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ABSTRACT: Adsorptive separations by nanoporous materials are major industrial processes. The industrial importance of solid
adsorbents is only expected to grow due to the increased focus on carbon dioxide capture technology and energy-eflicient
separations. To evaluate the performance of an adsorbent and design a separation process, the adsorption thermodynamics and
kinetics must be known. However, although diftusion kinetics determine the maximum production rate in any adsorption-based
separation, this aspect has received less attention due to the challenges associated with conducting diffusion measurements. These
challenges are exacerbated in the study of shaped adsorbents due to the presence of porosity at different length scales. As a result,
adsorbent selection typically relies mainly on adsorption properties at equilibrium, i.e., uptake capacity, selectivity and adsorption
enthalpy. In this Perspective, based on an extensive literature review on mass transfer of CO, in nanoporous adsorbents, we discuss
the importance and limitations of measuring diffusion in nanoporous materials, from the powder form to the adsorption bed,
considering the nature of the process, ie., equilibrium-based or kinetic-based separations. By highlighting the lack of and
discrepancies between published diffusivity data in the context of CO, capture, we discuss future challenges and opportunities in
studying mass transfer across scales in adsorption-based separations.

B IMPORTANCE OF MASS TRANSFER IN separation process is driven by the difference in thermody-

INDUSTRIAL ADSORPTION PROCESSES namic affinities of the adsorbates for the solid adsorbent, and,
(ii) kinetic separations, which exploit differences in mass
transport rates of the adsorbates in the pores of the adsorbent.
In equilibrium separations, the adsorbent should have a high
thermodynamic selectivity and uptake capacity for one of the
components, fast mass transfer is needed as it enables fast
cycling operations resulting in higher overall productivity.
While the uptake capacity is the quantity typically measured in
the laboratory, it is more important for the application of an
adsorbent to look at the working capacity, i.e, the difference
between amounts adsorbed under adsorption and desorption
conditions, pressures in a Pressure Swing Adsorption (PSA)
process or temperatures in a Temperature Swing adsorption
process (TSA). This quantity is therefore not only adsorbent-
dependent but also depends on the separation task considered.
The selection of the adsorbent should be made with the
application in mind. In kinetic separations, an adsorbent
should have a high working capacity and kinetic selectivity for
one of the components. Ideally, the component to be
recovered would be the one that diffuses more slowly into
the micropores (d < 2 nm, following the IUPAC
classification,'” with d the pore diameter) of the adsorbent.

It is estimated that separation and purification of chemicals
accounts for 10—15% of the world’s energy consumption.'
Shifting away from energy-intensive distillation and absorption
processes would bring down operational costs and help to
meet midterm greenhouse gas emissions targets.z’3 Nano-
porous materials may play a key role in this transition by
enabling adsorption-based separation processes that have a
lower energy demand and can be electrified with green power.”
Established adsorption-based separation processes include air
separation, natural gas sweetening, and selected hydrocarbon
separations.” The industrial importance of solid adsorbents is
only expected to grow due to an increased focus on carbon
dioxide (CO,) capture and utilization," ® alkene/alkane
separations for the manufacturing of plastics,” ™" etc.

In contrast to technologies like distillation that operate
under steady-state conditions, adsorption-based separation
technologies involve transient operations, ie., adsorption/
desorption cycles are carried out on multiple adsorbent beds.
Once an adsorption cycle is completed and the first
component to break through has been recovered at high
purity, a regeneration step is performed to recover the more
strongly adsorbed one, generally at a lower purity due to the
presence of the coadsorbed species. In such processes, the Received: March 1, 2024
sequence of breakthrough and the achievable product purities Revised:  August 5, 2024
are governed by an interplay of mixture adsorption equilibria Accepted: August 6, 2024
and intracrystalline diffusion inside the porous adsorbent."’

Generally, adsorption-based separations can be classified
into two categories: (i) equilibrium separations, where the
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Figure 1. Schematic illustration of different pore scales involved in an arbitrary adsorbent-based separation process in relation to the different
diffusional length scales and their corresponding mass transfer processes and experimental techniques. (Left to right) A column made of pellets, one
pellet (Rp pellet radius) and its intraporosity, crystals forming the pellet and interparticle porosity, one crystal (r. crystal radius) and its

intraporosity, and gas molecules moving in a crystal.

It will only slowly enter the adsorbent compared to the other
adsorbates, and hence, will break through first, resulting in a
high-purity stream. In both types of separation, the affinity of
the adsorbent for the adsorptive (i.e., the adsorption enthalpy)
must be taken into account as well—while higher adsorption
enthalpy generally leads to higher equilibrium selectivity, it also
results in more energy-intensive regeneration and the
exothermic nature of adsorption becomes more pronounced.
Similar heat generation and adsorbent regeneration consid-
erations for the faster diffusing component also apply to kinetic
separations.

In practice, equilibrium separations are more frequently
applied than kinetic separations since precisely matching the
contact time between the gas mixture and the adsorbent to the
mass transfer rate of the adsorptive is more challenging at an
industrial scale. For example, in fixed-bed adsorbers with
contact times that are too long or adsorbent particles that are
too small, the kinetic selectivity would be lost as the system
approaches equilibrium, but if the contact time is too short, the
bed capacity would not be fully employed. However, in many
cases, the equilibrium selectivity is limited, and the required
purity levels cannot be reached through thermodynamic
separation. Even for molecules with a similar equilibrium
uptake, nanoporous materials enable very large differences in
adsorption rates.'” In these complex, yet often critical
separations, kinetically driven separations can be of strong
interest.'* Examples of equilibrium-based adsorptive separa-
tions include hydrogen production,'*™"” carbon capture, *~*°
hydrocarbons separation and purification,”' ~>* and air
separation,””** among other industrially relevant separation
operations.”® Yet, their kinetically controlled counterparts,
have been successful in specific cases as well, including CO,/
CH, separation with carbon molecular sieve materials,”’
separation of N2 from air,”**® removal of N, from natural
gas using Engelhard titanosilicates,”® and the separation of
linear paraffin streams using zeolite SA.”'

A wide variety of nanoporous materials has been studied in
separation and purification processes, including zeolites,””
activated carbons,*® carbon molecular sieves (CMS),** metal—
organic frameworks (MOFs),*¢ silica-based materials,”” and
porous polymers.”® These adsorbents are commonly synthe-
sized in powder form and subsequently shaped into pellets,
granules, extrudates, or monoliths for use in an adsorption

bed.**~*! This might require mixing the powder with a binder,
to provide the required mechanical properties for utilization in
an adsorption bed. Consequently, several mass transfer
resistances are present at different length scales. Since the
vast majority of materials discussed in this Perspective are
crystalline (i.e., zeolites and MOFs), we refer to the primary
adsorbent particles as ’crystals’. Correspondingly, we refer to
the shaped adsorbent as “pellets”. In the crystals, intraparticle
diffusion or surface barriers can control the transport of the
guest species’”** (Figure 1). At the pellet scale, mass transfer
resistances in the mesopores (2 nm > d > S0 nm) and
macropores (d > SO nm) surrounding the crystals and binder
particles play a role as well. The largest mass transfer resistance
dominates the overall (apparent) diffusional time constant of
the adsorption process. Kinetic separations depend on
differences in micropore diffusivities, which can be very
large, with molecular sieving in zeolites and MOFs as the
limiting case. On the other hand, in equilibrium separations,
reaching equilibrium faster enables shorter cycle times, and,
hence minimal mass transfer resistances are desired.””**~*" In
other words, adsorption equilibrium should be established
quickly in the crystals, and the characteristic diffusion time
would be determined by the meso/macroporous resistance of
the pellets. Because mass transfer determines the maximum
production rate in all adsorption-based separations,”® selecting
adsorbents based on thermodynamic considerations alone may
lead to unexpected and suboptimal results.”” " Gaining better
insight into mass transfer is required for a fundamental
understanding and is directly linked to equipment design and
operation, system costs, and ultimately, the viability of an
adsorption-based separation.

Equilibrium single-component measurements (i.e., using a
single adsorbate) are routinely performed. In contrast, mass
transfer measurements can be challenging, especially for fast-
diffusing molecules. The scarcity and inconsistency of reported
diffusivity values in the open literature underline the
limitations of the current measurement techniques.***
Therefore, based on an extensive overview of reported CO,
diffusion data in nanoporous materials, the objective of this
Perspective is to highlight common methods available to
measure diffusivities and their limitations, and, identify target
areas for further study. In the context of carbon capture,
substantial research has been conducted on designing nano-
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porous materials for CO, capture and separation.

Nevertheless, as will become clear, significant gaps remain in
our understanding of the mass transfer over the different scales
at play, its predictability and the role of single-component data
in multicomponent processes.

B ASSESSING THE MASS TRANSFER BEHAVIOR OF
A GAS—ADSORBENT PAIR

Introductory Concepts of Mass Transfer. Diffusion
mechanisms in porous materials depend on the ratio of the
molecule size ¢ to the pore diameter d. For a small molecule
such as CO, diffusing in a large pore 6 < d (macropores),
transport is dominated by convection and viscous diffusion. At
this scale, intermolecular collisions dominate and interactions
with the pore walls are negligible.”® For smaller pore sizes
(mesopores), the Knudsen diffusion regime prevails, in which
the molecular mean free path is comparable to or larger than
the pore diameter, with more frequent molecule-wall collisions
than intermolecular collisions.”® In pores with sizes of few
molecular diameters (micropores), the diffusing molecules
interact strongly with the pore walls and diffusion is an
activated process;>’ "7 the stron§er the molecule-wall
interaction, the slower the diffusion.®”®" In such small pores,
macroscopic parameters such as the fluid viscosity become
meaningless and the continuum laws of fluid mechanics fail in
describing molecular flows.*>®*

Transport or Fickian diffusion through nanoporous materials
can be described by Fick’s laws.*” Fick’s first law expresses the
diffusive flux, j, as a function of the molecule concentration
gradient, Vp:

j=-DVp (1)

with D, the Fickian or transport diffusion coeflicient. This
concentration-dependent parameter embeds porous network
complexity, which includes pore sizes, texture, morphology and
topology, the strength of fluid—solid interactions, and
thermodynamic parameters such as temperature and pressure
(i.e., concentration, which determines the loading). The
conservation equation, Fick’s second law of diffusion, can be
derived from eq 1 and describes the relation between the rate
of change of the concentration in a volume and the local
curvature of the concentration gradient over that volume:

P _ _v. (D)

ot ()

In addition to transport diffusion, adsorbed molecules also
diffuse in the absence of a concentration gradient, due to the
random molecular motion that remains present at equilibrium.
This behavior is described by the self-diffusion coefficient
D,*"%* Measuring these two types of diffusion coefficients
requires different experimental approaches, which are dis-
cussed in the next section.

The transport diffusion coefficient can also be written as D,
= D, I, with D, the corrected (also called collective) diffusion
coefficient and I' the thermodynamic factor (also called
Darken’s factor):

_ d(Iin(P))
d(In(p)) 3
with P the pressure and p the adsorbate concentration in the

adsorbent. I" depends on the latter, ranging from one at infinite
dilution to infinity at saturation, with an analytical form linked

to the isotherm type (I' = (1 — p/p,)" for a Langmuir shaped
isotherm). For a more detailed explanation, readers are
directed to consult the following publication.”® The transport,
or nonequilibrium diffusion is of relevance in separation
processes. However, under diluted conditions (i.e., at low
adsorbed concentrations) where molecules are free of
collective interactions, I' ~ 1 and the self-, corrected, and
transport diffusion converge to a similar value and can be
addressed as a fair estimate of one another, D, ~ D, ~ D,.

Analgrtical solutions of eq 2 were provided by Carslaw and
Jaeger,”° Crank,”” and Yang,*® for a wide range of adsorbent
geometries under specific boundary conditions and restricted
by several assumptions, ie., a constant diffusion coeflicient,
implying dilute conditions or small pressure gradients
(corresponding to a locally linear region of the isotherm).
For detailed derivations, we direct the reader to these excellent
books 3 146:66-68

Transforming adsorbent powders or crystals into a shaped
body for process-scale applications leads to mass transfer
resistances at different scales, including macropore and external
particle film resistances. This is exemplified by the overall mass
transfer coefficient expression for a bidispersed spherical pellet
(i.e., consisting of a network of micropores accessible through

the macropores) based on the linear driving force model
(LDF)_20,3 ,69

2 3
L I
¢T3k P T Tsen T 15D
f pe d (4)

C

whereby the terms in the sum represent the external particle
film resistance with coeflicient, kj; the macropore resistance
with effective diffusivity, D,; and the micropore resistance with
crystal diffusivity, D, the (equilibrium) concentration of
adsorbate in the fluid phase, g*; the concentration of adsorbate
in contact with the adsorbent, ¢; the pellet radius, R,; the
crystal radius, r, respectively. The pellet porosity, €, and
density, p,, are required to quantify the film and macropore
resistances. The molecular diffusivity, D,,, and the Knudsen
diffusivity, Dy, both contribute to the effective diffusivity, D,, so
that
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(5)

in which the tortuosity factor, 7’, is introduced to account for
local macropore morphology. In the case of microporous
materials such as zeolites, the main contribution to micropore
diffusion comes from surface diffusion and, therefore, D, & D..
Since all contributions to the mass transfer resistance are
lumped together into a single parameter, k¥, a simple
expression for the transient behavior of the average adsorbate
concentration in the particle, g(t), can be written as

oq(t) ldfr % —

o = kla —a®)] ©)
which can be solved simultaneously with transient mass
balance equations that describe fixed-bed adsorber dynamics.
The LDF approximation offers a practical alternative to
estimate overall mass transfer in an adsorption process by
conveniently avoiding the simultaneous detailed calculation of
coupled mass transfer mechanisms that span different time
scales. However, assuming that intracrystalline resistance is
dominant in the adsorbent would yield the LDF coefficient:”
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The time required for a given displacement of diffusing
molecules is proportional to the square of the characteristic
distance that needs to be traveled. By normalizing D to this
distance, the diffusion coefficient can be described in units of
time, referred to as 7, the diffusional time constant. The
criterion given by eq 7, for which the LDF approximation
holds, i.e., a long contact time ¢ compared to the time constant

7, namely 5 > 0.1, corresponds to an equilibrium separation.

Although successfully implemented for these processes, the
LDF approach offers far less insights into the transport
behavior at the adsorbent particle level compared to
experimentally determined diffusion coeflicients for the
adsorbent crystals.'"””" The LDF model assumes all adsorbate
species diffusing independently of one another. However, the
thermodynamic coupling between species needs to be
considered to correctly describe the nonmonotonous approach
to equilibrium in kinetic separations. The LDF model fails in
adequately modeling this behavior, resulting in underestimated
productivities for kinetic separations in fixed bed adsorbers.
The Maxwell-Stefan diffusion equations, an extension of the
Fick’s diffusion equations that includes mutual interactions
between adsorbates, have been shown to quantitatively
describe transient uptake curves accurately.”””?

Measuring Transport Diffusion in Powders and
Pellets. Despite the variety of available measurement
methods, unraveling the intrinsic transport behavior of
molecules in nanoporous materials (D, in the previous section,
further referred to as D), remains challenging. The techniques
can be classified into microscopic, mesoscopic, and macro-
scopic based on the considered length scale. Microscopic
techniques, including pulsed-field gradient NMR (PFG-NMR)
and quasi-elastic neutron scattering (QENS), generally
characterize the intracrystalline diffusion excluding potential
surface barriers.”* Computational approaches aim at describing
the behavior at the microscopic scale as well, because of the
time scales considered and the difficulties in describing crystal
surfaces. Both PFG-NMR, QENS and simulations are limited
to fast-diffusing adsorbate—adsorbent pairs (D > 107"2 m*/s)
because of the limited time span and displacement that can be
probed.”” The limited preservation of the nuclear magnet-
ization (PFG-NMR) and the profile of the scattering features
(QENS) prohibit the characterization of movements that are
too slow relative to the coverable time and distance.”””

Mesoscopic methods such as interference (IFM) and
infrared (IRM) microscopy allow direct monitoring of guest
uptake profiles and diffusional fluxes in individual crystallites.”®
As a result, these methods enable assessing the effect of surface
boundaries.””* However, IFM and IRM require large crystals
(>50 pm) due to the limited spatial resolution,”®”® which is
well beyond the crystal sizes used in practice (~1 um).
Because of the requirement for large crystals, these techniques
can only be applied to relatively fast diffusing adsorbates. For
example, for the combination of a 50 ym crystal and a guest
molecule with a diffusion coefficient of 1077 m*/s (e.g,, CO,
in UTSA-16%"), reaching equilibrium would take over two
years (diffusion-limited uptake process for one-dimensional
diffusion through a crystal).”® Yet, diffusivity values estimated
in larger crystals are not often directly transferable to smaller

ones because of the impact on diffusion caused by crystal
defects, surface barriers, etc.

In macroscopic techniques, the considered diffusion path
vastly exceeds the dimensions of the individual crystallites.”®
Therefore, the diffusivity values obtained from these
techniques are not estimated directly. Frequently used
methods include volumetric or gravimetric uptake/release
experiments,”” the zero-length-column technique (ZLC),*
frequency response methods (FR),** and dynamic column
breakthrough experiments.*’

The measurable diffusion coefficients D (m?/s) as a function
of the adsorbent particle size (um) is indicated for several
meso- and macroscopic methods in Figure 2. These techniques
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Figure 2. Window of experimentally determinable diffusivities D (m?/
s) for different techniques, sorption rate®” (yellow), chromatographic
methods (zero length column and dynamic breal<through)83’86
(orange), freguency response®*®” (red), interference and infrared
microscopy”>*** (blue), in relation to the crystal/pellet size (um).

The diagonal lines refer to the diffusional time constants 7 (s), with
% = 722. Conveniently used crystal (1 ym) and pellet (1 mm) sizes are
marked with a horizontal line. A tabular form of the implemented
boundary conditions per technique is presented in Table SI,

Supporting Information.

typically assess the transport diffusion of adsorbates, the mass
transfer coeflicient relevant to their industrial implementation.
Microscopic techniques generally study (self-)diffusion at
equilibrium rather than transport diffusion. Hence, they are
only included to a minor extent since the focus of this
perspective is on practical separations. All techniques
presented in Figure 2 are subject to practical limitations, i.e.,
there is a limit on measuring fast gas-adsorbent pairs. These
limitations stem from the blank response of the experimental
setup itself, the time resolution of the equipment or the
achievable perturbation frequency of the apparatus. The
indicated boundaries for each technique are listed in Table
S1 of the Supporting Information. The diagonal lines in Figure

2 correspond to the diffusional time constant 7 (s), with

% = % with r (um) as the radius of the crystal or pellet. This

representation enables rapid visualization of the relation
between the diffusion coeflicients, the size of a crystal/pellet,
and the diffusional time.
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Figure 3. Values for experimental diffusion coefficients of CO, in a series of adsorbents, collected from the open literature, are plotted together with
the reported size (um) of the studied crystals/pellets and the measurement technique used. Colored areas represent the window of measurable
diffusivities D (m*/s) for different techniques in relation to the size of the crystals/pellet (um). Typically used crystal and pellet sizes, and the bulk

diffusion coefficient of CO, in air are marked. The diagonal lines refer to the diffusional time constants 7 (s), with % = 22. The fraction of entries
r

per measurement technique is represented in the upper pie chart. The percentages indicate the fraction of entries outside of the acceptable range
for the measurement technique that was used. Only dynamic breakthrough and sorption rate entries are found outside of the acceptable windows.
The bottom pie chart represents the different classes of CO, adsorbents (zeolites (white), MOFs (gray) and other materials (black)). For zeolites,
the fractions of the entries corresponding to 13X and SA are marked separately.

For the most applied measurement technique, the sorption
rate method, the measurable window of diffusivity values is
rather limited: a range of less than 4 orders of magnitude can
be examined for a given crystal or pellet size. Even when the
dead volume of the measurement setup is minimized, the
pressure cannot be changed instantly. Because of this non-
negligible time constant of the measurement system and the
need for sufficient data points acquired during the transient
uptake, diffusional time constants faster than ~1 min are
difficult to measure.®* Hence, for crystal sizes typically found in
commercial adsorbents (~1 gm or a bit larger), one cannot
reliably determine diffusivity values faster than 10™* m?/s with
this technique. However, in equilibrium-based separations,
promising materials usually (have to) display higher diffusivity
values, which can only be measured reliably for larger crystals
with the sorption rate method. Therefore, it is far from trivial
to screen fast-diffusing adsorbent-adsorptive pairs for relevant
crystal sizes. The ZLC technique extends the measurable range
of diffusivities by an order of magnitude (107'* m?/s—107"
m?/s) for relevant adsorbent particle sizes. Even when applying
the frequency response method in which a periodic
perturbance is applied at a frequency up to 100 Hz, the fastest
diffusivity values that can be measured reliably for pm-sized
crystals are on the order of 107" m?/s.

Dynamic column breakthrough experiments have also been
used to determine diffusivities. In this approach, a gas stream
(single or multicomponent) is flowed through an adsorbent
bed and the effluent concentrations are monitored until it
“breaks through”, i.e., is detected on the outlet side, mimicking
the separation on a process scale.” However, these experi-
ments only provide an indirect way to obtain or verify the
apparent diffusivity. These measurements are generally
performed on shaped adsorbent as the pressure drop in the
system and the change in the outlet flow due to adsorption
make the data analysis more complex for powders. Further,
one needs to carefully eliminate or describe additional factors

such as heat effects and mechanical dispersion. However, the
method is extremely useful for process optimization as it gives
a down-scaled, realistic representation of an adsorption-based
process, taking into account the various diffusional resistances,
process parameters and multicomponent effects.

Reported Diffusivity Values for CO, in Nanoporous
Materials. Values for experimental diffusion coefficients of
CO, in a series of adsorbents were collected from the open
literature, classified by the reported measurement technique,
and displayed in Figure 3. Powder and pellet data were
included from over 50 articles, listed in Table S3 of the
Supporting Information. A comprehensive selection of
materials is represented, including mainly zeolites and MOFs,
complemented by some silica- and carbon-based materials. A
full list of the adsorbents is available in Table S2. A wide range
of diffusivity values is observed for CO, in nanoporous crystals,
from 107" to 10~ m?/s; and for pellets from 1079 to0 107°
m?/s. Most observations fall within the measurable ranges for
the different techniques. Data points outside or at the edge of
the accessible range should be handled with caution.
Computational methods and QENS probe similar short time
and length scales, independent of the crystal size. Hence, to
include them in Figure 3, they are plotted for an arbitrary
crystal size of 1 um. These techniques probe higher diffusivities
not measurable with macroscopic techniques and for common
crystal sizes.

Bl DISCREPANCY IN MASS TRANSFER RATES
WITHIN GAS—ADSORBENT PAIRS

Assessing the Spread in Reported Diffusivities, for
Different Sample Forms. When compiling the literature data
on CO, diffusivities, a large spread in reported values is
observed. Likely, this span can be partially explained by the
dependency of the transport diffusion on specific experimental
and sample conditions. Yet, reproducibly measuring mass
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Figure 4. Diffusion coefficients (m?/s) of CO, for different sizes of crystals (light gray area) and pellets (dark gray area) of (a) zeolite 13X and (b)
zeolite SA, colored per technique, and, for sorption rate and computationally obtained values for (c) MOF-S and (d) MOF-177 on powder samples

of MOF-177 (Figure 4c) and MOF-S (Figure 4d).

transfer rates and reliably extracting diffusivity values is
arguably harder than measuring and analyzing equilibrium
data. Several factors can obscure the underlying adsorption
rates or lead to erroneous diffusivities.

When comparing diffusion coefficients, one needs to
evaluate whether the authors measured an equivalent mass
transport process, i.e., self- vs transport diffusion, micropore
diffusion vs (effective) macropore diffusion. And, hence, if the
values are expected to correspond. Diffusion can be studied at
different temperatures and loadings. These two factors impact
the mass transfer process and can induce variability in the
obtained diffusion coeflicient values. The impact of these
variables is strongly dependent on the adsorbate—adsorbent
pair under study. As discussed earlier, different measurement
methods probe different diffusional length scales. Significant
differences in transport rates are reported when characterizing
an adsorbate—adsorbent pair with micro- and macroscopic
techniques. Moving from intracrystalline distances to a bed of
crystals, additional factors, e.g, surface barriers and defects,
come into play and strongly impact the observed adsorption
rate. Different synthesis conditions also lead to variations in
defect density and the presence or absence of surface barriers,
impacting the observed rate of adsorption.”’ " In addition,
the defect density can change over time, depending on the
stability of the adsorbent. Similarly, the contribution of surface
barriers will become larger for smaller crystals.””> Even crystals
from the same synthesis batch, of similar size and shape, may
show different rates of adsorption.”

Zeolites 13X and SA have been widely studied for CO,
capture applications, resulting in a relatively large number of
publications on CO, mass transfer properties. Figure 4 depicts
the diffusion coefficients measured for different sizes of crystals

and pellets of zeolite 13X (Figure 4a) and SA (Figure 4b). For
both pellets and crystals, a large spread on the measured values
is observed for 13X (>10 000X difference), and to a smaller
extent for zeolite SA (>100X difference). Likely, at least part of
this spread is caused by measurements at different temper-
atures and loadings: several entries in the database report the
temperature and loading dependency for 13X. Up to a
difference approaching 1 order of magnitude is reported for
a temperature change of 303 to 343 K, and up to a difference
of 2 orders of magnitude for a CO, concentration ranging from
0.001 to 0.09 bar.”>°° The inherent difference between micro-
and macroscopic measurement techniques likely explains, to
some extent, the spread between CO, diffusivities in 13X
acquired by QENS and sorption rate experiments. Although
fewer reports are available for specific MOF materials, multiple
entries were compared. As for the zeolites, a large spread on
the obtained diffusivities is also present for both CO,-MOF
couples (>1000x difference). Even for a single experimental
approach (e.g., sorption rate), significant inconsistencies can be
observed. Clearly, the diffusivity values derived from molecular
simulations can be considered the upper limit. These
calculations are often performed for an ideal framework,
neglecting the presence of, e.g., defects, surface barriers,
framework flexibility, and loading effects at higher concen-
trations (cf. the following section). In addition, the stability
issues of some of these materials cannot be ignored and can
result in differences between entries.

Still, it remains questionable whether the exposed
discrepancies can be explained solely by different synthesis
or measurement conditions. Unfortunately, inadequate execu-
tion of kinetic measurements is often raised as a significant
concern and recognized as a major contributor to the spread in

https://doi.org/10.1021/jacs.4c03086
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.4c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03086?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03086?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

reported data.*®”” An in-depth understanding of the
experimental setup and its limitations are required to assess
mass transport. Alongside rigorous sample prerequisites (e.g.,
uniform crystal size, fine sample dispersion, etc.) it is crucial to
thoroughly evaluate the constraints of the experimental setup,
choose an appropriate mathematical model, and ensure that
the experimental design adheres to the model restrictions.
Multiple experiments on different samples are needed to
confirm the kinetic regime and the nature of the observed mass
transfer phenomenon to exclude any impact of the
experimental setup. Model assumptions need to be respected,
yet commonly they are considered trivial, which is often far
from true. In addition, the characteristic diffusion length needs
to be precisely determined to extract the diffusivity using a
model. Crystals or pellets of nonuniform particle size will result
in an over- or underestimation of the intrinsic mass transfer
behavior. When performing diftusivity measurements, a broad
particle size distribution or irregularly intergrown crystals and
aggregates are hard to quantify and often ignored.

Each method is bound to a series of verifications needed to
confirm the observed underlying mechanism. Additional
external factors that can impact or even dominate the overall
observed mass transfer characteristics come into play as well,
e.g., bed diffusion effects and heat dissipation. One needs to
prove that these factors are insignificant or explicitly take these
into account.”””® For the reported values in Figure 3, no
assessment was made on the accuracy of the entries. Many of
the reports might be observing a phenomenon different from
what was anticipated. Erroneous assumptions and interpreta-
tions of the obtained data lead to unreliable results. Given the
many parameters that impact the experimental outcome,
comprehensively reporting all relevant specifications of the
sample and experiment is needed to compare observations
thoroughly. The IUPAC project on diffusion in nanoporous
solids drives the awareness of obtaining and interpreting
reliable experimental results via, among other initiatives, the
reported comprehensive set of guidelines for measuring and
reporting diffusion properties.”’

B COMPLEMENTARITY AND LIMITATIONS OF
MOLECULAR SIMULATIONS

Molecular simulations have been instrumental in investigating
diffusion in porous solids, providing mechanistic insights that
are either challenging or impossible to obtain experimentally.
The predominant techniques are based on molecular dynamics
(MD), in which molecular trajectories are simulated, typically
over tens or hundreds of ns, by integrating Newton’s equation
of motion from forces acting on individual atoms.”” From the
resulting trajectories, diffusion coefficients can be determined
via the mean square displacement technique, the Green—Kubo
expression, or from nonequilibrium methods.'”® As for
experimental techniques, the range of diffusion coefhicients
that can be determined via MD is limited. Diffusivities smaller
than 107'=107" m ? /s become intractable due to the limited
displacement on the achievable observational time scale.
Nevertheless, the accessible diffusivity range can be extended
via techniques such as the transition state theory, in which
diffusion is described by a hopping probability between two
adsorption sites.'

In many cases, diffusivities determined through computa-
tional methods are several orders of magnitude faster than
experimentally macroscopically determined values for the same
adsorptive-adsorbent pair. These discrepancies stem mainly

from differences in probed time scales (and, thus, length
scales) and how representative the crystal lattice models are.
While most experimental methods probe longer time and
length scales, a direct comparison with computational results
is, in theory, possible using PFG-NMR (for large crystals) or
QENS data. However, even when comparing with these
experimental methods, the discrepancy between the ideal
crystal lattice assumed in computational methods and the
nonideal nature of the sample (e.g, due to the presence of
defects) can lead to different diffusivity values.'”” These
differences can become very large for macroscopic exper-
imental techniques due to the additional surface barrier
resistances that cannot be accounted for in simulations as
the molecular structure of the crystal surface is ill-defined.
Another obstacle are the errors in many reported crystal
structures,'”® which may affect the calculated diffusivities and
limits the leverage computational methods can offer through
database screening. Moreover, the choice of force field and
whether or not framework flexibility is taken into account can
have a si$niﬁcant impact on the resulting diffusion
coefficients. "'

Nevertheless, for largely defect-free zeolite crystals synthe-
sized using the fluoride method, relatively good agreements
have been reported between molecular simulations,'”® PFG-
NMR,"” microimaging“o and macroscopic techniques (Zero
Length Column,""" frequency response*®). In other cases, MD
simulations have provided valuable insights into intracrystalline
diffusion mechanisms.''>~"'* While for many zeolites the self-
diffusivity decreases monotonically with loading,"">''® non-
monotonic behavior has been observed for zeolites consisting
of cages separated by narrow windows or in the presence of
cations. For example, in Na-ZSM-5, the strong interaction of
CO, with the sodium sites results in low diffusivities at low
loadings. At higher loadings, when the cation sites are
saturated, the diffusivity increases before finally decreasing
again due to pore saturation.'"”

Molecular simulations are also a powerful tool for studying
multicomponent diffusion, for which experimental data is
rarely reported because of shortcomings of current measure-
ment techniques. For instance, by combining MD simulations
and QENS data on CO,/CH, mixture diffusion in UiO-66, it
was found that as the CO, loading increases, the CH,
diffusivity initially rises and then falls.''"® By analyzing the
MD trajectories, it was shown that the preference of CO, for
the tetrahedral cages pushes CH, into the octahedral ones, in
which weaker interactions with the pore wall occur, reducing
the energy barrier for CH, hopping and enhancing its
diffusivity. This enhancement in the diffusion rate due to the
presence of another guest molecule contrasts with predictions
for narrow-pore zeolites, in which the molecules are expected
to diffuse independently''”'** (i.e., having no influence on
each other) or in which the faster diffusing CO, hinders the
diffusion of the slower diffusing CH,.'*" For an exhaustive list
of insights derived from MD simulations, the reader is directed
to excellent reviews on the subject.'’”'**”'** Since the
limitations indicated above evidently hold for multicomponent
diffusion, simulation outcomes should be viewed as a realistic
representation only for near-ideal crystal domains, and even
then, diftusivity differences are likely more meaningful than
absolute values to understand the underlying mechanisms and
help guide the design of new adsorbents with targeted diffusion
properties, for both equilibrium and kinetic separations.
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Molecular simulations also face challenges in capturing both
nanopores and wider channels in hierarchically structured
materials due to the large difference in length scales. However,
as computational resources evolve and interconnected pore
networks can be mapped better through high-resolution
tomography, multiscale simulations will improve to help
understand these complex systems.'”>”'*” For instance,
recently, MD techniques were developed to simultaneously
study the temperature dependence of intra- and intercrystalline
diffusion of n-hexane in zeolite NaY.'** At lower temperatures
(200 K), strong adsorption restricts the movement of the
molecules within the crystal and desorption into the
intercrystalline space where fast diffusion can occur. Con-
versely, at higher temperatures (800 K), the higher
concentration of molecules in the intercrystalline region results
in a much higher overall diffusivity.

B DOMINATING MICRO- VS MACROPORE MASS
TRANSFER RESISTANCE

In an adsorption process, molecules subsequently diffuse
through the large pores in the pellet and the micropores in the
adsorbent. Evidently, the diffusivity in the interparticle space in
the pellet is typically (much) higher than in the crystals.
However, because of the much larger size of the pellet
compared to the adsorbent particles (typically mm vs ym), the
overall time constant of the adsorption process can be
dominated by either diffusion stage. This process time constant
determines the cycle time and, therefore, the productivity that
can be achieved.

In equilibrium separations, mass transfer ideally occurs at the
high rate allowed by macropore diffusion (i.e., micropore
diffusion is not limiting). In that scenario, equilibrium is
reached faster for smaller pellets. However, the pressure dro
over the bed constrains the minimum pellet size,*”'*"'*
especially in rapid PSA processes, which operate at high gas
velocity. Decreasing the pellet size by an order of magnitude
will increase the pressure drop over the bed by approximately 2
orders of magnitude.”” Two examples of process intensification
efforts aimed at enhancing mass transfer while overcoming an
increased pressure drop are the development of structured
adsorbents (such as monoliths, coated fibers or
sponges),'””~"** and the introduction of macro/mesopores
into a microporous material to realize “hierarchically
structured” adsorbents.>*'** However, while structures such
as monoliths enable operation at higher gas velocities and
shorter cycle times compared to conventional adsorbers
packed with pellets, they still present a trade-off between
adsorption capacity and mass transfer: the latter is improved at
the cost of a lower bed capacity. Therefore, such structured
adsorbents are especially interesting in the case of trace
removal, where high capacity is less important than high
affinity. An example is Direct Air Capture (DAC), discussed
below. In contrast, in kinetic separations, the process time
constant is necessarily determined by the intrinsic kinetics of
the microporous crystals to achieve selectivity.

When performing kinetic experiments on pellets, usually via
macroscopic techniques, a diffusivity value is extracted by
fitting a suitable model (e.g, for diffusion in a spherical
particle). In doing so, the pellet is considered a homogeneous
medium, leading to an effective diffusivity in which all
underlying mass transfer resistances are lumped together. In
the absence of micropore diffusion limitation, these values are
expected to be much larger than the inherent diffusivities of the

adsorbent crystals. As can be seen in Figures 4a and 4b for
zeolites 13X and SA, respectively, this is indeed the case for
most reported values. However, in that data set, the powder
and pellet entries were obtained from independent studies,
meaning that the crystals used were not identical (e.g., because
of different synthesis conditions).

In diffusivity measurements on pellets, the dominating
resistance (micro- vs macropores) can be determined by
varying the experimental conditions (e.g, crystal and pellet
sizes, carrier gas and flow rates, etc.), or, although far less
recommended, from fitting model parameters. Figure 5 shows
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Figure 5. Diffusional time constants 7 (s) of CO, in pellets of
different adsorbent materials for studies indicating the dominating
diffusivity, macropore-controlled (blue circles) or micropore-con-
trolled (orange squares). The dashed area illustrates the time domain
where both controlling mechanisms overlap. The symbols corre-
sponding to zeolite 13X are highlighted by an increased edge line
width.

measured diffusivities for pellets for studies in which the
dominating resistance was determined by these approaches. In
only four cases, micropore diffusion was found to be
dominating. Nevertheless, at longer diffusional time constants
(approximately 10°—10* s, gray area), pellets in which micro-
and macropore diffusion reportedly dominate appear together,
even for pellets consisting of similar binders and crystals (e.g.,
zeolite 13X, highlighted in Figure S). In other words, when
considering these results together, it is not evident that
micropore diffusion indeed plays a negligible role in the overall
mass transfer. It is necessary to experimentally deduce the
underlying mechanism of the observed behavior to con-
clusively assign the dominating resistances in a shaped
adsorbent.

An independent measurement of the mass transfer rate in
the primary adsorbent particles (in powder form) would
indicate the role of the intrinsic mass transfer rate when
incorporated in a shaped adsorbent. Unfortunately, only one
study in the compiled database reports diffusivity measure-
ments on the same zeolite crystals in powder and pellet
form.'*® Nevertheless, such studies provide valuable informa-
tion and can flag issues such as the intrusion of heat transfer
limitations in pellet measurements. Since adsorption is an
exothermic process, and the guest uptake is lower at higher
temperatures, care must be taken to remove the released heat
of adsorption sufficiently rapidly to avoid heating up the
adsorbent. If this is not the case, the guest uptake kinetics
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Figure 6. Diffusional time constants of CO, in powders (light gray circles) and pellets (dark gray circles) plotted against the pellet or crystal size.
The diagonal lines present the respective diffusion coefficients (m?/s); the line corresponding to the bulk diffusion coefficient of CO, in air is
highlighted. The shaded areas represent (a) the range of time constants for crystals (light gray) and pellets (dark gray) calculated from measured
diffusivity ranges and characteristic diffusion lengths, and, (b) the accessible time constant ranges of several experimental techniques. The white-
shaded area with dashed outline in panel b highlights the lack of data for small diffusional time constants.

might be limited by the cooling rate of the adsorbent, even if
the intrinsic mass transfer is much faster (i.e., rapidly reaching
equilibrium at each adsorbent temperature). In measurements
on powder samples, isothermal conditions can more easily be
guaranteed, e.g, by dispersing a small amount of sample in a
thin layer on a thermally conducting substrate. For pellets (and
especially beds thereof), it is far less trivial to remove the heat
of adsorption sufficiently rapidly, and errors in the extracted
diffusivity values are readily introduced, even for small
temperature changes.n’6 It is therefore not unlikely that
some of the pellet entries in Figures 4 and S are questionable.

Since the mechanisms governing macropore diffusion are
largely material-independent, diffusivities generally fall in the
relatively narrow range of 107> to 107 m*/s, depending on the
relative size of the adsorbates and the adsorbent pore, and,
several shaping-related parameters (porosity, tortuosity,
etc.).”””"** Micropore diffusivities span a much wider range
at lower values, from 10~ to 107'® m?/s or even slower.'”’
Figure 6a illustrates the span of time constants for crystals
(light gray area) and pellets (dark gray area) when combining
these diffusivity ranges with typical sizes (roughly from 1 ym
to 1 mm for crystals vs >0.5 mm for pellets, respectively). The
resulting time constant range for pellets lies within the range
for crystals. In other words, it is far from trivial to assume that
micropore diffusion will not be limiting, and the intrinsic
diffusion behavior of the adsorbent crystals might determine
the overall process time constant. The same conclusion is also
reached by plotting all reported diffusional time constants for
both powders (including some amorphous carbon and silica
materials) and pellets in the compiled literature database
(Figure 6a): the relatively large time constants associated with
some microporous crystal entries indicate that these adsorbent
materials would be the limiting factor in the CO, mass transfer
when shaped into pellets, even for crystal sizes of 1 ym or
below. This observation indicates that the intrinsic CO,
diffusivity of a microporous adsorbent should be considered
as an additional criterion when targeting equilibrium-based
CO, separations, next to high selectivity and uptake capacity.
Thus, far, this aspect has been a blind spot and adsorbents have
been mostly suggested based on isotherms (ie., equilibrium

data).

Based on the crystal and pellet entries in Figure 6, it even
appears hard to select an adsorbent material for which
micropore diffusion would not become limiting: for most
crystal entries, the time constant is comparable to or even
larger than for pellets. However, this apparent contradiction
with the earlier statement that pellet measurements often
indicate dominating macropore diffusion (see Figure 5) is at
least partly explained by the limitations of the available
experimental techniques (Figure 6b). The region of the graph
where adsorbents with fast intrinsic CO, diffusion would be
expected to appear, shaded in white, is currently experimentally
nearly inaccessible because of time constants well below 1 s for
relevant crystal sizes (1 to 10 ym). The entry that appears in
this region is clearly outside of the measurable range and
should be approached cautiously. On the other hand, based on
the collected data, a rough selection guideline can be
formulated for adsorbent materials suitable for equilibrium
separations based on the minimum required CO, diffusivity.
Considering an average diffusion coefficient of 1077 m*/s for 1

mm pellets results in 7,,., & 2.5 s. When I 10, the

intrinsic kinetic behavior of the adsorbent material is
significantly faster than the mass transport through the pellet
and could be considered negligible to the overall process time
constant. Therefore, with this criterion, 7., should be lower
than 0.25 s, which translates to a micropore diffusivity greater
than 1072 or 107'° m*/s for reasonable crystal sizes of 1 to 10
um, respectively (see Figure 6). If the intrinsic diffusivity in the
crystals is slower than these values, decreasing 7., by
preparing smaller crystallites is, in principle, possible. However,
shaping adsorbent pellets from crystals much smaller than 1
um would be far from trivial (e.g, maintaining macropores
when using a binder with a similarly small particle size).
Conversely, such materials with slower intrinsic CO,
diftusivities can be of great interest for kinetic separations or
membrane separations. When the CO, diffusivity is low
compared to the diffusivities of the other adsorbates present, a
kinetic separation with a high purity CO, outlet can be
established.
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Bl ADDITIONAL CONSIDERATIONS FOR CO,
CAPTURE

Presence of Water in the Gas Stream. As water is
unavoidable in most carbon capture scenarios, understanding
its impact on CO, adsorption and diffusion is critical. A fair
amount of literature exists on multicomponent CO,/H,0O
adsorption,*” showing a wide variety of behaviors, with
materials where CO, uptakes are barely influenced by the
presence of water to completely suppressed adsorption.'*!
Some studies have even shown an enhancement in CO, uptake
under specific conditions'**~"** where water serves as an
additional CO, adsorption site. Despite these efforts, the
difficulty of performing these equilibrium measurements has
recently been highlighted,145 together with the need for new,
less time-consuming techniques to enable more systematic
studies.

Regarding the influence of water on CO, diffusion, the
literature is scarce, as emphasized in a recent review.'** Apart
from a few simulation studies, only one QENS study reported
experimental results on the impact of the hydration level on
the CO, mobility in clay materials.'*” Nevertheless, these
works highlighted some interesting behaviors. In CO,—H,0
multicomponent simulations, more water molecules adsorbed
into the pores of the MOFs UiO-66 and CALF-20 gradually
reduced the CO, diffusion coefficients."'*'*® In MOFs with
open metal sites (OMS), such as MOF-74, a segregation
between the stronger adsorbing water molecules and CO, has
been shown due to the stronger adsorption of the former close
to the OMS, which in turn leads the latter to move more
freely.'* Another study on ternary mixtures of CO,, N,, and
H,O showed that in IRMOF-1 the mobilities of these
molecules are similar in single- and multicomponent scenarios,
while the diffusivities of CO, and water in Cu-BTC were
reduced in the ternary mixture. The opposite behavior is
observed in MIL-47, where the adsorbate species diffuse faster
in the mixture than they do as pure components.'*’

These computational studies highlight the diverse behavior
of CO, diffusion in the presence of water. Due to the
complexity of experimentally measuring multicomponent
diffusion, it has not yet been possible to validate these
findings, nor to investigate the impact of defects, other
diffusional resistances, or shaping. This knowledge gap calls for
an increased effort to understand the impact of water on CO,
diffusion as the impact on the overall productivity of a carbon
capture process might be significant.

Chemisorbents for CO, Capture. So far in this
Perspective, only materials that adsorb CO, via physisorption
have been discussed. On the other hand, amine-functionalized
sorbents react with CO, through a chemisorption mechanism
similar to CO, capture by aqueous amine solutions.'”’ By
fixing amines in porous solids such as mesoporous silica,">*">*
polymers,">* carbons,'>> and MOFs,"*° the energy required to
regenerate the adsorbent is lowered significantly compared to
aqueous amine scrubbers.

Due to the high affinity of the amine groups for CO,,
chemisorbents can be highly selective for CO, even in the
presence of water. Under dry conditions, the favored reaction
mechanism seems to be forming an ammonium carbamate
with a 1:2 CO,:amine stoichiometry. In the presence of water,
forming ammonium bicarbonate or hydronium carbamate
species is favored, where the stoichiometry is 1:1. This
difference in stoichiometry in dry and wet conditions is at the

origin of the enhanced CO, capacity in the presence of
water."*’~'> However, this simplified picture might be
incomplete as there are often likely multiple mechanisms in
play, as exemplified by the dependence of the humidity-driven
CO, uptake enhancement on the CO, pressure, humidity, and
temperature in Lewatits VP OC 10685, an amine-functionalized
cross-linked polymer.'®® Diamine-appended MOFs also show
an unusual cooperative insertion mechanism'®* where the
metal-bound amine group reacts with CO, to generate a
carbamate while the pendent amine is protonated. This process
propagates through the material to yield ammonium carbamate
chains stabilized through ionic interactions. As a result of this
mechanism, these materials exhibit step-shaped CO, adsorp-
tion profiles, which give rise to large CO, cycling capacities
that are accessible via relatively small temperature or pressure
swings.

In contrast to physisorbents, where the mass transfer is
determined by the diffusion of guest molecules in the porous
framework, the reaction kinetics between the amine groups
and CO, can dominate uptake rates for chemisorbents. Amine-
functionalized materials can be categorized into (i) materials in
which the pores have been impregnated with liquid amines,
(ii) micro- or mesoporous materials with amine functionalities
grafted on their inner pore surface, and (iii) macroporous
amine-functionalized polymers. In the first category, slow
intrapore liquid phase diffusion is to be expected. In the second
category, depending on the pore and crystal sizes, a
combination of intracrystalline diffusion and reaction kinetics
affects the uptake rate. Well-known commercial materials in
the third category are Purolite and Lewatit, which are obtained
as microporous spheres with a size between 300 and 1250 ym
via copolymerization. Therefore, intraparticle diffusion is
expected to be fast, and the reaction kinetics are likely rate-
limiting.

Attempts have been made to study kinetics in amine-
functionalized materials via experiments and modeling. For
example, a ZLC study identified distinct mass transfer regimes
(surface diffusion followed by diffusion from the polymer
chains). Gravimetric uptake experiments on polyethylenimine-
functionalized materials indicated the need for hi%her—order
kinetic laws to describe the uptake mechanism.'® Other
studies found that the uptake kinetics can be well described
using a kinetic model based on the reaction mechanisms of
CO, in supported amines in dry and humid conditions and a
simple linear driving force model to transport. While it thus
appears that, in many cases, the reaction of CO, is the rate-
limiting step in DAC materials, the contribution of diffusion
and reaction kinetics in the overall rate has not yet been
disentangled. A multidisciplinary approach will be needed,
combining macroscopic and microscopic measurements with
modeling to extract the intrinsic, fundamental parameters.
Understanding the CO, adsorption kinetics in these materials,
particularly in the presence of water, is critical for their
evaluation as this property will ultimately dictate the achievable
productivity.

Bl CONCLUSION AND OUTLOOK: BRIDGING MASS
TRANSFER EXPERIMENTS AND INDUSTRIAL
APPLICATIONS

Evaluating an adsorbent based on equilibrium data (..,
capacity and selectivity) alone does not provide the full picture
needed to assess its separation potential. While knowledge of
mass transfer is required to fully understand and optimize a

https://doi.org/10.1021/jacs.4c03086
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

separation process, the complexity of diffusion phenomena
over multiple length scales and the limitations of both
computational and experimental techniques remain challeng-
ing. For instance, measuring fast diffusion (>107"" m?/s) is
currently not possible for practically relevant crystal sizes (~1
um). Even for a separation as significant as CO, capture, only
few experimental mass transfer studies are available. As
highlighted by IUPAC, the scarcity and inconsistencies in
mass transfer studies on nanoporous materials result in a
partial understanding of these processes in technological
applications.””

On the other hand, it could be questioned if such
measurements are necessary for equilibrium separations
since, for practical purposes, it may suffice to determine
whether or not a candidate adsorbent meets a threshold, such
as the 107'2 m?/s criterion proposed above for 1 um crystals.
However, even then, only the extended, hence, unconventional
regime of the frequency response method (applied frequency
>10 Hz) enables measuring such a short time constant. Other
techniques, such as the sorption rate and chromatographic
methods, can only measure diffusivity values for crystals
approximately 10 times larger than the relevant size range.
When feasible, large crystals require different synthesis
conditions compared to industrially relevant materials and
might not be fully representative since differences in synthesis
protocols are known to affect mass transfer rates. Because of
these reasons, novel measurement methods that enable access
to the fast-diffusion regime for relevant crystal sizes are needed
to unambiguously select promising materials.

Kinetic separations are a promising route for cases where
equilibrium selectivities provide unsatisfactory results due to
the (potentially) larger differences in kinetic selectivity. Even
for similar molecules, intracrystalline diffusivities can be orders
of magnitude apart. Although modeling and evaluating kinetic
separations are more complex because of the need to consider
multicomponent diffusion, the number of reports in this area is
increasing. It has been shown that LDF models drastically
underestimate the productivity achievable in kinetic separa-
tions as thermodynamic coupling effects are not considered.
Improvements have been made to couple lab-scale parameters
to large-scale applications, exposing the crucial role of crystal
size and contact time in fixed bed adsorbers to optimize
productivity.'" Effectively, this relation underlines the fine line
between equilibrium and kinetic separations for a given
adsorbent-adsorptive pair. The intricate interplay between
multicomponent equilibria, mass transfer rates, crystal size, and
contact time can drive the process in a certain direction, from
equilibrium to kinetically controlled operation. Yet, more data
and refined process models are needed to fully exploit the
potential of kinetic separations and extend their adoption at
industrial scales.

Throughout this Perspective, the focus has been on
experimentally obtained single-component diffusion data.
However, in industrial applications, competing adsorbing
species will affect the findings from single-component
measurement data, at the micropore level but potentially also
for macropores, e.g., by altering diffusion from the bulk to the
particle surface.'®® Water and impurities in gas streams can also
impact adsorbent stability, uptake capacity, and mass transfer
rates.'”” Reliable experimental data is scarce for competitive
equilibria of multicomponent systems'®® and even more so for
multicomponent diffusion measurements.** This is unsurpris-
ing since the experimental effort increases dramatically for

multiple adsorbates, and the techniques require specialized
equipment and know-how.'®® This will most likely change as
new measuring techniques and computational methods
continue to develop.

Given the various interactions and mechanisms at play,
predicting mass transfer rates in powders and shaped
adsorbents remains challenging. For every separation process,
selecting an optimal adsorbent—process couple starts with
experimentally determining the mass transfer at the crystal
level, supported by mechanistic insights from molecular
simulations. To optimize the shaped form and its performance
in a bed, the critical translation from the crystals into a shaped
entity should be studied in more detail, i.e,, measuring the
primary adsorbent particles as such and in their shaped form.
These accurate values are needed for the reliable design of
practical adsorption processes using multicomponent process
models. In addition, this information can serve the further
development of multiscale numerical schemes. Multicompo-
nent breakthrough experiments can help to establish adsorbent
productivity by linking together the lab and process scales and
revealing their interdependencies. Robust experimental data on
mass transfer properties during both the material design and
shaping stages, coupled with the advancement of sophisticated
models to accurately describe multicomponent scenarios, are
essential to address the remaining gaps and fully harness the
potential of integrating nanoporous materials in separation
processes.
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