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Abstract

Understanding competitive adsorption between propylene (C3Hg) and propane (Cs;Hs) in
mixtures is essential for the development of an adsorptive separation process, a promising
alternative to energy-intensive distillation, to produce polymer-grade propylene. This work
investigated the selective adsorption of C3Hg over C3Hg on zeolite SA using a pulse injection
method, followed by temperature-programmed desorption (TPD) to investigate desorption kinetics.
In mixture adsorption on uncoated 5A, C3He/C3Hs selectivity increased markedly with cumulative
gas exposure, such that it reached ~26 from an equimolar mixture at high exposures; in contrast,
the ideal selectivity measured from single-gas adsorption was only ~1.6. TPD experiments
indicated that mixture selectivity was higher than ideal selectivity because C3Hg, having a stronger
affinity for the zeolite, hindered C3Hg adsorption and displaced pre-adsorbed C3Hs. To gain further
insights into the roles of pore diffusion versus surface penetration in the separation mechanism,
zeolite SA was also modified with ters-butylphosphonic acid (TBPA) or n-octadecylphosphonic
acid (ODPA). These coatings imposed an additional diffusion barrier that hindered C3Hg transport
more substantially than C3He, with highly dense ODPA having more effect than sterically bulky
TBPA. While the coatings were selective to C3He transport, their effect on overall selectivity in
mixture adsorption was complex: initial selectivity was higher than on uncoated 5A, but the
selectivity on PA-coated zeolites did not improve as rapidly with exposure time. Thus, design of
optimal composite materials for selective adsorption must account for both barriers to gas diffusion

and competition for adsorption sites between adsorbates.

Keywords: Adsorptive separation, Zeolite, Competitive adsorption, Organic phosphonic acid

coating
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1. Introduction
The separation of propylene/propane (C3He¢/C3Hsg) mixtures to produce polymer-grade

propylene (desired purity =99.5%), mainly used for the manufacture of polypropylene, is of great

importance [1,2]. The C3H¢/C3Hg mixtures are mainly produced by steam cracking of naphtha and
during fluid catalytic cracking of gas oils in refineries, with C3Hg purities of 50—-60% and 80—-87%,
respectively [3]. Due to the low and similar boiling points of C3Hs and C3Hs (225.6 K and 231.2
K, respectively), the distillation separation process is energy-intensive, requiring sub-ambient
temperature of 183—-233 K, high pressure of 16-20 bar, and towers with 150-200 stages [4,5]. A
promising energy-efficient alternative is adsorptive separation based on equilibrium uptakes
(equilibrium separation), molecular sieving effect (steric separation), or adsorption rates (kinetic
separation) [6—8].

In equilibrium separation for olefin/paraffin, the adsorbents generally have strong affinity
towards olefin compared to paraffin. The materials which can form n-complexation with olefins
are usually used, such as zeolites modified with metal cations Li-13X [9], Ag-X [10], and Cs-ZK-
5 [11], metal organic frameworks (MOFs) with open metal sites Co-MOF-74 [12], Fex(dobdc) [13],
and Cu@MIL-101(Cr) [14], and covalent organic framework (COF) hexene-covalent triazine
framework (CTF) [15]. Moreover, hydrogen-bonded organic framework (HOF) HOF-16 with free
-COOH sites and suitable pore confinement can selectively adsorb olefins, and its regeneration is
easy due to the weak binding with olefins [16].

To utilize the sieving effect for the separation of C3He and C3Hs, adsorbents with precisely
controlled pore structures have been used, such as zeolites 4A and SAPO-14 [17], MOF materials
KAUST-7 [18] and Y-abtc [3]. The MOF material JNU-3a realized high C3He¢/C3Hg selectivity by

featuring dynamic molecular pockets opening to one-dimension diffusion channels [19]. It was
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recently reported that the local sieving channels of ZU-609 enabled high selectivity and gas
diffusion rates [20]. Moreover, HOF material HOF-FJU-1 achieved high selectivity and gas
capacity benefited from highly discriminating gating effect under elevated temperatures [21].

In kinetic separation, porous materials with suitable aperture windows or pore channels have
been utilized, such as zeolites DD3R [22], SICHA [23], ITQ-55 [24], and ZSM-58 [25], carbon
materials CMS [26] and CNP [27], and MOF materials ELM-12 [6], ZIF-8 [28], and Zn-ATA [29].
The kinetic separation process is generally more energy-efficient than equilibrium separation for
recovering C3Hg from adsorbents due to the absence of strong interactions, and it has less serious
problems of gas diffusion and adsorbent regeneration in steric separation with strong restriction of
the pore structures [6]. The adsorption selectivity of kinetic separation can be improved by tuning
the pore structures of adsorbents, e.g. by functionalizing the external surfaces of adsorbents with
additional diffusion layers or functional groups [30,31] or by tuning the pore openings with
deposition of coatings on adsorbent surfaces [32].

Modification with self-assembled monolayers of organic phosphonic acids (PAs) is a
promising method to tune the properties of metal oxide surfaces, in which covalent bonds are
formed between PA and hydroxyl surface through condensation reactions [33,34]. Our previous
work showed that the PA coatings on zeolite surfaces can control the relative adsorption rates of
pure-component C3Hs and C3Hg by varying the molecular structure of the PAs, such as changing
the alkyl chain length and steric configuration of the PAs [35,36]. Single-gas, pressure-decay
adsorption measurements revealed that PA monolayers on zeolite SA significantly enhanced the
kinetic selectivity of C3He¢/C3Hs, and the kinetic modeling with an internal diffusion model and a
surface limitation model showed that PA coatings changed the diffusion rate-limiting step from

zeolite pore channels to the PA coating layers at the external surfaces of the zeolites [36]. However,
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this previous study focused on the effect of PA coatings on single-gas diffusion and ideal
selectivity. Further measurements, such as breakthrough and mixture adsorption selectivity, are
needed to examine the performance of PA-coated zeolites as potential adsorbents for the adsorptive
separation of C3He/C3Hg in mixtures.

In an adsorptive separation process, the difference in interactions of gas components with
adsorbent surfaces can affect mixture adsorption selectivity, which may be quite different from
ideal selectivity measured with single-gas adsorption. Campo et al. [37] reported that the
displacement of pre-adsorbed C3Hg by CsHeg on zeolite 13X was observed in the breakthrough
curve for a 75/25 (molar ratio) C3He¢/C3Hs mixture, and the authors attributed this displacement to
stronger adsorption of C3He than C3Hg on zeolite 13X. Chai et al. [38] found that in the adsorption
of an equimolar mixture of acetylene (C2H>) and ethylene (C2H4) on zeolite Ni@FAU, little CoHy
adsorbed, and the dynamic separation selectivity of C2H2/C2Ha was up to 100, whereas the ideal
selectivity was only 1.5. Their successive adsorption experiments showed that CoH displaced pre-
adsorbed C2H4 on Ni@FAU, and they ascribed this to strong binding of CoH» with the zeolite; this
was confirmed by differential scanning calorimetry and in situ Fourier transform infrared
spectroscopy. Abedini et al. [39] reported that the mole fraction of C3Hg in the effluent from a
30/30/40 (molar ratio) C3He/C3Hs/Ar feed mixture was as high as 0.59 in a breakthrough
measurement on Cu-MOF-74, which was higher than expected if no C3Hg was in the effluent. The
excess C3Hs in the effluent was ascribed to the displacement of pre-adsorbed C3Hsg by C3Hg due to
the stronger affinity of adsorbent towards Cs;Hs; this was confirmed by the higher heat of
adsorption for C3He than Cs;Hs. Similar displacement phenomenon in mixture adsorption was
observed in systems using zeolite ITQ-55 [24], MOF material ZU-36-Ni [40], and HOF material

HOF-FJU-1 [21].
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In this work, the adsorptive separation performance of uncoated zeolite SA and the same
material coated with PAs was measured for C3H¢/C3Hs mixtures and compared with single-gas
adsorption measurements. We found that mixture adsorption yielded surprising improvements in
selectivity, which were not apparent from prior single-gas measurements. To understand the
origins of the improved selectivity, we investigated the interactions of gas components with the
zeolite as a function of gas exposure by means of successive adsorption of pure-component C3Hg
and CsHg and by mixture adsorption on uncoated and PA-coated zeolite 5A. Adsorption
experiments were followed by temperature-programmed desorption (TPD) to quantify gas
desorption kinetics. To control the surface barriers to gas diffusion, we studied a sterically bulkier
PA (tert-butylphosphonic acid, TBPA) and a long, linear chain PA (n-octadecylphosphonic acid,
ODPA) on the zeolite surfaces. We found that C3He/C3Hs selectivity was related to cumulative gas
exposure and diffusion resistance through the PA coating layers on the zeolite surfaces, which may
provide support for the design of adsorbents and adsorptive separation processes.

2. Experimental Methods
2.1 Materials and characterization

The PA-coated zeolite SA used in this work was synthesized based on the procedures reported
previously [35,36]. For the synthesis, 830 mg of zeolite SA calcined at 673 K in air for 4 h was
added to 200-mL solution (0.01 mol/L) of PA in tetrahydrofuran (THF), then stirred for 16 h, and
centrifuged at 8000 rpm for 9 min. The solvent was decanted, and the solid was annealed at 393 K
for 6 h, then rinsed with THF for four times, and dried in a vacuum oven at room temperature.
Zeolite SA (LTA type), Ca,Nai2-2,[(AlO2)12(Si02)12] xH20 (powder, <10 um, Sigma-Aldrich
233676), tert-butylphosphonic acid (TBPA, >97.5%, Acros Organics 321520050), n-

octadecylphosphonic acid (ODPA, >96.0%, Alfa Aesar 20645), and THF (high-performance
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liquid chromatography grade, Fisher Chemical T425-4) were used as received. The uncoated
zeolite 5A in the result section was zeolite SA calcined at 673 K in air for 4 h, cooled, then put
through deposition process in THF solvent without a PA modifier.

The crystal structures of the materials were characterized on an X-ray diffractometer (XRD),
Rigaku Smartlab model, with a Cu K, radiation source, using standard 2D detection from 7 to 40°
(angle 26) with a step of 0.01° and a scan rate of 2°/min. The porosities were determined by
nitrogen (=99.999%, Airgas) adsorption isotherms at 77 K measured on a surface characterization
analyzer, 3Flex model (Micromeritics Instruments). Based on the N> adsorption isotherms, the
total surface areas were determined with the Brunauer-Emmett-Teller (BET) multi-point method
[41] using relative pressure p/p® in the range of 107-0.05. The external surface areas (pore
size >2.5 nm) were determined with the t-plot method [42] using p/p° in the range of 0.20-0.40.
The micropore size distributions were determined with the Horvath-Kawazoe (HK) method [43].
Besides the N> adsorption isotherms, the adsorption capacities of the materials were measured by
pressure-decay adsorption using probe molecule COz (=99.999%, Airgas) at room temperature
under manifold pressure of 40 kPa and by CO; isotherms at 300 K in the pressure range of 2—800
mmHg on an Autosorb-1 apparatus (Quantachrome Instruments) equipped with a custom
LabVIEW-based data acquisition system. The thermal stability of PA modifiers was tested by TPD
from 298 to 823 K with a heating rate of 8 K/min under 20 SCCM of helium carrier gas, and the
gas composition from desorption was analyzed on a quadrupole mass spectrometer (MS, Balzers
Prisma QME 200) interfaced to the flow system via a capillary line.

2.2 Adsorption and desorption measurements
High purity CsHs gas (>99.5%, Airgas) and CsHg gas (=99.5%, Airgas) were used for

adsorption. In the apparatus as shown in Fig. S1, the gases were adsorbed with pulse injection over
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a 200-mg fixed bed (10 mm in diameter and 5 mm in height) of uncoated or PA-coated zeolite SA
under helium carrier gas. An equimolar C3He/C3Hg mixture was prepared by mixing 0.5 mL of
each gas in a 1-mL syringe, and a 90/10 C3H¢/C3Hg mixture was prepared by mixing 0.9 mL C3He
with 0.1 mL C3Hg. The cumulative gas exposure was controlled by changing the number of
injections (1.0 mL per dose), and the time interval between injections was 3.6 min. The flow rate
of the helium carrier gas was adjusted using a mass flow controller, in which the space time was
1.2 s for the gas passing through the bed when 20 SCCM of gas flow was used. Before adsorption
measurements, the uncoated and PA-coated zeolite SA were pretreated at 523 K for 2 h under 20
SCCM of helium carrier gas. Adsorption of pure-component C3Hg and CsHs, an equimolar
C3He/C3Hg mixture, and a 90/10 C3He¢/C3Hg mixture was carried out at 298 K under atmospheric
pressure. After gas adsorption, desorption rates and yields were measured by TPD from 298 to 523
K with a heating rate of 8 K/min under helium carrier gas with the same flow rate as in adsorption.

Gas composition was analyzed using a mass spectrometer (Balzers Prisma QME 200). In
the mass spectrometer fragmentation pattern for C3Hs, the highest-intensity signal is from the
mass/charge (m/z) 29 fragment, which is specific to C3Hg since C3Hg does not produce m/z 29.
The highest-intensity signal for CsHs is from m/z 41, but C3Hg also produces m/z 41 with weak
intensity. The intensity ratio of m/z 41 to m/z 29 for C3Hg was determined with pure C3Hs. For gas
adsorption and desorption, the area under the signal curve for a mass fragment is proportional to
the gas concentration at the bed outlet, and the gas amount was determined by calibration using
1.0 mL C3Hg and 1.0 mL CsHs, separately, without adsorbents in the bed. The selectivity (loading
ratio of C3He to C3Hg at the same adsorption time divided by the ratio of components in the feed)
was determined for single-gas adsorption measurement (ideal selectivity) and C3Hes/C3Hg mixture

adsorption (mixture selectivity). The relative concentration C/Cy (gas concentration of a species in



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

the effluent relative to that in the feed) in adsorption and the gas purity (gas concentration of a
species relative to the total in the effluent) in sorption were determined.
2.3 TPD profile analysis
The desorption rates from TPD profiles were fit with a first-order model [44,45]. The

desorption activation energy E. and the rate constant pre-exponential factor v were determined by
non-linear regression fitting of the desorption rates -df/d¢ versus temperature, where ¢ is the
desorption time, and 6 is the fractional gas coverage on the zeolite (the ratio of gas loading at
desorption time ¢ to the maximum loading in adsorption). The coefficient of determination
indicated the goodness of fit with experimental data.
3. Results and Discussion
3.1 Material structure

The deposition of TBPA and ODPA did not change the bulk crystalline structure of the zeolite,
as shown by XRD (Fig. S2). For the uncoated and TBPA coated zeolite 5A, the N> adsorption
isotherms exhibited reversible type I(a) behavior according to the IUPAC classification (Fig. S3A
and B), which indicated microporous structures of the adsorbents; the micropores dominated the
total surface areas (Table S1), and the micropore size distributions were narrow with median pore
width 5.8 A (Fig. S4). The diffusion barrier of N, into the ODPA-coated zeolite at 77 K was found
to be extremely high (at relative pressure 0.05, only 0.12 mmol/g of N> adsorbed on the ODPA-
coated 5A, whereas 7.6 mmol/g adsorbed on the uncoated 5A) (Fig. S3C), similar to molecular
sieve ZU-609 [20], making the determination of surface area via the BET method problematic.
This diffusion barrier is consistent with the expectation that the ODPA coating was highly
crystalline, with a low degree of chain mobility, at the low temperature of the measurement. As an

alternative to estimate the effect of the coatings on adsorption site availability, the adsorption
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capacities of the materials were measured using CO>. The equilibrium uptake of CO; on PA-coated
5A was similar to that on the uncoated zeolite, which indicated that PA coatings did not cover the
adsorption sites in the zeolites (Figs. S5 and S6). Additionally, the PA coatings on zeolite SA were
thermally stable up to 570 K as confirmed by TPD (Fig. S7), similar to prior measured stabilities
on TiO; [46].

3.2 Single-gas measurements

Single-gas adsorption was measured for C3Hg and C3Hs using pulse injections at 298 K, and
after a series of injections, TPD measured gas desorption (Fig. S8). On uncoated 5A, the C3Hs
loading was higher than C3Hg with 30 doses (1.0 mL for each dose), 2.44 + 0.08 and 1.50 + 0.20
mmol/g, respectively (Fig. 1A1). The TBPA coating did not detectably affect C3Heg adsorption, but
it decreased the initial adsorption rate of C3Hg to 87% of the initial rate on uncoated 5A (Figs. 1B1,
S9, S10, and Table S2). On ODPA-coated 5A, the initial adsorption rates of C3Hs and C3Hg were
54% and 12%, respectively, of those on uncoated 5A (Figs. 1C1, S9, S10, and Table S2). By
slowing C;3;Hg diffusion more significantly, the ODPA coating increased C3;He¢/C3Hs ideal
selectivity to ~4 at low gas exposures, whereas on uncoated 5A, it was only ~1.6 (Fig. S11). We
previously proposed that the differences in diffusion rates of C3Hs and C3Hg in ODPA coating
layer were entropically driven, where C3Hg had more available configurations, resulting in faster
diffusion rate and higher selectivity than C3Hg [36].

For uncoated 5A, C3Hg breakthrough in single-gas adsorption took place after 8 injections,
whereas C3Hg was detected at the outlet of the bed from the first injection (Fig. 1A2). The longer
breakthrough time for C3He was ascribed to its stronger affinity for the zeolite. The TBPA coating
did not measurably affect the C3He breakthrough time, and it did not strongly affect the C3Hs

breakthrough, though a small increase in relative concentration C/Co of approximately 0.1
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compared with the uncoated SA was observed during the first ~6 injections of C3Hs (Fig. 1B2),
consistent with a slightly smaller adsorption rate of C3Hg on TBPA-coated SA. For ODPA-coated
5A, both C3He and C3Hg were detected in high concentrations at the outlet of the bed from the first
injection (Fig. 1C2), indicating a significant barrier for adsorbate penetration. The effect of PA
coatings on gas adsorption rates and ideal selectivity from pulse injection measurements was in
agreement with the pressure-decay measurements for single-gas reported previously; the PA

coatings added an adsorption barrier on the zeolite surfaces [36].
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Fig. 1. Loadings of C3Hs and C;Hs in single-gas adsorption with 30 doses (1.0 mL per dose)

for each gas at 298 K, followed by TPD (start at time #4es), under 20 SCCM of helium, and

relative concentrations C/Cy in adsorption on (A1, A2) uncoated, (B1, B2) TBPA-, and (C1,

C2) ODPA-coated zeolite SA.

After the breakthrough measurements, desorption was carried out using TPD. The gas amount

from desorption was consistent with the uptake in adsorption (Table S3). The TPD profiles (Fig.

10
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2) showed that on uncoated 5A, the peak desorption temperature of C3Hg (383 K) was higher than
C;3Hs (345 K), which indicated that C3Hs had higher affinity for the zeolite. With a TBPA coating,
the C3Hs desorption peak shifted to the right and broadened, with a peak temperature that increased
by 6 K compared with uncoated 5A, which suggested that TBPA added a small diffusion barrier
for C3Hg desorption, whereas it had no detectable effect on C3Hs. On ODPA-coated 5A, the C3Hs
peak temperature increased by 34 K compared with the uncoated zeolite, whereas the C3Hg peak
temperature increased by 90 K, so that C3Hg desorbed at a higher peak temperature than C3;He.
This indicated that diffusion in the coating layer controlled the appearance of gases from

desorption, and the diffusion barrier was higher for C3Hs than C3He.

6

A B 6
CyHg C3Hy Uncoated
—_~ 57 Uncoated —_ 91
<C <C
i .
= 4 4 i 4 \
= 3 = 3 TBPA
£ £
3 21 3 21
s S ODPA
= 11 = 14
0 ' r . ' . 0 . x . : '
280 320 360 400 440 480 520 280 320 360 400 440 480 520
Temperature (K) Temperature (K)

Fig. 2. TPD curves of (A) C3Hs and (B) Cs;Hs from uncoated, TBPA-, and ODPA-coated
zeolite SA after single-gas adsorption with 30 doses (1.0 mL per dose) for each gas at 298 K
under 20 SCCM of helium.

The TPD data for uncoated and ODPA-coated zeolite SA after single-gas adsorption with 5
doses of C3Hg and C3Hg were fit with a first-order model (Fig. 3 and Table 1) to evaluate the trends
in desorption kinetics at low loadings. On uncoated 5A, the calculated apparent activation energy
of C3He desorption (41.3 £ 2.2 kJ/mol) was higher than C3Hs (29.9 £ 1.1 kJ/mol). With an ODPA

coating, the apparent activation energies for both C3He and C3Hg desorption into the vapor phase

were smaller than uncoated 5A, which seems surprising since the peak temperatures were higher
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on 5A-ODPA than uncoated 5A; for processes occurring through the same rate-limiting step,
higher activation energies are expected to correlate with increased TPD peak temperatures.
Interestingly, we found that the pre-exponential factors of the desorption rate constants for both
gases were also much smaller on 5SA-ODPA.

We proposed that ODPA modification changed the rate-limiting step of the desorption
process from gas molecules leaving adsorption sites within the zeolite to their transport through
the ODPA monolayer film [36]. The activation barrier measured for the ODPA-coated 5A
corresponds to a different elementary step, diffusion through the added ODPA layer, and we
proposed that the interaction enthalpies of gas molecules with PA chains were lower than with
adsorption sites at zeolite internal surfaces, accounting for the small apparent activation energies
of CsHs and CsHsg desorption from 5A-ODPA. Moreover, we speculated that desorbing gas
molecules experienced a large entropic penalty to diffuse through the dense ODPA coating layer,

accounting for the small pre-exponential factors of desorption rate constants.

A 16 B 04
Uncoated 5A 5A-ODPA
— 1.21 351K —~ 0.31
. : r.m
e o
o o
= 0.81 = 0.2
5 S|
T B
= o
T 0.4 T 0.1
0.0 i . r ' . 0.0 ' . r r :
280 320 360 400 440 480 520 280 320 360 400 440 480 520
Temperature (K) Temperature (K)

Fig. 3. Experimental (solid curves) and simulated (dashed curves) desorption rates -df/d¢
versus temperature of C3Hg and C3Hs from (A) uncoated and (B) ODPA-coated zeolite SA
after single-gas adsorption with 5 doses (1.0 mL per dose) for each gas at 298 K under 20
SCCM of helium.

Table 1 Kinetic parameters from first-order modeling of C;H¢ and C3;Hs TPD data after
single-gas adsorption on uncoated and ODPA-coated zeolite SA.
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Adsorbent Adsorbate E. (kJ/mol) v(sh Coefficient of determination

CsHs 413+2.2 (7.0 £3.3)x10? 0.99 +0.01
Uncoated 5A
CsHs 299+ 1.1 (1.3£0.6)x10? 1.00 £ 0.00
CsHs 30.4+0.6 63+1.4 1.00 £ 0.00
5A-ODPA
CsHs 17.1+£0.5 0.2+0.1 0.99 + 0.01

* The standard deviations of kinetic parameters were determined from triplicate measurements.
3.3 Competitive adsorption on uncoated zeolite 54

Successive adsorption measurements were performed to investigate competitive adsorption
between CsHe and C3Hs on uncoated zeolite 5A. In the “Cs;He-first” measurement, 10 doses of
CsHe were injected and 2.22 mmol/g C3Hs adsorbed, and then 10 doses of C3Hg were injected and
0.46 mmol/g CsHg adsorbed. The C3Hsg displaced 0.34 mmol/g pre-adsorbed CsHe; that is, 15% of
the C3Hs was displaced (Fig. 4A and Fig. S12A). In contrast, when the dosing order was switched
(“CsHs-first” measurement), C3Hg displaced 87% of pre-adsorbed CsHs (Fig. 4B and Fig. S12B).
Significant displacement of pre-adsorbed CsHg by Cs3He confirmed that C3He adsorbed more

strongly on uncoated 5A.

A 25 B 25
20 15% displaced 20
A = 87% displaced
o )
£ 5k £ 5.
E E
o)) o
£ 1.0 £ 1.0 1.41
B p= lost
S S

0.5 0.5

0.46
0.0- 0.0 0.22
CSH6 CBHS C3H8 CSHG

Fig. 4. Gas loadings in successive adsorption on uncoated zeolite SA with (A) 10 doses of C3Hg
then 10 doses of C3Hsg (“C3Hs-first”) and (B) 10 doses of C3Hs then 10 doses of C3Hg (“C3Hs-
first”) at 298 K under 10 SCCM of helium. In “Cs;Hs-first”, C3Hs displaced 15% pre-
adsorbed C3Hg, and in “Cs;Hs-first”, C3Hg displaced 87% pre-adsorbed Cs;Hs.
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Mixture adsorption measurements of equimolar and 90/10 (molar ratio) C3He/C3Hg were
conducted to examine the performance of zeolite SA under competitive adsorption conditions. For
equimolar mixture adsorption on uncoated 5A, as the number of mixture injections increased, the
loadings of both C3He and C3Hs increased significantly at low numbers of injections; after 10
injections, the loading of C3Hs kept increasing, whereas that of C3Hg decreased, which indicated
that C3Hs displaced pre-adsorbed CsHs (Fig. 5A1). The concentration of C3Hsg in the effluent
relative to the feed gradually increased and was over 1.0 after 10 injections (Fig. 5SA2); the excess
CsHg was from the displacement by CsHs. For a 90/10 C3He/C3Hg mixture, C3Hg adsorption
reached equilibrium faster than that from an equimolar mixture due to the high C3Hes concentration
in the feed (Fig. 5B1). The adsorption selectivity from a 90/10 C3Hes/C3Hg mixture was up to 23,
whereas it was 12 from an equimolar mixture (Fig. S13). In the effluent, the C3Hg C/Co peak
reached 1.8 in 90/10 C3He/C3Hg mixture adsorption, indicating significant displacement of pre-
adsorbed C3Hs by C3Hg (Fig. 5B2). Noticeably, following the adsorption of a 90/10 C3He/C3Hs
mixture, C3Hg gas with 99.5% purity was obtained during desorption in the collecting time
represented by the interval # to # (Fig. 5C2), during which 79.1% of the desorbed C3Hg was
collected (Fig. S14), whereas for an equimolar mixture, 46.4% of the desorbed C3Heg with 99.0%
purity was obtained (Figs. 5C1 and S14). Overall, as indicated by Fig. S13, the exposure-dependent
trends in C3Hs selectivity were similar across the equimolar and Cs;Hs-rich feed, with a large

enhancement in both cases.
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Fig. 5. Loadings of C3Hs and C3Hs in adsorption on uncoated zeolite SA with 20 doses (1.0
mL per dose) at 298 K, followed by TPD (start at time #4es), under 20 SCCM of helium,
relative concentrations C/Cy in adsorption, and gas purities in ad/desorption (dashed pink
line highlighted C3Hg purity collected from time # to # in desorption) from (A1, A2, A3) an
equimolar mixture and (B1, B2, B3) a 90/10 C3H¢/C3Hs mixture.
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The effect of flow rate of helium carrier gas on equimolar C3He/C3Hg mixture adsorption on
the uncoated zeolite SA was investigated. With the same gas exposures, the C3Hs and CsHs
loadings under 40 SCCM of helium were lower than 10 and 20 SCCM of helium due to the lower
concentrations of gases in the feed (Fig. SISAI1, B1, and C1). The C3Hg breakthrough time was
reduced with the increase of helium flow rate (Fig. S15A2, B2, and C2). Under 40 SCCM of
helium, the gas concentration was low (Fig. S15C3), resulting in weak mass spectrometer signals.
At a given C3Hg loading, a higher gas flow rate resulted in increased mixture selectivity (Fig. S16).
The TPD peak of C3Hg shifted to low temperature and narrowed under high gas flow rate, though
there was no significant difference in the C3Hg peak temperatures across various flow rates (Fig.
S17). Considering the TPD peak shape and the intensity of mass spectrometer signals, 20 SCCM
of gas flow rate was selected for the following adsorption and desorption measurements.

3.4 Influence of PA coatings on competitive adsorption

For equimolar C3He/C3Hg mixture adsorption, similar to the uncoated 5A (Fig. 6A1 and A2),
displacement behavior (with a smaller peak in C3Hg C/Co) was observed for TBPA-coated SA (Fig.
6B1 and B2), but it was not noticeable for ODPA-coated 5A within 30 doses (Fig. 6C1 and C2),
perhaps because of the lower gas loadings in the ODPA-coated samples at any given number of
doses. The strong competitivity of C3Hs adsorption was apparent even before displacement took
place on any of the zeolite SA samples: the loading of C3Hg in mixture adsorption was lower than
that from single-gas adsorption at the same volume of C3Hg injected into the system, and the
hindrance to CsHg adsorption became more significant at higher gas exposures (Fig. S18). In
desorption, the purity of C3Hg in the initial effluent before time point #; was low. After most of the
CsHg had desorbed, C3Hg gas with high purity was obtained (99.5% from uncoated zeolite 5A,

98.8% from TBPA-coated 5A, and 91.3% from ODPA-coated 5A) in collecting time represented
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by the interval # to tr (Fig. 6A3, B3, and C3), during which 41.3%, 41.9%, and 34.2% of the

desorbed C3Hg were collected from those three materials, respectively (Fig. S19). The gas mixtures

with C3He purity lower than polymer-grade (99.5%) need more cycles of separation [3].
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Fig. 6. Loadings of C3Hs and C3Hg in adsorption with 30 doses (1.0 mL per dose) of equimolar
C3Hg/C3Hs mixture at 298 K, followed by TPD (start at time #4es), under 20 SCCM of helium,
relative concentrations C/Cy in adsorption, and gas purities in ad/desorption (dashed pink
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uncoated, (B1, B2, B3) TBPA-, and (C1, C2, C3) ODPA-coated zeolite SA.

The mixture selectivities of C3He/C3Hg from equimolar mixture adsorption on uncoated,
TBPA-, and ODPA-coated zeolite SA increased as more doses of the gas mixture were injected
into the system (Fig. 7A), indicating that C3Hs hindered C3;Hg adsorption and displaced pre-
adsorbed C3Hg. At low gas exposures, the mixture selectivity from highest to lowest was: SA-
ODPA > 5A-TBPA > uncoated 5A, whereas at high gas exposures, uncoated SA had higher
mixture selectivity than TBPA- and ODPA-coated 5A. On uncoated 5A, the mixture selectivity
was up to 26 + 2 with 30 doses of the gas mixture (Fig. 7A), whereas the ideal selectivity was only
1.6 £ 0.2 (Fig. S11). The high selectivity for the uncoated zeolite at higher gas exposures was
attributed to the faster filling of the zeolite; i.e., CsHs and CsHg adsorbed more rapidly into the
uncoated zeolite, so that a regime in which C3Hg displaced pre-adsorbed C3Hg was reached earlier
in time. At a given C3Hs loading, SA-ODPA had a higher mixture selectivity than the uncoated
zeolite (Fig. 7B), because the ODPA coating had a larger diffusion resistance for C3Hg than C3He.
For the adsorptive separation of an equimolar mixture, the ODPA-coated zeolite SA (C3He loading
of 1.5 mmol/g, C3He/C3Hg mixture adsorption selectivity of 8.3) and the uncoated 5A (2.3 mmol/g,
26.4) are comparable to the state-of-the-art adsorbents, such as Co-MOF-74 (6.8 mmol/g, 6.5) [12],
Y-abtc (1.3 mmol/g, 8.3) [3], ZU-36-Ni (1.4 mmol/g, 19) [40], and KAUST-7 (1.3 mmol/g, 26.6)
[21], at 298 K. They are also comparable to values measured for HOF-FJU-1 (2.1 mmol/g, 56.3)
and JNU-3 (1.2 mmol/g, 5.9), two dynamic molecular sieving materials with a thermoregulatory

gating effect, at 333 K [21]. (See Fig. 7C).
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adsorption compared with state-of-the-art adsorbents (HOF-FJU-1 and JNU-3 at 333 K, and
the others at 298 K).

3.5 TPD profiles of zeolite 5A with different coverages

To understand the difference in the affinity of C3He and C3Hs for zeolite SA, the exposure-
dependent desorption following single-gas adsorption was considered. As shown in Fig. 8A and
Table S4, on the uncoated zeolite 5A, the TPD peak temperature of C3He decreased from 414 to
380 K as the fractional coverage increased from 0.45 to 1.0, which was ascribed to the population
of more weakly binding sites at higher coverages on the zeolite surfaces. In contrast, the peak
temperature of C3Hg hardly changed with coverage, from approximately 351 to 345 K (Fig. 8B
and Table S5), indicating a smaller degree of heterogeneity in the (weaker) binding sites for C3Hs.

Competitive adsorption effects in equimolar C3He/C3Hg mixtures were also supported by
TPD experiments. Similar to C3He TPD curves measured after single-gas adsorption, the C3Hs
peak desorption temperature after mixture adsorption on the uncoated zeolite SA decreased with
increased coverage, from approximately 429 to 385 K (Fig. 8C, and Table S6). For C3Hs, the peak
temperature decreased from 351 to 309 K as the gas exposure increased in mixture adsorption (Fig.
8D and Table S7), whereas it had almost no change with coverage in C3Hg single-gas measurement
(Fig. 8B and Table S5). We proposed that the reason for the peak temperature decrease of C3Hs
desorption with increased gas exposure was that C3Hg with strong affinity for the zeolite repulsed
CsHsg molecules on the zeolite surfaces, and the repulsion to C3Hs was more significant at higher
gas exposures so that CzHg molecules became easier to desorb from the zeolite surfaces. In other
words, it appeared that even relatively weakly-binding sites in the zeolite had a significant
preference for adsorption of CsHe. The C3Hs coverage calculated from TPD curves decreased as
the gas exposure increased (Table S7), which was consistent with the competitive adsorption that

CsHs displaced pre-adsorbed C3Hg at high gas exposures (Fig. 6A1).
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Fig. 8. TPD curves of uncoated zeolite SA after adsorption at 298 K under 20 SCCM of

helium with 5, 10, 20, 30 doses (1.0 mL per dose) of single gases: (A) C3Hg, (B) C3Hs, and
equimolar C3He/C3Hs mixture: (C) C3Hg, (D) CsHs.

For the same TPD experiments after adsorption on ODPA-coated 5A, the peak desorption
temperatures of C3He and C3Hs from both single-gas and mixture adsorption were higher than
those on uncoated 5A (Fig. 9); the ODPA coating layers on the zeolite surfaces added resistance
for diffusion of gas molecules from desorption and therefore lowered the initial desorption rate.
On ODPA-coated 5A after mixture adsorption, the TPD peak temperature of C3Hg decreased as
coverage increased (Fig. 9C and Table S10), similar to the trend for C3Hs single-gas measurements
(Fig. 9A and Table S8). For Cs3Hg after mixture adsorption, the peak desorption temperature

decreased from 438 to 394 K (Fig. 9D and Table S11), such that there was some effective

“repulsion” from C3Hs molecules on the zeolite surfaces, especially at high coverage. In contrast,
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the C3Hg peak temperature from single-gas measurements showed no apparent change with
coverage (Fig. 9B and Table S9). Different from uncoated 5A, the displacement phenomenon on
5A-ODPA was not observed until 30 doses of mixture, and C3Hsg loading kept increasing as the

gas exposure increased (Table S11).

5 2.0

A C;Hjg, single B C,Hg, single

2 41 2 1.5

L B

P 30 o 30

= 3 5

bt -~ 1-0_

5 20 © 20

E 21 E

3 3

e 10 c 0.5- g

- 5 e
0+ - T T r T 0.0 : r r T T
280 320 360 400 440 480 520 280 320 380 400 440 480 520

Temperature (K) Temperature (K)

3 0.8

& C4Hg, mixture N C;Hg, mixture

<t 30 < 06

o~ ™~

< 2 A

o o

o 20 5

= T 0.4 30

v} o

E =

3 14 3 20

s § %% 22

5
] - T T r 0.0 T T T T T
280 320 360 400 440 480 520 280 320 360 400 440 480 520
Temperature (K) Temperature (K)

Fig. 9. TPD curves of ODPA-coated zeolite SA after adsorption at 298 K under 20 SCCM of
helium with 5, 10, 20, 30 doses (1.0 mL per dose) of single gases: (A) C3Hg, (B) C3Hs, and
equimolar C3He/C3Hs mixture: (C) C3Hg, (D) CsHs.

In mixture adsorption, the ODPA coating enhanced the kinetic selectivity of C3Hes/C3Hg by
adding an additional diffusion barrier on the zeolite surfaces, but the ODPA coating lowered
adsorption rates. The uncoated 5A had low initial mixture selectivity, but it had much higher

mixture selectivity at high gas exposures because C3Hs displaced pre-adsorbed C3Hs. The ODPA

coating favored adsorption selectivity of C3He/C3Hg at low gas exposures, whereas uncoated
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zeolite SA is a potential adsorbent for the separation at high gas exposures. Essentially, uncoated
zeolite 5A allowed for high gas loadings to be achieved at earlier times, providing a
thermodynamic driver for high selectivity based on the favorable adsorption of C3Hs. Moreover,
the properties of the coating played a major role in dictating the overall separation performance:
whereas ODPA dramatically improved initial selectivity and suppressed adsorption rates, TBPA
had much more muted effects on both parameters. Therefore, in gas separation process, there is a
tradeoff between adsorption rate and selectivity for the selection of adsorbent. In addition, the
operating parameters need to be optimized to improve the adsorption kinetics for industrial
application, and competitive adsorption needs to be considered for the determination of operating

conditions.

4. Conclusions

The performance of zeolite SA for C3He/C3Hg separation and the influence of PA coatings
were evaluated by both single-gas and mixture adsorption using pulse injections, following by
temperature-programmed desorption. In gas adsorption, C3Hg preferentially adsorbed on uncoated
and PA-coated 5A because of the higher diffusion rate of C3Hg and its stronger affinity for the
zeolite. The PA coatings added additional diffusion barriers on the zeolite surfaces and resulted in
high mixture selectivity of C3H¢/C3Hs at low gas exposures. The sterically bulkier TBPA created
lower density coating layers on the zeolite surface, and it had less effect on adsorption than ODPA
with a long, linear chain. While the selectivity effects of coatings on single-gas adsorption were
relatively straightforward, mixed gas adsorption revealed more complex behavior. On uncoated
5A, CsHs displaced pre-adsorbed C3Hg and resulted in high mixture selectivity, up to ~26 from an
equimolar C3He¢/C3Hg mixture at high gas exposures, whereas the ideal selectivity was only ~1.6.

A C;3He-rich mixture promoted the displacement and resulted in higher selectivity than an
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equimolar mixture at the same gas exposure. For both uncoated and ODPA-coated 5A, the C3Hs
peak desorption temperature decreased significantly after mixture adsorption compared with that
after C3Hs single-gas adsorption, indicating that C3Hg desorption was promoted by the repulsion
from C3Hs on the zeolite surfaces. Moreover, experiments in which the adsorption sequence of
pure-component C3Hs and C3Hg was switched further confirmed the preferential adsorption of
CsHe over CsHsg, with CsHs displacing far more C3Hg than vice versa. The findings demonstrate
the importance of competitive adsorption in dictating mixture selectivity. Comparison of the
mixture adsorption performance of the ODPA-coated and uncoated zeolites revealed that use of
materials having faster adsorption is not only attractive from the perspective of more rapid uptake
but also, unexpectedly, can improve selectivity by enabling a faster rate of displacement of one
adsorbate (propane) by another (propylene).
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