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ABSTRACT: The separation challenge posed by propylene/
propane mixtures arises from their nearly identical molecular
sizes and physicochemical properties. Metal−organic frameworks
(MOFs) have demonstrated potential in addressing this challenge
through the precision tailoring of pore sizes and surface
chemistry. However, introducing modifications at the molecular
level remains a considerable hurdle. This work presents an
approach to reversibly tune the propylene/propane adsorption
preference in zeolitic imidazolate framework-8 (ZIF-8) by
manipulating the particle size and gas flow rate. Systematically
increasing the ZIF-8 crystals from 9 to 224 μm restricts propane
diffusion, thereby reversing its preferential adsorption over propylene. Furthermore, raising the gas flow rate of mixed
propylene/propane shifts the rate-determining breakthrough step from thermodynamic equilibrium to kinetics, again
reversing the adsorption preference in a particular ZIF-8 sample. We propose “dynamic selectivity (Sd(t))” as a concept that
incorporates both thermodynamic and kinetic factors to elucidate these unexpected findings. Moreover, the driving force
equation, grounded on the concept of Sd(t), has improved the precision and stability of the computational simulation for fixed-
bed adsorption processes. This work underscores the potential of diffusion-based modulation, implemented through
manageable external changes, as a viable strategy to optimize separation performance in porous adsorbent materials.
KEYWORDS: Adsorption, Metal−organic frameworks, ZIF-8, Propane, Propylene, Kinetic separations

Propylene, an indispensable raw material in the chemical
sector, is primarily obtained from naphtha steam
cracking and propane dehydrogenation processes that

inevitably yield mixtures inclusive of propane and other
impurities.1,2 The separation of propylene-propane binary
mixtures poses a daunting challenge due to their near-identical
molecular sizes and physical properties.3,4 Traditional distil-
lationmethods, operating at high-pressure and low-temperature,
necessitate over 100 stages, given the marginal difference in the
boiling points of propylene (225.46 K) and propane (231.02
K).5,6 Alternatively, adsorption separation methods offer a more
benign, energy-efficient, and cost-effective solution, as they
circumvent phase changes.7−10

Metal−organic frameworks (MOFs), a class of crystalline
hybrid porous materials, have attracted tremendous interest for
adsorption-based separations owing to their highly ordered,
tunable pore structures.11−18 Several strategies have been
employed to separate propane/propylene mixtures using
MOFs, with each component’s preferential adsorption achieved
by adjusting the framework affinity.19−22 Despite their similar

sizes, propylene is slightly smaller along certain directions
(Figure S1), enabling kinetic separations through precise pore
size control.23−26 Some flexibleMOFs display thermoresponsive
gate-opening specific to propylene.27,28 Ideal molecular sieving
of propylene can be realized in MOFs like KAUST-7 via ligand
and metal substitution.29,30 However, tailoring pore architec-
tures and chemistries to match adsorbate properties remains
enormously difficult.31,32

In fixed bed adsorption processes, both thermodynamic and
kinetic factors are in play, with particle size and gas flow rate
significantly influencing gas-phase diffusion behavior on the
solid phase (intracrystalline and external diffusion).33,34,54,55
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Importantly, managing the adsorbent size and gas flow rate in
fixed bed adsorption processes is more feasible than crafting
porous materials at the molecular level.56,57

Zeolitic imidazolate frameworks (ZIFs) ingeniously blend the
robustness of zeolites with the tunability characteristic of
MOFs.35−40 Zeolitic imidazolate framework-8 (ZIF-8), in
particular, has been rigorously explored for adsorption
applications, thanks to its convenient synthesis, affordability,
and durable structure.41−47 The cation-free, nonpolar frame-

works of ZIF-8 demonstrate a more potent binding affinity
toward propane,48−50 with numerous studies observing a
thermodynamic adsorption preference for propane over
propylene.48,51,52 However, Li et al. delved into the potential
for kinetic separation of propylene/propane using large ZIF-8
crystals, which demonstrated a preference for propylene.53

Motivated by this research, we embarked on a journey to probe
the feasibility of reversing adsorption preference through
macroscopic regulation of particle size and gas flow rate,

Figure 1. (a) Schematic illustration of the ZIF-8 synthesis process (mIm = 2-methylimidazole). Color scheme for atoms: C, gray; N, blue; Zn,
yellow; theH atoms are omitted for clarity. (b) Particle size distribution curves for ZIF-8 samples with varying grain sizes: ZIF-8-9 μm, ZIF-8-72
μm, ZIF-8-141 μm, and ZIF-8-224 μm.

Figure 2. (a) Powder X-ray diffraction (PXRD) patterns. (b) N2 adsorption isothermsmeasured at 77 K. (c) Propane adsorption isotherms. (d)
Propylene adsorption isotherms for ZIF-8 samples with varying grain sizes. Kinetic uptake curves of (e) propane and (f) propylene at 10 kPa
and 298 K for ZIF-8 samples with varying grain sizes.
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leveraging the antagonistic interplay between adsorption and
diffusion.
In this study, we report the documentation of a selectivity

reversal phenomenon in ZIF-8 for equimolar propylene/
propane breakthrough experiments, achieved by manipulating
the particle size and gas flow rate. By increasing the ZIF-8
particle size, we successfully limited the intracrystalline diffusion
of propane within the material, thereby triggering a preferential
adsorption reversal from propane to propylene. Furthermore,
we were able to invert the adsorption preference by regulating
the mixed gas flow rate in ZIF-8 samples with a given particle
size. The breakthrough simulation results confirm the viability of
reversing the adsorption preference through the control of
particle size and flow rate. Following these findings, we
introduce the concept of dynamic selectivity (Sd(t)) to elucidate
these seldom-observed breakthrough phenomena. Within the
breakthrough simulation, we developed a driving force equation
in the form of an interpolation function (IF) rooted in the Sd(t)
concept. In comparison to conventional models, our model
demonstrates superior solution accuracy and stability. Given the
similar physical processes at work, we propose dynamic
selectivity as an efficient and direct method to understand
adsorption behavior in microporous materials and enhance the
theoretical model for fixed bed breakthrough scenarios.

RESULTS AND DISCUSSION
A comprehensive set of ZIF-8 samples, with average particle
sizes spanning from 9 to 224 μm (Figure 1a), was successfully
synthesized via a solvothermal reaction (detailed in the
Supporting Information (SI)). Analysis of the grain size
distribution curves revealed a direct relationship between the
ligand/metal molar ratio and the average particle size. Lowering
the ligand:metal molar ratio (L/M) led to an increase in the ZIF-

8 particle size (Figure 1b). Intriguingly, the medium-sized ZIF-8
(72 μm) presented two peaks in the grain size distribution curve,
likely a result of inconsistent growth rates along the bottle wall
and bottom. However, this did not disrupt the relative
relationship of the average particle size. SEM images (Figure
S2) confirmed that the synthesis method generated ZIF-8
particles across all of the size ranges. PXRD results underscored
the high crystallinity of ZIF-8 materials of varying particle sizes
with peak angles aligning closely with the simulated XRD
pattern (Figure 2a). BET surface area calculations for ZIF-8
particles of 9, 72, 141, and 224 μm yielded values of 2151, 1804,
1725, and 1372 m2/g, respectively (Figure S3). The lower BET
surface area values for larger particles could be ascribed to the
reduced external surface area and prolonged diffusion time
(Figure 2b).
We recorded the single-component adsorption isotherms of

propane and propylene on ZIF-8 particles of varied sizes at 298
K (Figure 2c,d). Despite their different sizes, the ZIF-8 particles
showed comparable thermodynamic properties. At low pressure
(10 kPa), propane exhibited a higher adsorption capacity (1.47
mmol/g) than propylene (1.22 mmol/g), whereas at atmos-
pheric pressure (100 kPa), the scenario reversed, with the
adsorption capacity for propane (3.99 mmol/g) falling below
that for propylene (4.20 mmol/g). The low-pressure adsorption
capacity more accurately reflects the affinity between the
adsorbent and gas molecules (Figure S5). ZIF-8 displayed a
slightly stronger affinity for propane over propylene, with the
calculated Henry’s selectivity for propane/propylene at 1.13,
aligning well with literature reports (1.8).48 Notably, ZIF-8
particles measuring 224 μm showed a significant decrease in
adsorption capacity for both propane and propylene, likely due
to a lesser specific surface area and extended gas diffusion time.
Increasing the test’s equilibrium time (up to 10-fold)

Figure 3. Experimental and simulated breakthrough curves of equimolar binary propane-propylene mixtures for ZIF-8 samples at 298 K with
varying grain sizes: (a) 9 μm, (b) 72 μm, (c) 141 μm, and (d) 224 μm.
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significantly enhanced the adsorption capacity of propane, but
still far away from the adsorption equilibrium (Figure S4). To
precisely ascertain the equilibrium adsorption capacity for
propane and propylene, we adjusted the adsorption capacity and
diffusion equilibrium time for low pressure (10 kPa), break-
through partial pressure (50 kPa), and atmospheric pressure
(100 kPa) using kinetic uptake plots (Figures S6−S9 and Table
S1). The thermogravimetric curves (Figure S16) before
degassing (blue lines) show a weight decrease commencing at
373 K, signifying the removal of solvent from the samples. After
the degassing treatment, the weight of the ZIF-8 samples with
particle sizes of 9, 72, and 141 μm (green lines) remains stable,
indicating that the solvent has been effectively removed.
However, for the ZIF-8-224 μm sample, a notable weight loss
is observed after the temperature exceeds 500 K, suggesting
incomplete removal of the solvent. This observation underlines
that larger particle sizes could potentially affect the kinetics of
the adsorption and desorption of different guest molecules.
Therefore, we have taken rigorous steps to ensure complete
degassing (473 K for 5 days) to minimize any potential impact
on our adsorption results as much as possible.
The kinetic adsorption test (Figure 2e,f) showed that the

results of ZIF-8 with varying particle sizes deviated from the
ideal scenario (Table S2). The diffusion of propane in ZIF-8 was
relatively predictable, with different radii resulting in a diffusion
time constant (D/r2) for ZIF-8-9 and ZIF-8-224 μm that
differed by approximately 1000 times. As the particle size
increased, the diffusion of propane in ZIF-8 significantly slowed.
Due to the instrument’s noninstantaneous boosting process, the
measurement of the diffusion coefficient (D) of the fast diffusion
component (propylene) of different ZIF-8 particles resulted in
an error of over 100 times. Particularly for ZIF-8-9 μm, ZIF-8-72
μm and ZIF-8-141 μm, the measured diffusion time constant
was virtually identical, suggesting that the test results were
primarily controlled by the instrument’s pressure boosting
process. Therefore, for the calibration of diffusion coefficients
and related simulated calculations, test results of large particle

materials, which are closer to intrinsic diffusion, are often
chosen.54−56 Despite potential inaccuracies in these adsorption
tests, it can be concluded that the slower rate of propane
adsorption could trigger a reversal of breakthrough selectivity.
A series of fixed-bed breakthrough experiments and the

corresponding simulations substantiated our hypothesis. An
equimolar propylene/propanemixture flowed through a column
of identical specification, packed with ZIF-8 particles of different
sizes, at a flow rate of 0.4 mL/min (Figure 3). With the particle
size increase, the elution order of distinct components shifts.
The breakthrough selectivity of propylene/propane escalated
from 0.9 (ZIF-8-9 μm) to 2.0 (ZIF-8-224 μm) (Table S3).
Simulations based on our established model33,57,58 were able to
reproduce these reverse results, simply by adjusting the particle
size (r) while maintaining a consistent set of diffusion
coefficients for the entire simulation campaign, demonstrating
an agreement with the experimental curves. Note that the
discrepancy between the experimental and simulated break-
through curves becomes more pronounced as particle size and
the flow rate increase. This divergence is primarily attributed to
the breakthrough curve rolling up, indicative of competitive
adsorption effects among the components. Video animations of
the breakthrough simulations presented in Figure 3a,b,c,d are
available for viewing in the SI. The x-axis represents the
dimensionless distance along the fixed bed. The y-axis shows the
molar concentrations of propylene and propane. The video
animations show the development of the gas phase concen-
tration fronts as they traverse the bed. Larger ZIF-8 particles
demonstrated a more pronounced diffusion effect, resulting in a
smaller diffusional time constant (D/r2), which in turn
stimulated intracrystalline diffusion and led to the earlier exit
of propane from the fixed-bed column. Conversely, for ZIF-8-9
μm, its larger diffusion time constant diminishes the role of
intracrystalline diffusion, and as D/r2 approaches infinity, the
diffusion limitation is eliminated. The adsorption of both
propylene and propane on ZIF-8-9 μm swiftly reaches

Figure 4. Experimental and simulated breakthrough curves of equimolar binary propane-propylene mixtures for ZIF-8-9 μm at 298 K with flow
rates of (a) 0.1 (b) 0.2, (c) 0.4, (d) 1.7, (e) 3.8, and (f) 7.9 mL/min.
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equilibrium, yielding a breakthrough result that closely mirrors
the static adsorption results.
The intricate kinetics involved in the breakthrough experi-

ment, which encompasses both the inflow and outflow of the
mixed gas, ultimately tether the process to diffusion regulation.
This regulation can exert a significant influence on the
separation process. A series of breakthrough experiments were
conducted using a column packed with ZIF-8-9 μm (Figure 4),
at diverse flow rates. We discerned a fascinating correlation: as
the flow rate escalated, the breakthrough selectivity for
propylene/propane improved, increasing from 0.9 at 0.1 mL/
min to 1.1 at 7.9 mL/min under constant particle size conditions
(Table S4). Breakthrough simulation results, based on reliable
input data on intracrystalline diffusivity, also confirmed that
altering the flow rate (interstitial velocity of feed gas) can indeed
reverse the adsorption preference. A plausible interpretation of
this phenomenon could be that an increase in flow rate pivots
the primary determinant of the column breakthrough experi-
ment from thermodynamics to kinetics. This, in turn, modifies
the adsorption preference. However, those conventional
indicators-IAST selectivity/Henry’s selectivity, kinetic selectiv-
ity-only partially rationalize the breakthrough effect, focusing
either on the adsorption equilibrium time or the low-pressure
adsorption capacity. These indicators exhibit two substantial
limitations: first, they do not adequately illustrate the relative
influence of thermodynamics and kinetics in the breakthrough
experiment; second, they predominantly measure material
properties, largely overlooking independent variables such as
flow rate that determines the gas-particle contact time.
We noticed that the intracrystalline diffusion process of gases

in materials during both the kinetic adsorption test and the
breakthrough experiment is very similar (Figure 5a), which
provides a potential elucidation for the observed reversal
phenomenon. Thus, we propose the concept of dynamic
selectivity (Sd(t), see eq 1) based on the results of intracrystal-
line diffusion from the kinetic adsorption test and a rudimentary
assumption of external diffusion. This concept consolidates both
thermodynamic and kinetic factors, yet it does not explicitly
express pure thermodynamic (e.g., Henry’s constant, K) or
kinetic indicators (e.g., intracrystalline diffusivity, D).

=S t
n t
n t

( )
( )
( )d

A

B (1)

Wherein, t denotes the breakthrough equilibrium time, nA and
nB represent the adsorption capacity pertaining to the kinetic
adsorption curves (under breakthrough partial pressure) of
components A and B, respectively, at that particular time.
In the context of dynamic selectivity, the adsorption

preference is constrained to 1. We postulate that the
intracrystalline diffusion time, as applied to dynamic selectivity,
is approximately commensurate with the equilibrium time of the
breakthrough experiment. This serves to indicate the dynamic
equilibrium state at a specific flow rate. Dynamic selectivity
provides a predictive model for the reversal phenomenon
instigated by alterations in the flow rate (Figure 5b). Adsorption
reversal is anticipated to occur when the breakthrough
equilibrium time ranges between 20 and 110 min (with Sd(t)
values spanning from 0.97 to 1.03). This prediction aligns
notably well with the time frame observed empirically, which
extends from 35 to 180 min. This observation tentatively
validates the reliability of using Sd(t) to estimate a material’s

separation performance in an actual fixed-bed breakthrough
experiment.
The breakthrough model encapsulates our understanding of

the fixed-bed adsorption process. Therefore, it is essential to
incorporate the concept of Sd(t) into the breakthrough model to
enhance our comprehension of the process and yield more
precise and consistent simulation results. Given our assumption
of similarity in the intracrystalline diffusion process between two
tests, we performed a straightforward differential treatment on
the kinetic adsorption curves (the adsorption capacity−time
(q−t) relationship) of a specific particle size under breakthrough
partial pressure. We then transformed the independent variables
to the adsorption capacity. This can be numerically converted
into the driving force equation (∂q/∂t-q relationship, Figure
6a,b), which we represent using an interpolation function (IF)
equation. In this way, the single-particle adsorption results in a
fixed bed, obtained through the integration (reverse processing)
of the IF equation, aligns with the results of the kinetic
adsorption test. We selected universally recognized models and
assumptions for other conditions, such as external diffusion (see
Supporting Information for details). The breakthrough results of
the IF model, based on the Sd(t) concept, are shown in Figure
6c,d, which are transformed into the form of q−t. The
termination point of each curve symbolizes the adsorbents’
total adsorption uptake at the breakthrough equilibrium.

Figure 5. (a) A schematic illustration highlighting the parallelism
between the intracrystalline diffusion process of gas during kinetic
adsorption testing and the fixed-bed adsorption process. (b)
Depiction of kinetic uptake curves for propane (green) and
propylene (blue) in ZIF-8-9 μm, subjected to a breakthrough
partial pressure of 50 kPa. The corresponding dynamic selectivity
curve is also illustrated (red).
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Notably, our model successfully reproduced the flow-rate-
induced adsorption reversal after input of the kinetic adsorption
test results of ZIF-8-9 μm, a feat that conventional breakthrough
models failed to achieve. They could only reproduce the
selectivity reversal results after inserting the correct diffusion
coefficient (i.e., increasing the propylene diffusion coefficient by
more than 2 orders of magnitude).
Such discrepancies in the accuracy of results generated using

the same flawed data incite further discussion of the
construction of the breakthrough model. In this context, we
turn our attention to the classic linear driving force (LDF)
equation, frequently employed to depict intracrystalline
diffusion, as an exemplar for comparison (Figure 6e, f). It is
crucial to acknowledge that, despite the adsorption rate in the
low-loading zone significantly exceeding the set value of all
models (tending toward infinity when the load is zero), this
discrepancy exerts minimal influence on the overarching results.
The primary divergence between the IF curve and the true
intracrystalline diffusion curve originates from the boost stage.
The phenomenon of “limited diffusion”, exhibited during the
boost stage, causes the IF curve to fall beneath the true diffusion
curve within the low load zone. However, congruence between
the IF curve and the true diffusion curve manifests upon
completion of the boost stage (around 3 min), a precise
alignment that persists within the more impactful high load
zone, a feat unattainable by generic driving force equations.
When accurate diffusion coefficients (such as that for

propane) are provided, both the LDF and IF curves exhibit a
strong alignment with the true diffusion curve, implying a high
degree of simulation accuracy. On the contrary, when fed with
erroneous kinetic results, LDF predictions deviate by an order of
magnitude (over 100-fold in this case), a systemic error. In this
study, the propylene adsorption rate was significantly under-

estimated, forestalling the possibility of a reversal, a stark
departure from our experimental findings. Paradoxically, the IF
curve, maintaining its alignment with the true diffusion curve in
the high load zone, remained relatively unaffected. A
comprehensive analysis corroborates that the IF equation,
premised on the Sd(t) concept, outperforms traditional driving
force equations in terms of both accuracy and stability.
Furthermore, it is important to note that both kinetic

adsorption testing and breakthrough experimentation funda-
mentally involve “limited diffusion”. However, given the more
formalized expression of external diffusion in breakthrough
simulations, we can leverage the simulation results to adjust the
external diffusion in kinetic adsorption tests, thereby enhancing
the predictive power of the breakthrough separation perform-
ance under specific operational conditions. As an illustrative
instance, in Figure 5b, ZIF-8-9 μm demonstrates a significant
adsorption hysteresis (0−900 s) under an inlet linear velocity of
0.001 m/s. By decelerating the rate of the pressure increase
during kinetic adsorption tests, we can simulate external
diffusion more accurately. It is crucial to bear in mind that
real-life breakthrough experiments may be influenced by factors
such as the column pressure drop and competitive adsorption
between components. These factors, deemed inconsequential in
our experiments, were subsequently disregarded. Nonetheless, if
these factors prove to be significant in other scenarios, then we
can incorporate relevant existingmodels or assumptions into our
model for a more holistic depiction.

CONCLUSIONS
In summary, this study presents the demonstration of
completely reversing and tuning the propylene/propane
adsorption preference in ZIF-8 through systematic changes in
particle size and gas flow rate-reliable external parameters from

Figure 6. An interpolation function illustrating the relationship between the adsorption rate and adsorption capacity, derived from the
simulated kinetic uptake curve at 50 kPa for(a) ZIF-8-9 μm and (b) ZIF-8-224 μm. A comparison of breakthrough simulation results for
propylene (solid lines) and propane (dash-dot lines) with the input kinetic uptake curves (gray lines) for (c) ZIF-8-9 μmand (d) ZIF-8-224 μm.
A comparative analysis of actual and simulated results was done using the interpolation function (IF) equation and the classic linear driving
force (LDF) equation for (e) propane and (f) propylene.
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both experimental and simulation perspectives. Solely enlarging
the ZIF-8 crystals restricts propane diffusion, reversing its
preferential adsorption over propylene in breakthrough experi-
ments and simulations. Moreover, raising the flow rate of mixed
propylene/propane pivots the breakthrough process from
thermodynamic equilibrium to kinetic adsorption, again
reversing the selectivity for a given ZIF-8 sample. Breakthrough
simulation verifies the dramatic impacts of particle size and flow
rate on uptake and selectivity during the breakthrough process.
In light of these observations, we propose “dynamic selectivity”
as a concept to elucidate the breakthrough phenomena, offering
a direct and effective approach to understand adsorption
behavior in microporous materials. Our work lays a foundation
for enhancing the accuracy and stability of computational
simulations and correcting the fixed bed breakthrough
theoretical model. This research provides a method for the
future exploration of diffusion-based modulation as a versatile
strategy for improving separation performance in porous
adsorbent materials.

METHODS
Materials. All chemicals were purchased from commercial suppliers

without further purification. Zinc nitrate hexahydrate (Zn(NO3)2·
6H2O, 99%) and N,N-dimethylformamide (99.5%) were purchased
from Sinopharm Chemical Reagents Co., Ltd. 2-methylimidazole
(98%) was purchased from Aladdin. N2 (99.999%), C3H6 (99.999%),
C3H8 (99.999%), and a gas mixture of C3H6/C3H8 (50/50, v/v) were
obtained from Jingong Co., Ltd. (China) and used for all measure-
ments.
Synthesis of ZIF-8-9 μm. Zn(NO3)2·6H2O (5.96 g, 20 mmol) and

2-methylimidazole (4.926 g, 60 mmol) were dissolved in N,N-
dimethylformamide (400 mL). The mixture was put into a glass bottle
and transferred into an oven under 413 K for 3 days. White crystals were
obtained, washed with deionized water three times, and soaked in
deionized water three times over 3 days (1 day each) for solvent
exchange.
Synthesis of ZIF-8-72 μm. Zn(NO3)2·6H2O (5.96 g, 20 mmol)

and 2-methylimidazole (3.774 g, 46 mmol) were dissolved in N,N-
dimethylformamide (400 mL). The mixture was put into a glass bottle
and transferred into an oven under 413 K for 3 days. White crystals were
obtained, washed with deionized water three times, and soaked in
deionized water three times over 3 days (1 day each) for solvent
exchange.
Synthesis of ZIF-8-141 μm. Zn(NO3)2·6H2O (5.96 g, 20 mmol)

and 2-methylimidazole (2.622 g, 32 mmol) were dissolved in N,N-
dimethylformamide (400 mL). The mixture was put into a glass bottle
and transferred into an oven under 413 K for 3 days. White crystals were
obtained, washed with deionized water three times, and soaked in
deionized water three times over 3 days (1 day each) for solvent
exchange.
Synthesis of ZIF-8-224 μm. Zn(NO3)2·6H2O (5.96 g, 20 mmol)

and 2-methylimidazole (1.470 g, 18 mmol) were dissolved in N,N-
dimethylformamide (400 mL). The mixture was put into a glass bottle
and transferred into an oven under 413 K for 3 days. White crystals were
obtained, washed with deionized water three times, and soaked in
deionized water three times over 3 days (1 day each) for solvent
exchange.
Powder X-ray Diffraction Analysis (PXRD). PXRD data were

collected on an X’Pert3 powder diffractometer (PANalytical) with Cu
Kα emission radiation (λ = 1.540598 Å), and the operating power was
40 kV, 30mA. The scan range of 2θwas 2° to 60°with a scan step size of
0.02°. The simulated PXRD pattern was obtained from a CSV file in the
Cambridge Crystallographic Data Centre.
Particle Size Distribution Analysis. Particle size distribution data

were collected on a Beckman Coulter LS13320 laser particle size
analyzer tested in the range of 0.017−2000 μm.

Scanning Electron Microscope (SEM). The scanning electronic
microscope (SEM) was performed on a Hitachi SU-8010 after gold
puttering for 60 s.
Thermogravimetric Analysis (TGA).The thermogravimetric data

were obtained by using a TA-Q500 thermogravimetric analyzer. The
experiments were performed under a nitrogen atmosphere, employing a
temperature range of 323 to 873 K and a heating rate of 10 K/min.
Gas Adsorption Measurements. Adsorption isotherm data were

collected on the Micromeritics ASAP 2020 adsorption apparatus.
Around 150 mg of sample prepared according to the above methods
was used for the gas adsorption measurement. The outgassing was
performed under vacuum at 473 K for 5 days, and the free space was
filled with nitrogen gas. The single-component adsorption isotherms
were performed at a temperature of 298 K (C3H8 and C3H6) and 77 K
(N2) and pressure from 0 to 1.0 bar. The dead space of the system was
determined by helium.
Kinetic Adsorption Tests. The kinetic adsorption profiles were

measured on an Intelligent Gravimetric Analyzer (IGA001, Hiden,
U.K.), which uses a gravimetric technique to accurately measure the
transient gas uptake as a function of time under various operating
conditions. For each test, about 50 mg of ZIF-8 was loaded into the
sample basket, and then the system was outgassed at 473 K for 5 days
before the dynamic gas sorption measurements. The adsorption
kinetics was obtained by measuring mass change at a given temperature
and 1000, 500, or 100 mbar at 298 K, and the pressure was boosted by
introducing the target gas into the sample chamber from 0 to 1000mbar
at 200mbar/min, from 0 to 500mbar at 150mbar/min or from 0 to 100
mbar at 100 mbar/min. After each test, the chamber was backfilled with
the target gas to 1000 mbar and the sample was replaced by a new
sample for the next test.
Breakthrough Experiments. Typically, a certain number of

samples (0.36 g of ZIF-8-9 μm, 0.42 g of ZIF-8-72 μm, 0.54 g of ZIF-8-
141 μm, and 0.74 g of ZIF-8-224 μm, respectively) were activated
(outgassed at 473 K for 5 days) before being packed into a stainless steel
HPLC column (4.6 mm I.D. × 50 mm). A stream of He flow was
introduced into the column to further purge the materials before the
breakthrough experiments. The experimental breakthrough experi-
ments were conducted under the flow of a gas mixture of C3H6/C3H8
(50/50, v/v). The mixed gas was introduced with different flow rates
(7.9, 3.8, 1.7, 0.8, 0.4, 0.2, and 0.1 mL/min) at 298 K, and the outlet gas
passing through the column was analyzed by using a Hiden HPR-20
EGA mass spectrometer for continuous sampling gas analysis. After
every breakthrough measurement, the column was regenerated with a
He gas flow (20 mL/min) at 423 K for 12 h, and then, other
breakthrough experiments were conducted using the same column with
the regenerated ZIF-8 tested at different flow rates.
Kinetic Selectivity Calculation. The kinetic selectivity βij is

defined as

= D D/ij i j (S1)

Where, βij is the kinetic selectivity, D D r( / )c c
2 is the diffusion time

constant. The diffusion time constant D D r( / )c c
2 can be extracted by

correlating the fractional adsorption uptake curves with the following
micropore diffusion model:
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Where, mt is the gas uptake at time t, m∞ is the gas uptake at
equilibrium, Dc is the internal diffusivity of gas molecules in porous
media, and rc is the radius of the equivalent spherical particle.
Henry’s Selectivity Calculation. Henry’s selectivity reflects the

gas separation performance under low-pressure. The single-component
sorption isotherms of propylene and propane under low-pressure (<3.0
kPa) are dealt with linear fitting (Figure S5). The slope of the fitted
straight line is the Henry’s coefficient of the component. Then, Henry’s
selectivity is calculated by the equation:
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=Henry’s selectivity
Henry’s coefficent of propane

Henry’s coefficient of propylene (S3)

Breakthrough Selectivity Calculation. In this work, break-
through selectivity is obtained by integrating the breakthrough
adsorption curve. The adsorbed amount qi of gas component i can be
calculated from the breakthrough curves by the equation:

=
×

q
F t V F t

mi

i
t

e0 dead 0
0

(S4)

Where, qi (cm3/g) is the amount of adsorbed component i, Fi (cm3/
min) is the influent flow rate of the specific gas, t0 (min) is the
breakthrough equilibration time, Vdead (cm3) is the dead volume of the
system, Fe (cm3/min) is the effluent flow rate of the specific gas, and m
(g) is the mass of the adsorbents.

Therefore, the breakthrough selectivity can be calculated by the
equation:

=breakthrough selectivity
absorbed amount of propylene
absorbed amount of propane (S5)

Transient Breakthrough Simulations.We summarize below the
simulation methodology used to perform transient breakthrough
calculations for fixed bed adsorbers (see schematics in Figures S12
and Figure S13). The simulation methodology is the same as used in
our earlier publications.1−5 For an n-component gas mixture in plug
flow through a fixed bed maintained under isothermal conditions, the
molar concentrations 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 mixture3,6−8

+ +

= =

c t z
t

v t z c t z
z

q t z

t
i n

( , ) ( ( , ) ( , )) 1 ( , )

0; 1, 2, ...

i i i

(S6)

In eq S6, t is the time, z is the distance along the adsorber, ρ is the
framework density, ε is the bed voidage, v is the interstitial gas velocity,
and q t z( , )i is the spatially averagedmolar loading within the crystallites
of radius rc, monitored at position z, and at time t. At the time, t = 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 until the end
of the adsorption cycle when steady-state conditions are reached.

= =t p t p u t u0; (0, ) ; (0, )i i0 0 (S7)

The interstitial gas velocity is related to the superf icial gas velocity by

=v
u

(S8)

where =u v0 is the superficial gas velocity at the inlet to the adsorber.
The superficial gas velocity is calculated from the flow rate of the gas
mixture entering the breakthrough tube in the experiments.

The radial distribution of molar loadings, qi, within a ZIF-8
crystallite, of radius rc, is obtained from a solution of a set of differential
equations describing the uptake

=
q r t

t r r
r N

( , ) 1
( )i

i2
2

(S9)

The intracrystalline fluxes Ni in eq S9 are related to gradients in the
chemical potentials by the Maxwell-Stefan (M-S) diffusion formula-
tion9−11

= =N
q

RT r
i n; 1, 2, ...i i

i i
(S10)

In eqs S9 and S10, R is the gas constant, T is the temperature, ρ
represents the framework density of the microporous crystalline
material, r is the radial distance coordinate, and the component loadings
qi are defined in terms of moles per kilogram of framework. The Đi
characterize and quantify the interaction between species i and pore

walls. The M-S diffusivity Đi equals the corresponding diffusivity for a
unary system, determined at the same pore occupancy.12 Furthermore,
the M-S diffusivity Đi for any species i in a mixture remains invariant to
the choice of the partner(s) species.12

Extensive data from MD simulations for several guest/host
combinations have established that the M-S diffusivities are generally
dependent on the fractional occupancy = q

qsat
.12,13 The simplest

model to describe this occupancy dependence is

= (0)(1 )i i (S11)

where Đ1(0) is the M-S diffusivity at “zero-loading”. Equation S11 is
essentially based on a simple hopping model in which a molecule can
jump from one adsorption site to an adjacent one, provided it is not
already occupied. For the simulations of 50/50 C3H6(1)/C3H8(2)
mixture breakthroughs in fixed beds packed with ZIF-8 we use the
following estimates of theM-S diffusivities at zero-loadingsĐ1(0) = 1 ×
10−11 m2 s−1, Đ1(0)/Đ2(0) = 100. The chosen values are guided by the
experimental data on transient unary uptakes in this work; see Figure 3
of the manuscript. These values are also in broad agreement with earlier
Maxwell−Stefan analyses of diffusion of C3H6(1)/C3H8(2) mixtures in
ZIF-8.3,4,14,15

At thermodynamic equilibrium, the chemical potential of compo-
nent i in the bulk fluid mixture equals the chemical potential of that
component in the adsorbed phase. For the bulk fluid phase mixture, we
have

= = =
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In eq S12, pi represents the partial pressure in the bulk fluid phase
mixture. The chemical potential gradients

r
i can be related to the

gradients of the molar loadings, qi, by defining thermodynamic
correction factors Γij
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The thermodynamic correction factor Γij can be calculated by
differentiation of the model describing mixture adsorption equilibrium.
In our simulations, the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz16 is used for the determination of mixture
adsorption equilibrium. For the IAST calculations, the experimental
data on the unary isotherms of C3H6 and C3H8 in ZIF-8, as presented in
Figure 2 of the article, were fitted with the Langmuir−Freundlich
isotherm model.

At any time, t, during the transient approach to thermodynamic
equilibrium, the spatial-averaged component loading within the
crystallites of radius rc is calculated using

=q t
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(S14)

Summing eq S14 over all n species in the mixture allows calculation
of the total average molar loading of the mixture within a ZIF-8
crystallite.
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The term q t z

t

( , )i in eq S6 is determined by solving the set of eqs S9,
S10, S14, and S15. At any time t, and position z, the component
loadings at the outer surface of the particle q r t z( , , )i c is in equilibrium
with the bulk phase gas mixture with partial pressures p t z( , )i in the
bulk gas mixture. The component loadings at the surface of the
crystallites q r t z( , , )i c are calculated using the IAST.

Further details of the numerical procedures used in solving the partial
differential equations, are provided by Krishna and co-workers.6,7,17,18
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COMSOL MULTIPHYSICS SIMULATION
We established a simple three-dimensional fixed bed mass
transfer model using COMSOL Multiphysics to discuss the
mass transfer laws of ZIF-8 under different flow rates and
intracrystalline diffusion conditions at constant temperature and
without interaction between components (Figure 6). And based
on the experiment, the breakthrough equilibrium condition is
determined by the outlet concentration (C/C0 of both
components is greater than 0.975). All physical fields and
related nodes in the model are constructed by using the existing
components of COMSOL Multiphysics without any special
assumptions. The basic parameter settings are listed in Table S5.
Below is an explanation of the physical fields and main nodes
used in the model:
1. The Laminar Flow Interface (spf). This physical field is

used to solve the Navier−Stokes equation for momentum
conservation and the continuity equation for mass conservation.
The gas mixture follows the incompressible flow, and its basic
assumption equation can be expressed as

· = ·[ + ] +pu u I K F( ) (S16)

· =u 0 (S17)

= +K u u( ( ) )T (S18)

Where, ρ is the fluid density, μ is the dynamic viscosity of the
fluid, u is the velocity vector, p is the pressure, K is the viscous
stress tensor, F is the external force acting on the fluid, and I is
the identity matrix.
For the initial and boundary conditions, the initial values of

the velocity vector and pressure are set to 0, indicating that the
mixture has not yet begun to flow in. The wall condition is set to
no slip, where u = 0. For the inlet and outlet conditions, generally
speaking, setting the velocity vector at both the inlet and outlet
may lead to difficulty in convergence. Therefore, we set the
pressure boundary condition at the inlet with a static pressure of
105 Pa, a normal flow direction, and suppressed backflow. The
basic equation here can be expressed as

[ + ] =p pn I K nT
0 (S19)

· =p p u t, 00 0 (S20)

Where, t is the tangent vector, n is the normal vector, and p0 is
the static pressure.
The outlet is set as a velocity boundary condition, and the

velocity is limited to the normal outflow velocity; then, the
velocity vector here can be expressed as

= Uu n0 (S21)

Where, U0 is the mixture flow rate (linear velocity).
In particular, we used the porous media domains to represent

the fixed bed region filled with adsorbent particles. If the
characteristics of the fluid and porous matrix are defined,
according to Brinkman Equations Theory,19,20 the basic
equation for the adsorbent region can be further rewritten as
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Where, εp is the porosity; Qm is the mass source, which is used
to explain mass deposition and creation within the operational
range (assuming mass exchange occurs under zero velocity
conditions). κ is the permeability of porous media; β Is the slip
length.
For the definition of porous media permeability, due to

significant differences in particle sizes among different ZIF-8 in
our work, the Kozeny Carman model21,22 associated with
particle size was selected. In this model, κ can be expressed as
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(S25)

Where, dp is the particle size of the adsorbent.
2. The Transport of Diluted Species Interface (tds).

This physical field is used to calculate the concentration field of
the diluted substances. The driving force of mass transfer is
described by Fick’s law, and the basic equation can be expressed
as

+ · + · =
c
t

c RJ ui
i ii (S26)

= D cJ i ii (S27)

Where, Ri is the mass transfer rate of the component
(corresponding to the reaction occurring in the pore space
outside the adsorbent particles), ci represents the interstitial
concentration of the component (the physical concentration of
the fluid per unit volume flowing between adsorbent particles), Ji
is the diffusion flux of the component, Di is the diffusion
coefficient of the component, and u·∇ci represents the
convective term caused by the velocity field.
The “porous medium” node is selected to simulate the

concentration of diluted substances transported by the fluid
phase through the pores of solid porous medium so as to obtain
the mass transfer in the gaps between particles. The basic
equation within the adsorbent region can be rewritten as
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Where, Ri is the reaction rate (which can represent the
reaction between the gas phase and solid phase); Si is an
arbitrary source term that represents the increase/decrease in
material within the region caused by fluid flow; εp is the material
filling porosity of the fixed bed column; cp,i represents the
component concentration adsorbed by absorbent; DD,i is the
diffusion tensor; De,i is the effective diffusion coefficient; DF,i is
the fluid diffusion coefficient of each component, and in order to
maintain consistency, universal values (default value) of 10−9

m2/s are selected for all components; τF,i is the tortuosity,
following the Millington Quirk model,5 which can be expressed
as

=F i p,
1/3

(S31)
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We add the “reaction particle bed” node to represent the
diffusion of gas within the absorbent. From the perspective of
the fluid within the absorbent, the rate of decrease in free gas
concentration caused by absorbent adsorption can be expressed
as
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Where, Rpe,i is the adsorption rate of the adsorbent on
component i. Rpe,i is set as a conditional function. When cpe,i > 0,
the reaction rate follows the negative number of the adsorption
rate-adsorption capacity interpolation function (Vi (ci)) (see
next part for details), otherwise it is 0; cpe,i is the concentration of
component i in the absorbent pores.
For adsorbent particles, we assume that they are uniformly

distributed spheres of the same size, with corresponding radii
and porosities of rpe and εpe, respectively. And we assume that the
concentration change only occurs in the radial direction of the
adsorbent sphere and is independent of the space angle’s
direction. So, the dimensionless particle radius can be defined,
and the basic equation is
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r
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Where, rdim is the radial coordinate in the spherical particle, rpe
is the particle radius.
So, the diffusion flux of spherical particles Jpe can be expressed

as
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Where,Vpe andApe refer to the volume and outer surface of the
absorbent particles, respectively.
For the absorbent particle-fluid surface, it is coupled in a

continuous concentration manner (assuming that there is no
mass transfer resistance on the side of the fluid, the
concentration in the fluid is equal to the concentration in the
particle surface pores), which means that

=c cpe i i, (S36)

In other aspects, the adsorbent particles are dispersed in cube
root mode (default mode), and the number of units is set to 10
(default value).
Finally, the diffusion of gas within the adsorbent particles also

follows the Millington Quirk model, whose basic equation is

=D Dpeff i pe pe i,
4/3

, (S37)

Where, Dpef f,i is the effective diffusion coefficient; Dpe,i is the
diffusion coefficient of the component within the absorbent
particle. But for our work, the difference in the adsorption rate of
sizes absorbents is uniformly attributed to the adsorption rate-
adsorption capacity interpolation function (Vi (ci)), which
replaces the role of intracrystalline diffusion coefficient.
Therefore, it is set at 10−9 m2/s, which is consistent with the
diffusion outside the absorbent particle (it can also be set to
other values).

3. Domain ODEs and DAEs (dode). Previous work
generally believed that the adsorption rate/adsorption driving
force of the material was determined by the loading amount/
chemical potential, and the Linear Driving Force (LDF) model,
or other similar forms, was usually used to calculate the
adsorption rate of the adsorbent.24−26 However, in this work,
due to the rapid gas diffusion, there is a significant deviation in
the diffusion coefficient obtained from the kinetic adsorption
test of small particle ZIF-8 (Table S2), and the adsorption
driving force based on the diffusion coefficient will also have a
significant deviation. To this end, we fitted and directly
transformed the kinetic data of different ZIF-8 under break-
through partial pressure into an interpolation function of
adsorption rate-adsorption capacity (Figure 6c,d), which serves
as the basis for determining the adsorbent’s adsorption rate, thus
avoiding the conversion of diffusion coefficients. For this
purpose, this physical field was added to achieve the
interpolation function representation of the adsorption rate.
The function of this physical field is to add equations

unrelated to space to the domain, mainly used to represent the
adsorption rate of the absorbent on different components. The
basic equations are

=f d
t
u

a (S38)
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Where, u is the concentration matrix of different components;
f is the adsorption rate, which is set as a conditional function.
When ci > 0, the reaction rate follows the adsorption rate-
adsorption capacity interpolation function (Vi (ci)), otherwise it

is 0. da is the quality coefficient, which is 1 0
0 1

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ. The initial

reaction rate and initial concentration are both set to 0.
4. Reacting Flow, Diluted Species Multiphysics (rfd).

This multiphysics is used to simulate mass transfer and reaction
in gas or liquid, synchronizing the characteristics of single-phase
flow, interface, and dilute substance transport interface. After
adding, the velocity field used by the dilute substance transport
interface is synchronized with the velocity field calculated in the
fluid flow interface. On the coupling interface setting, fluid flow
is represented by the “Laminar Flow (spf)” physical field, and
dilute substance transfer is represented by the “Transport of
Diluted Species (tds)” physical field.
5. Calculation Examples. In order to better understand the

model, we selected the calculation results of ZIF-8-9 μm
mentioned in the main text at 0.01 and 0.001m/s for further
analysis (Figures S14−S15). And at each flow rate condition, we
selected four intermediate moments to explain the adsorption
process of different components.
Under high flow rate conditions (0.01 m/s), we can see that

the material exhibits the preferential adsorption of propylene at
any time before equilibrium. Therefore, for gas that has not been
adsorbed (gas concentration at the outlet), the concentration of
propylene has always been lower than that of propane. However,
as the adsorption proceeds, the results of the adsorption amount
become closer to the static adsorption results, resulting in a
smaller propylene/propane adsorption amount ratio.
The calculation results under low flow rate (0.001 m/s)

conditions are relatively complex. For ease of understanding, we
use blue to indicate the part that prioritizes the absorption of
propane and green to indicate the part that prioritizes the
absorption of propylene. In the initial stage of adsorption (1500

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c11385
ACS Nano 2024, 18, 3614−3626

3623

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c11385/suppl_file/nn3c11385_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c11385/suppl_file/nn3c11385_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c11385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


s), due to the high adsorption rate of propylene, the material
overall exhibits the property of preferentially adsorbing
propylene. But in other aspects, due to the slow adsorption of
propane, more unadsorbed propane reaches the rear end
(outlet) of the fixed bed column earlier. Therefore, for the
material at the outlet, it will start adsorbing propane before
propylene and will be displayed in blue at the outlet. As the
propylene begins to reach the outlet, the corresponding blue
part begins to disappear (2400 s). In the next stage (3300 s), due
to the earlier start of adsorption by the material at the inlet, the
static adsorption results are achieved faster, exhibiting a
preference for propane adsorption, while the material at the
outlet still exhibits dynamic adsorption results. In the final stage
(4200 s), the material as a whole exhibits a static adsorption
result.
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LATIN ALPHABET
ci: molar concentration of species i, mol m−3

ct: total molar concentration in mixture, mol m−3

ci0: molar concentration of species i in fluid mixture at inlet to
adsorber, mol m−3

Đi: Maxwell-Stefan diffusivity for molecule-wall interaction,
m2 s−1

n: number of species in the mixture, dimensionless
L: length of packed bed adsorber, m
Ni: molar flux of species i with respect to framework, mol m−2

s−1

pi: partial pressure of species i in mixture, Pa
pt: total system pressure, Pa
qi: component molar loading of species i, mol kg−1

qt: total molar loading in mixture, mol kg−1

q̅i(t): radial-averaged component loading of species i, mol
kg−1

r: radial direction coordinate, m
rc: radius of crystallite, m
R: gas constant, 8.314 J mol−1 K−1

t: time, s
T: absolute temperature, K
u: superficial gas velocity in packed bed, m s−1
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v: interstitial gas velocity in packed bed, m s−1

z: distance along the adsorber, m

GREEK ALPHABET
Γij: thermodynamic correction factors, dimensionless
ε: voidage of packed bed, dimensionless
ρ: framework density, kg m−3

SUBSCRIPTS
i: referring to component i
t: referring to total mixture
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Supporting Figures and Tables

Figure S1. Three-dimensional molecular sizes of propane (left) and propylene (right).
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Figure S2. SEM images of ZIF-8-9 μm (a), ZIF-8-72 μm (b), ZIF-8-141 μm (c) and ZIF-8-224 μm (d).
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ZIF-8-9μm: 

𝑆𝐵𝐸𝑇 =
1

22414 × (2.02 × 10 ―3 + 2.72 × 10 ―6)
× 6.023 × 1023 × 0.162 × 10 ―18 = 2151 𝑚2/𝑔

ZIF-8-72μm: 

𝑆𝐵𝐸𝑇 =
1

22414 × (2.41 × 10 ―3 + 2.49 × 10 ―6)
× 6.023 × 1023 × 0.162 × 10 ―18 = 1804 𝑚2/𝑔

ZIF-8-141μm:

𝑆𝐵𝐸𝑇 =
1

22414 × (2.52 × 10 ―3 + 2.82 × 10 ―6)
× 6.023 × 1023 × 0.162 × 10 ―18 = 1725 𝑚2/𝑔

ZIF-8-224μm:

𝑆𝐵𝐸𝑇 =
1

22414 × (3.17 × 10 ―3 + 1.02 × 10 ―6)
× 6.023 × 1023 × 0.162 × 10 ―18 = 1372 𝑚2/𝑔

Figure S3. The BET surface area of ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 μm and ZIF-8-224 μm.



6

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

Pr
op

an
e 

U
pt

ak
e 

(m
m

ol
/g

)

Pressure (kPa)

 ZIF-8-224μm (1x  Equilibration Time)
 ZIF-8-224μm (10x Equilibration Time)

Figure S4. Propane adsorption isotherms of ZIF-8-224μm when the program is set to 1 or 10 times 
equilibration time.
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Figure S5. The single-component sorption isotherm of propylene and propane under low-pressure (<3.0 
kPa) dealt with linear fitting.
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Figure S6. Kinetic uptake plots of ZIF-8-224 μm under different pressures (100 mbar, 500 mbar, 1000 
mbar) at 298 K.
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Figure S7. Kinetic uptake plots of ZIF-8-141 μm under different pressures (100 mbar, 500 mbar, 1000 
mbar) at 298 K.
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Figure S8. Kinetic uptake plots of ZIF-8-72 μm under different pressures (100 mbar, 500 mbar, 1000 
mbar) at 298 K.
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Figure S9. Kinetic uptake plots of ZIF-8-9 μm under different pressures (100 mbar, 500 mbar, 1000 mbar) 
at 298 K.
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Figure S10. Fitting results of propane diffusion time constant for ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 
μm and ZIF-8-224 μm.
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Figure S11. Fitting results of propylene diffusion time constant for ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 
μm and ZIF-8-224 μm.
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Figure S12. Two different discretization schemes for a single spherical crystallite.
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Figure S13. Discretization scheme for fixed bed adsorber.
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Figure S14. Breakthrough calculation results of ZIF-8-9 μm at the flow rate of 0.01 m/s. Upper part of 
the figure is the adsorption uptake-time curves of the fixed bed column (propane, blue dash-dot lines; 
propylene, green solid lines); Lower part of the figure is the adsorption capacity ratio of the fixed bed 
column at four specific times (300, 600, 900 and 1200 s).
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Figure S15. Breakthrough calculation results of ZIF-8-9 μm at the flow rate of 0.001 m/s. Upper part of 
the figure is the adsorption uptake-time curves of the fixed bed column (propane, blue dash-dot lines; 
propylene, green solid lines); Lower part of the figure is the adsorption capacity ratio of the fixed bed 
column at four specific times (1500, 2400, 3300 and 4200 s).
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Figure S16. Thermogravimetric analysis results of ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 μm and ZIF-8-
224 μm before/after degassing.
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Table S1. Saturated adsorption capacity (mmol/g) of ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 μm and ZIF-8-
224 μm calibrated by kinetic adsorption test at 100, 500 and 1000 mbar.

Material ZIF-8-
9μm

ZIF-8-
72μm

ZIF-8-
141μm

ZIF-8-
224μm

100 mbar 1.66 1.69 1.50 1.14

Propane 500 mbar 3.73 3.72 3.36 2.85

1000 mbar 4.20 4.20 3.76 3.26

100 mbar 1.08 1.12 1.00 0.91

Propylene 500 mbar 3.61 3.64 3.29 2.83

1000 mbar 4.32 4.33 3.88 3.34
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Table S2. Kinetic selectivity (DC3H6/DC3H8 at 100 mbar, 298K) and diffusion time constant (D/r2) of 
C3H6/C3H8 in ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 μm and ZIF-8-224 μm.

Material DC3H6/r2 (s-1) DC3H8/r2 (s-1) DC3H6/ DC3H8

ZIF-8-9μm 9.4×10-4 6.9×10-4 1.4

ZIF-8-72μm 8.3×10-4 4.3×10-4 1.9

ZIF-8-141μm 7.4×10-4 1.5×10-5 49.3

ZIF-8-224μm 2.1×10-4 4.0×10-7 525.0
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Table S3. Breakthrough selectivity of ZIF-8-9 μm, ZIF-8-72 μm, ZIF-8-141 μm and ZIF-8-224 μm at the 
flow rate of 0.4 mL/min calculated from the ratio of adsorption amount obtained through breakthrough 
curve integration.

Material Breakthrough Selectivity

ZIF-8-9μm 0.92

ZIF-8-72μm 1.07

ZIF-8-141μm 1.27

ZIF-8-224μm 2.02
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Table S4. Breakthrough selectivity of ZIF-8-9 μm at the flow rate of 0.1, 0.2, 0.4, 1.7, 3.8 and 7.9 mL/min 
calculated from the ratio of adsorption amount obtained through breakthrough curve integration.

Flow rate (mL/min) Breakthrough Selectivity
0.1 0.86
0.2 0.86
0.4 0.92
1.7 1.03
3.8 1.06
7.9 1.09
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Table S5. Main parameters set in the fixed bed mass transfer model.

Name Value Description
Lc 50 mm Column length
rc 2.3 mm Column radius
dp 9 μm, 224 μm Particle diameter

Ucolumn 0.001 m/s, 0.01 m/s Flow rate
cA0 20.2 mol/m3 Propylene initial concentration
cB0 20.2 mol/m3 Propane initial concentration
voi 0.55 Voidage
T 298 K System temperature
ρ 1.758 kg/m3 Mixture density
η 8.12E-6 Pa·s Mixture viscosity

pref 1 atm Reference pressure
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