these, adsorption has received intense
interest because of its great advantages, such as high energy effi-
ciency, ease of control, and low capital investment costs [6]. The
main adsorbents evaluated for adsorptive separation of CO,/CHy
binary mixtures include zeolites [7-9], metal-organic frameworks
(MOFs) [10-12], silicas [13,14], and carbon-based materials
[15-18]. Zeolites, such as zeolite 5A and 13X, are the most industri-
ally and commercially used adsorbents for CO,/CH, separation
[19,20]. These zeolites are stable at high temperatures and pressures,
have low heat capacity and high selectivity of CO,, are homogeneous,
and allow for easy replacement of extra-framework cations [21]. The
properties of these aluminosilicate minerals have led to their usein a
myriad of industrial applications in catalysis and separation.

In recent years, researchers have studied a variety of zeolites
structures with small pore sizes and 8-membered rings, such as
CHA, LEV, and KFI for gas-adsorption separation [7,22-24]; these
studies showed that these structures have higher selectivity of
CO, from CH,4 than do the traditional zeolites LTA and FAU [25].
Unlike LTA and FAU, synthesizing CHA and KFI is environmentally
friendly because they do not need an organic template agent when
being prepared. The surface area and pore size of KFI are slightly
larger than those of CHA; thus, gases diffuse more quickly through
its pores. Because of this property, most researchers focus on CO,,
CH4, N5, and H,0 adsorption using KFI with different balance ions.

Remy et al. studied the adsorption and separation of CO, using
ZK-5 (Framework Type Code: KFI) zeolites with different types of
cations and Si/Al ratios. Their results showed that Li-ZK-5 and
Na-ZK-5 had the highest capacities and high selectivities, similar
to the benchmark: zeolite 13X [23]. Lobo’s research group focused
on synthesizing the zeolite ZK-5 exchanged with different cations
(H", Li*, Na*, K*, Mg?*, Ca?*) and its use as a CO, adsorbent. The re-
sults of this CO, adsorption analysis showed that Mg-ZK-5 was the
most promising adsorbent for pressure swing adsorption (PSA)
applications because it had the highest working capacity
(ANeo, =025 mmol g~') of the adsorbents studied, excellent
selectivity (dco,,n, = 121), and low isosteric heat. Li-, Na-, and K-
ZK-5 also had good working capacity and excellent selectivity;
thus, they are promising CO, adsorbents for the vacuum swing
adsorption (VSA) working region [22].

The KFI starting material always contains K*, called K-ZK-5 or K-
KFI. According to published data on CO, adsorption using K-KFI, we
found that higher Si/Al content led to its higher capacity, caused by
the higher surface area of the structure with less K* (Table 1). Thus,
in this work KFI was synthesized with a higher Si/Al content of
4.59. Justified by recent studies, we also studied CO, adsorption
using KFI with different cations [7]. Few reports have collected
and analyzed breakthrough data on separating CO,/CH4 binary

Table 1

CO,, adsorption capacity on K-KFI with different Si/Al.
Material CO, (mmol/g) Temperature (K) Si/Al References
LS-K-KFI 3 303 1.67 [22]
K-ZK-5 34 303 3.67 [22]
K-ZK-5 3.9 303 4.70 [23]

mixtures using KFI, especially for different gas mixture ratios and
pressures. Thus, CO,/CH,4 binary mixture gas breakthrough at two
ratios: 50%/50 % and 40%/60 %, and compared these data with those
of commercial zeolite-5A and 13X. Additionally, we simulated CO,/
CH,4 separation up to a high pressure of 2 MPa using breakthrough
simulations.

2. Experimental
2.1. Materials and methods

KFI was synthesized using a reported procedure using K* as the
balance cation; this material is known as K-KFI [7], and more de-
tailed about synthesis conditions are provided in the Supplemen-
tary material. Zeolite-5A (Si/Al =1, Aladdin, China) and zeolite-
13X (Si/Al = 1.2, Aladdin, China) were used without further purifi-
cation. To pelletize the zeolites, the zeolite powder was formed
into tablets at 10 MPa and then crushed into granules, after which
uniform particles were filtered out.

2.2. Characterization and gas adsorption measurements

The crystallinity and phase purity of the zeolites were measured
using powder X-ray diffraction (XRD) using a Rigaku Mini Flex II
X-ray diffractometer with Cu Ko radiation at 30 kV and 15 mA.
The 20 scanning range was 5-40° at a rate of 1°/min. Morphological
data were acquired by scanning electron microscopy (SEM) using a
Rigaku TM-3000 operated at 15.0 kV. Samples were coated with
gold before performed microscopy in order to increase their
conductivity.

The purity of the methane used was 99.95%, and that of the car-
bon dioxide used was 99.99%. Adsorption isotherms at high pres-
sure were measured on an intelligent gravimetric analyzer (IGA
001, Hiden, UK). Prior to measuring an isotherm, a 50 mg sample
was pre-dried at a reduced pressure and then outgassed overnight
at 400 °C under a high vacuum until no further weight loss was ob-
served. Each adsorption/desorption step was allowed to approach
equilibrium over a period of 20-30 min, and all the isotherms for
each gas were measured from a single sample.

2.3. Breakthrough experiments

A schematic of the experimental setup for the breakthrough
experiments is shown in Fig. 1. Block samples were prepared, which
were collected using 40-80 mesh and then loaded into the adsorp-
tion column (#10 x 150 mm). First, allowed for in situ activation of
the adsorbent under pure (99.999%) He flow, after which we al-
lowed the raw mixed gas (CO, and CH,) to flow and collected the
outlet gas emissions over intervals of 0.5-1.5 min. Analyzed the
outgas composition and concentration using gas chromatography
(Shimadzu 2014C, separation column was loaded with 13X; for bal-
ance calculations and the gas-content analysis process, see Supple-
ment Information). All separation experiments were performed at
298 K with a total flow rate ranging from 16.6 to 30.0 N mL/min.
Over the course of each breakthrough test, no more He was needed.

3. Results and discussion
3.1. Synthesis and characterization

Synthesis of functional molecular sieve without template agent
is considered to be environment-friendly production method; it
has been always a hot topic research [26,27]. K-KFI was synthe-
sized without organic templating agent [28,29] and used in this
work, the data of synthesis and character of K-KFI has been
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Fig. 2. XRD patterns of K-KFI, zeolite-5A and 13X.

published [7]. The Supplementary material provides more details sure stability must be prepared. Thus, Blocks of the K-KFI powder

about raw materials and synthesis conditions. be prepared at a high pressure of 10 MPa and then crushed the
To avoid large pressure drops during gas-phase separation, the blocks into granules; these granules were used in the separation
packed bed should not be filled with powder. Instead, aggregates — column. XRD patterns show that the peak positions and relative

such as pellets - of adsorbent crystals with sufficiently high pres- diffraction intensity of block K-KFI was similar to those of the
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Fig. 3. The SEM of K-KFI. (a) Synthesized powder; (b) pelletized).
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Fig. 4. Adsorption CO, and CH,4 on K-KFI under 1 Mpa.

powder sample; thus, it can be inferred that the structure of K-KFI
was not changed at the high pressure used (Fig. 2). By comparing
with standard XRD patterns of zeolite structures from a database,
we determined that the zeolite-5A and 13X materials used had
standard structures.

Fig. 3 shows photographs and SEM images of the pellets; the
size of the K-KFI pellets is about 0.5 mm. The distance between

crystals in the pelletized K-KFI sample was much smaller than in
the powder sample, and its crystal morphology was denser. The
micro surface area of the pelletized K-KFI sample was lower than
that of the powder sample because its outer surface area was re-
duced. However, this difference did not affect the separation test,
where the inner surface and porosity played key roles.

3.2. Breakthrough test

Fig. 4 shows that the adsorption capacity of CO, and CH, of the
pelletized sample was very stable compared with the powder sam-
ple [7]. Therefore, the separation test will not be affected by differ-
ent adsorbent particle size. When flowing 50%/50% CO,/CH,4
through the adsorption bed, the CH, breakthrough time was
1.82 min when the mixture-gas flow rate was 16.6 N mL/min
(STP) (Fig. 5a). Helium was driven out quickly, and the CH4 concen-
tration quickly reached its peak in less than 0.5 min. The break-
through time of CO, was 9.43 min; thus the difference in
breakthrough time for CO, and CH4 was 7.61 min (a longer time
difference leads to better separation). Upon accelerating the mix-
ture-gas flow rate to 30 N mL/min (45% higher than 16.6 N mL/
min), the breakthrough time of CH4 decreased to less than 1 min,
46% shorter than that at 16.6 N mL/min (Fig. 5b). For the faster flow
rate, the breakthrough time of CO, decreased to 5.30 min, 45 %
shorter than the slower flow rate; thus, the difference in CO, and
CH, breakthrough times was 4.32 min for the faster flow rate.
The average time decreased by 44 %, equal to the percentage in-
crease in the mixture-gas flow rate. This result indicates that the
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Fig. 5. Breakthrough profiles of CO, and CH,; on K-KFI under atmosphere pressure (CO,/CH, = 50%/50%, 40%/60%).

Table 2

Experiment conditions parameter in literature and our work.
Column Mass (g) Density (g/cm?) Si/Al References
@4.6 x 100 mm 1.0 0.60 3.67 [22]
@9.0 x 150 mm 4.5 0.47 4.59 This work

increased flow rate only reduces the breakthrough time and does
not affect the CO,/CH4 separation efficiency. The data of Remy
et al. (test parameters shown in Table 2) showed that the break-
through time of CH4 and CO, for K-KFI (Si/Al = 3.67) was 1.2 and
4.2 min, respectively, while for LS K-KFI (Si/Al = 1.67) they were
0.3 and 2.4 min, respectively. Thus, K-KFI with a higher Si/Al con-
tent separated these gases more effectively. Although it is not pos-
sible to precisely compare our breakthrough experimental data
with that of Remy’s work because of different operating conditions,
our work affords better results; further discussions are provided in
the Supplementary material.

The concentration of CO, in biogas is generally lower than 50%;
thus, we studied the separation of a 40%/60% CO,/CH4 mixture in
this research. Fig. 5¢ shows that for this gas mixture the CH,4 break-
through time increases to 3 min, with CO, breakthrough 20 min
after; these times are much longer than those for 50%/50% CO,/
CH,. It can be conclude that increasing the CH4 concentration also
increases the CH4 adsorption capacity, thus increasing the break-
through time. Accelerating the mixture-gas flow rate to 30 N mL/
min led to CH; and CO, breakthrough times of 1.58 and
12.5 min, respectively, with the average time shortened by 46%.
The breakthrough time decreases linearly with increasing velocity,
which also shows the reliability and credibility of the breakthrough
experimental data.

For a clearer understanding of the advantages of using K-KFI for
CO,/CH,4 separation, commercial sorbents zeolite 5A and 13X with
a 40%/60% CO,/CH4 mixture were also investigated. Fig. 6 shows
that the breakthrough times of CH; and CO, in zeolite 5A and
13X are significantly lower than those for K-KFI at both high and
low flow rates. Furthermore, the difference between CO, and CHy

breakthrough times was much shorter for the commercial zeolites
(see Table 1). As mentioned in the previous publications [30,31],
zeolite 13X separated CO,/CH, mixture better than did zeolite
5A. The current study shows that under the same test conditions,
the performance of both 13X and 5A are significantly inferior to
that obtained with K-KFI (see Table 3); further elaboration is pro-
vided in the Supplementary material.

The breakthrough times for CO,, and CH,4 are compared in Ta-
ble 3. The capacity of any nanoporous material to capture CO, is
linearly related to the CO, breakthrough time; this is established
in earlier works [32-34]. The data presented in Table 3 imply that
K-KFI has a significantly higher CO, capture potential than com-
mercially available 13X and 5A zeolites.

3.3. Breakthrough simulation

We also conducted simulations of breakthroughs for separation
of CO,/CH4 mixtures. We found the experimental breakthrough
data for CO,/CH,4 gas mixtures using K-KFI could be simulated ex-
tremely well using the methodology described by Krishna and
Long [33]. The Supplementary material accompanying this publi-
cation provides the details of the breakthrough simulation meth-
odology used here. Experimental validation of the breakthrough
simulation methodology used in this work is available in the pub-
lished literature [34-37]. Comparisons between experimental and
simulated data are presented in Fig. 4a and b for 40%/60% CO,/CH,4
at flow rates of 16.6 and 30 N mL/min, respectively. It is evident
that the simulation results for binary mixed-gas separation are
consistent with the experimental data (Fig. 7).

Industrial sorbents are sometimes used at pressures much high-
er than atmospheric pressure. For example, purifying natural gas or
biogas by selectively adsorbing CO, is often carried out at pres-
sures approaching 2 MPa. To demonstrate the feasibility of produc-
ing pure CH4 from CO,/CH; gas mixtures under high-pressure
conditions, we performed breakthrough simulations for 40%/60%
mixtures at a total pressure of 2 MPa (see Fig. 8). The breakthrough
curves show that pure CH,4 can be recovered in the initial stages of
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Fig. 6. Breakthrough profiles of CO, and CH,4 on zeolite-5A (a, b) and 13X (c, d) under atmosphere pressure (CO,/CH, = 40%/60%).

Table 3
breakthrough times of mixture gases CO, and CH,4 for mixture separation with K-KFI, zeolite-5A and 13X at 100 kPa, 298 K.
Samples CO,/CH4 Flow rate (N mL/min) CH4 (min) CO; (min) CO,-CH4 (min) Pressure (MPa)
K-KFI 50%/50% 16.6 1.8 9.4 7.6 0.1
30.0 1.0 53 43 0.1
40%/60% 16.6 3.0 23.0 20.0 0.1
16.6° 0.7 1.8 1.1 2.0
30.0 1.6 12.5 11.0 0.1
5A 40/60% 16.6 0.8 1.8 1.0 0.1
30.0 0.4 0.8 04 0.1
13X 40%/60% 16.6 1.2 4.8 3.6 0.1
30.0 0.6 2.6 2.0 0.1

* Simulation data.
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Fig. 7. The simulation of breakthrough profiles of CO, and CH4 on K-KFI under atmosphere pressure (CO,/CHy4 = 40%/60%).

breakthrough. The breakthrough times of CH, and CO, on K-KFI
were very similar to those for zeolite 5A under atmospheric pres-
sure (Table 3). Therefore, simulate data give a conclusion that K-
KFI separates CO,/CH,4 well even at very high pressures; to the best
of our knowledge, this study is the first to report this behavior.

Besides separation in a fixed bed adsorber, K-KFI is also effective
for use in membrane permeation devices. The narrow windows
separating the cages of K-KFI are expected to be selective to diffu-
sion of CO,, analogous to permeation across SAPO-34 membrane.
For estimation of the membrane permeation selectivities, we use
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the Maxwell-Stefan model discussed in Krishna and van Baten [38]
The estimated permeation selectivities are in the range of 150-180,
significantly higher than those obtained experimentally for SAPO-
34 membranes by Li et al. [39] Further details are provided in the
Supplementary material.

4. Conclusion

To study the separation of a CO,/CH4 gas mixture, we synthe-
sized and pelletized a K-KFI (Si/Al = 4.59) sorbent. Characterized
the sorbent samples using XRD and SEM, and tested their CO,
and CH4 adsorption capacities using IGA at a high pressure of
1 MPa. Breakthrough data was collected at ambient temperature
and pressure using a mixture-gas separation test system at flow
rates of 16.6 and 30 N mL/min. Our breakthrough data showed that
the K-KFI sorbent separated the 40%/60% CO,/CH, mixture better
than it did the 50%/50% mixture, and separated both mixtures
much better than did the commercial sorbents zeolite-5A and
13X under the same conditions. By simulating binary mixture-
gas separation, we found the simulated data to be consistent with
the experimental data. To demonstrate that pure CH4 could be sep-
arated from CO,/CH,4 gas mixtures at high pressures, Breakthrough
simulations for 40%/60% mixtures at a total pressure of 2 MPa were
performed; pure CH, was able to be recovered in the initial stages
of breakthrough. Therefore, it can be conclude that K-KFI separates
CO,/CH,4 well even at very high pressures; to the best of our knowl-
edge, this study is the first to report this behavior.
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1. Raw materials used for synthesis of K-KFI

The raw materials used in the synthesis of K-KFI are summarized below.

Chemical

Chemical Name formula Purity Producer
alumina Al(OH); 99%., Chemical Pure Aladdin, China
silica sol Si0, 40%, Technical Grade Qingdao Haiyang Chemical
Co., Ltd
Strontium nitrate ~ Sr(NO3),  99%, Chemical Pure Aladdin, China
potassium KOH 96%, Analytical Tianjin Kemiou Chemical
hydroxide reagent Reagent Co., Ltd.
Deionized water H,O Our lab

We see that all the raw materials are available commercially from suppliers in China. The purity

requirements of the raw materials used are also not stringent; so the synthesis does not require

expensive raw materials.

2. Optimum conditions for synthesis of K-KFI

The optimum process conditions for synthesis of K-KFI are given below; the specified amounts are

molar ratios, taken with respect to Al,Os.

ALO; KOH
1 3.7

SlOz SI'(NO3)2
7.1-7.2 0.05-0.15

H,0
100-300 5 days

time temperature

423 K

The synthesis conditions suggest that the production of K-KFI can be carried out on a large scale if

required.



3. Effect of Si/Al in raw materials on synthesized K-KFI

intensity(a.u.)

I I I I I Si/A;=4.5 o
Si/Al=3.3
. WMMMUWW
3 Si/AI=3.5
Si/Al=5.5 &
Si/AlI=6.0 é ’\ ﬂjuu\ | !buﬁ Si/AlI=3.7
" s Sttt
Si/AI=6.5 Si/AI=3.9
Uhim“uh“m#uﬂm‘
1 IO 1‘5 2‘0 . 2I5 . 3I0 3I5 . 40 5 1 I0 1 I5 2‘0 2‘5 3‘0 3‘5 40
2 theta 2 theta
AlL,O; KOH SiO; Sr(NOs3), H,O time temperature result
1 3.6 4.0 0.10 130 5d 423 K CHA+?
1 3.6 5.0 0.10 130 5d 423 K KFI+CHA
1 3.6 6.0 0.10 130 5d 423 K KFI+7?
1 3.6 7.0 0.10 130 5d 423 K KFI
1 3.6 7.1 0.10 130 5d 423 K KFI
1 3.6 7.2 0.10 130 5d 423 K KFI
1 3.6 7.3 0.10 130  5d 423 K KFI
1 3.6 7.4 0.10 130  5d 423 K KFI
1 3.6 7.5 0.10 130 5d 423 K KFI
1 3.6 8.0 0.10 130 5d 423 K KFI
1 3.6 9.0 0.10 130 5d 423 K NO
1 3.6 10.0 0.10 130 5d 423 K NO




4. Effect of Sr/Al ratio on synthesis

Sr/AlI=0.05

WMM

Sr/AlI=0.075

Sr/AlI=0.15

intensity (a.u.)

Sr/AlI=0.25

A 1 A 1 f 1 A 1 . 1 A ] A
éj 10 15 20 25 30 35 40

2 theta

ALO; KOH SiO; Sr(NOs3), H,O time temperature result

1 3.6 7.2 0.10 130  5d 423 K KFI
1 3.6 7.2 0.15 130  5d 423 K KFI
1 3.6 7.2 0.30 130  5d 423 K KFI

1 3.6 7.2 0.50 130  5d 423 K KFI




5. Effect of temperature on synthesis

T T T T T T T T T T T
T=453 K
A t "
T=423 K
T=403 K
X I X 1 . 1 . 1 . 1 . f :
5 10 15 20 25 30 35 40

AlLb,O; KOH SiO, Sr(NOs), H,O time temperature result

1 3.6 7.2 0.10 130  5d 403 K KFI
1 3.6 7.2 0.10 130 5d 423 K KFI
1 3.6 7.2 0.10 130  5d 453 K unknown




6. Fitting of pure component isotherms for K-KFI
The experimentally measured pure component isotherm data for CO,, and CH,; obtained at
temperatures at 298 K, up to pressures of 1 MPa are reported by Yang et al.' These data were fitted with

the Langmuir-Freundlich model
q = qsat T (1)
+

The Langmuir-Freundlich parameters for adsorption of CO,, and CHy4 in K-KFI are provided in Table

7. Calculations of adsorption selectivity
The selectivity of preferential adsorption of component 1 over component 2 in a mixture containing 1
and 2, perhaps in the presence of other components too, can be formally defined as

Sads = M (2)
pl/pz

In equation (2), ¢ and ¢, are the absolute component loadings of the adsorbed phase in the mixture.
In all the calculations to be presented below, the calculations of Sus are based on the use of the Ideal
Adsorbed Solution Theory (IAST) of Myers and Prausnitz.”

Figure 1 presents the IAST calculations of the CO,/CH4 selectivities for 50/50 gas mixtures
maintained at isothermal conditions at 298 K. The adsorption selectivities for K-KFI are significantly

higher than those reported for Cu-TDPAT?, CuBTC?, and SAPO-34>°.

8. Packed bed adsorber breakthrough simulation methodology

We performed breakthrough simulations using the methodology described in earlier works.> * 7!

Figure 2 shows a schematic of a packed bed adsorber packed with K-KFI.



Assuming plug flow of an n-component gas mixture through a fixed bed maintained under isothermal

conditions, the partial pressures in the gas phase at any position and instant of time are obtained by

solving the following set of partial differential equations for each of the species i in the gas mixture.'""’

1 bn) 1 IMepw) (-8 ),
RT o RT & £ &

3)
In equation (3), ¢ is the time, z is the distance along the adsorber, p is the framework density, €is the

bed voidage, v is the interstitial gas velocity, and gi (t,z) is the spatially averaged molar loading within

the crystallites of radius 7., monitored at position z, and at time ¢.
At any time ¢, during the transient approach to thermodynamic equilibrium, the spatially averaged

molar loading within the crystallites of radius 7 is calculated using
4,(0=~[ q,(0pdr @)
qi - 7’63 o qi

Summing equation (4) over all n species in the mixture allows calculation of the fotal average molar

loading of the mixture within the crystallite

q,(t,2)=).q,(,2) (5)
i=1
The interstitial gas velocity is related to the superficial gas velocity by

u

(6)

Y=
In industrial practice, the most common operation is with to use a step-wise input of mixtures to be

separation into an adsorber bed that is initially free of adsorbates, i.e. we have the initial condition

t=0; ¢q,(0,2)=0 (7)
At time, ¢ = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component gas

mixture and this step input is maintained till the end of the adsorption cycle when steady-state

conditions are reached.



t20; p.(0,0)=p,; u(0,t)=u, (8)

where u is the superficial gas velocity at the inlet to the adsorber.
The breakthrough characteristics for any component is essentially dictated by the contact time

L = Le between the crystallites and the surrounding fluid phase.

vV oou
If the values of the intra-crystalline diffusivities are large enough to ensure that intra-crystalline
gradients are absent and the entire crystallite particle can be considered to be in thermodynamic

equilibrium with the surrounding bulk gas phase at that time ¢, and position z of the adsorber

q,(t,2)=q,(t,2) (9)

The molar loadings at the outer surface of the crystallites, i.e. at = r., are calculated on the basis of
adsorption equilibrium with the bulk gas phase partial pressures p; at that position z and time ¢. The
adsorption equilibrium can be calculated on the basis of the IAST.

Equation (9) is commonly invoked for the purposes of screening different nanoporous materials for a
given separation task.” "% 1°

Experimental validation of the breakthrough simulation methodology is available in the published

. 3,7,18,19
literature.” ~ ™

9. Breakthrough simulations vs breakthrough experiments

Yang et al.”” have presented experimental data or transient breakthrough of 40/60 CO,/CH, mixtures
through fixed bed adsorber packed with K-KFI zeolite at flow rates of (a) 16.6 mL/min, and (b) 30
mL/min; see Figures 3a, and 3b. The experimental data are in good agreement with breakthrough
simulations that assume thermodynamic equilibrium, i.e. invoking Equation (9).

Figures 4a, and 4b present comparisons of CO, breakthroughs for 40/60 CO,/CH4 mixtures through
fixed beds packed with K-KFI, NaX (=13 X zeolite), and LTA-5A zeolites.

The breakthrough times for CO,, and CHy4 are compared in Figures 5a, and 5b. The capacity of any
nanoporous material to capture CO; is linearly related to the CO, breakthrough time; this is established

9



in earlier works.* 7’

The data presented in Figures 5a, and 5b imply that K-KFI has a significantly
higher CO, capture potential than commercially available NaX and LTA-5A zeolites.

Remy et al.®' have reported transient breakthrough experiment data for separation of equimolar
CO,/CH4 mixtures through fixed bed adsorber packed with K-KFI at 308 K. Their experimental data is
re-plotted in Figure 6. We note that their breakthrough times are significantly lower than in the Yang et
al.?® experiments. The main reasons for this are two-fold: (a) they have used a shorter tube, and (b)
higher gas velocities within the tube. The contact time between the gas and the K-KFI crystals in their
experiments is about a factor 5 lower than in our experiments. Due to the significantly shorter contact
times in the experiments of Remy et al,”' their experiments indicate that intra-crystalline diffusion
resistances are of importance. We have established in Figures 3a, and 3b that the Yang et al.?’
experiments can be modeled assuming thermodynamic equilibrium between a crystal and its
surrounding gas mixture at any position within the adsorber.

In view of the experimental validation of the breakthrough simulation methodology for K-KFI zeolite,
we can proceed with the evaluation of the performance of K-KFI for separation of CO,/CH4 gas
mixtures under high pressure conditions. The purification of natural gas for selective adsorption of CO,,
is often carried out at pressures approaching 2 MPa. In order to demonstrate the feasibility of producing
pure CHy from CO,/CH4 gas mixtures under high pressure conditions, we carried out breakthrough

simulations for 40/60 mixtures at a total pressure of 2 MPa; see Figure 7. We note from the

breakthrough curves that it is possible to recover pure CHy in the initial stages of the breakthrough.

10. K-KFI membrane permeation

Besides separation in a fixed bed adsorber, K-KFI is also effective for use in membrane permeation
devices. The narrow windows separating the cages of K-KFT are expected to be selective to diffusion of
CO,, analogous to permeation across SAPO-34. ® For estimation of the membrane permeation
selectivities, we use the Maxwell-Stefan model discussed in Krishna and van Baten.”” The Maxwell-

Stefan transport coefficients are assumed to have the values pb,/d= 0.025 kg m?s”, and pD, /6 =

0.005 kg m™ s”'. These values yield a diffusion selectivity of 5. Figure 8 presents calculations of the
10



permeation selectivities for a range of upstream pressures. The estimated permeation selectivities are in
the range of 150-180, significantly higher than those obtained experimentally for SAPO-34 membranes

by Lietal. >°

11



11. Notation

qi
qt
(sat

Sads

Greek letters
o

£

Langmuir-Freundlich constant, Pa™
length of packed bed adsorber, m

partial pressure of species i in mixture, Pa
total system pressure, Pa

component molar loading of species i, mol kg™
total molar loading in mixture, mol kg™
saturation loading, mol kg™

gas constant, 8.314 J mol”' K!

adsorption selectivity, dimensionless

time, s

absolute temperature, K

superficial gas velocity in packed bed, m s™

distance along the adsorber, m

thickness of membrane, m

voidage of packed bed, dimensionless

exponent in Langmuir-Freundlich isotherm, dimensionless
framework density, kg m™

time, dimensionless

12



Table 1. Langmuir-Freundlich parameters for adsorption of CO,, and CH,4 in K-KFT at 298 K.

QSat bO 14

mol kg Pa™ dimensionless
CO, 3.6 2.54x10* | 0.87
CH, 42 1.85x10* | 0.62

13
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13.  Captions for Figures

Figure 1. Calculations using Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz” for 50/50
CO,/CHy selectivities for equimolar gas mixtures maintained at isothermal conditions at 298 K. Also

shown are the adsorption selectivities for Cu—TDPAT3, CuBTC4, and SAPO-34° ¢,

Figure 2. Schematic of a packed bed adsorber.

Figure 3. (a, b) Experimental data of Yang et al.*® for transient breakthrough of 40/60 CO,/CH,
mixtures through fixed bed adsorber packed with K-KFI zeolite. The experimental data (symbols) of

Yang et al.?

at flow rates of (a) 16.6 mL/min, and (b) 30 mL/min are compared with breakthrough
simulations that assume thermodynamic equilibrium, i.e. invoking Equation (9). The parameter values

for bed length L, voidage of bed, interstitial gas velocity, v are taken from the experimental set-up and

operating conditions.

Figure 4. (a, b) Experimental data of Yang et al.** comparing the CO, breakthroughs for 40/60 CO,/CH,
mixtures through fixed beds packed with K-KFI, NaX (=13 X zeolite), and LTA-5A zeolites at flow

rates of (a) 16.6 mL/min, and (b) 30 mL/min.
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Figure 5. (a, b) Experimental data, presented in Table 3 of Yang et al.,”® comparing the and CH, and
CO, breakthroughs for 40/60 CO,/CH4 mixtures through fixed beds packed with K-KFI, NaX (=13 X

zeolite), and LTA-5A zeolites at flow rates of (a) 16.6 mL/min, and (b) 30 mL/min.

Figure 6. Transient breakthrough experiments of Remy et al.”' for equimolar CO,/CHj4 mixtures through

fixed bed adsorber packed with K-KFI at 308 K.

Figure 7. Simulated breakthrough 40/60 CO,/CH4 mixture using K-KFI for inlet gas flow rate of 16.6

mL/min and total pressure of 2 MPa.

Figure 8. Calculation of the permeation selectivities for separation of 50/50 CO,/CH4 mixture using K-
KFI membrane. The calculations are for a range of upstream pressures, using the simplified analytic

model discussed in Krishna and van Baten.** The estimations are based on the values of pP, /8= 0.025

kgm?s’,and pP,/d =0.005kgm>s’".
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Adsorption selectivity from IAST
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Figure 2
Fixed bed adsorber
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KFI

Experiment vs Simulation

Figure 3

CO,/CH, separation with K-KFl
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Figure 4

CO,/CH, separation with K-KFI, 13X and
LTA-5A
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Figure 5

CO,/CH, separation: comparison of
breakthrough times
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Figure 6

CO,/CH, separation: Expt data of Remy
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Figure 7

CO,/CH, breakthrough in fixed bed
adsorber at 2 MPa
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Figure 8

CO,/CH, permeation across membrane
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