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1 | INTRODUCTION

Bohan Shan

| Joseph Winarta | Bin Mu

Abstract

A new class of core-shell adsorbents has been created by electrospun metal-organic
framework (MOF) particles embedded in polymer nanofibers, which have provided
many unique properties compared to the existing MOF coating technologies. For the
first time, we demonstrate the improved adsorption selectivity of CO, over N, using
electrospun polymer/ZIF-8 adsorbents in experiments. Furthermore, an analytical
model based on the assumption that the diffusivity in core is 10 times higher than
that in shell is developed to describe the theory of improved selectivity for core-shell
adsorbents that is validated against a more accurate finite element model developed
in COMSOL. Our model shows three regimes including exclusive shell uptake, linear
core uptake, and asymptotic core uptake. These regimes are related to material prop-
erties and uptake times, which could be used as design criteria to balance core stabil-
ity, maximum selectivity, and maximum uptake. An advanced HAADF STEM
tomography (Movie S1) shows that the shell thickness in the case of polymer/ZIF-8
is on the order of 10 nm, allowing the regime of maximum selectivity to be realized.
Kinetically limited adsorption tests at 45°C demonstrate that these composite fibers
can perform in a regime of selectivity and uptake for the separation of CO, and N»
that is unobtainable by either the MOF or fiber independently, showing a great
potential for postcombustion CO, capture.
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costs of the more complex ligand structures and a lack of stability

among a high percentage of MOFs. These stability issues arise from

Since 1989, metal-organic-frameworks (MOFs) have been touted as a
promising material that may be tailor-made for a variety of chemical
selective applications including separation and catalysis.1 The theoreti-
cally infinite combination of metal nodes and ligands allows for the
rational design of active sites, pore networks, and surface area.®>” While
some industrial applications have emerged as we see in the ION-X gas
storage cylinder developed by NuMat Technologies,® the extensive use

of MOFs is still limited. This is primarily due to both expensive synthesis

the traditionally weak coordination bonding environments between
metal and ligand, prohibiting most of these structures from surviving
actual chemical environments,*° although some Zirconium and Group
4 metal-based MOFs have relatively higher stability.*113
Postcombustion carbon capture is an example of an application that
promising and affordable MOFs are not stable enough to make an
impact. For an adsorbent to be used for postcombustion carbon cap-

ture, it must exhibit great stability, high CO, uptake at 1 bar above
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40°C and reasonably reject N, adsorption to minimize the energy pen-
alty of regeneration.’* Many materials have been examined for the car-
bon capture application including porous carbons, zeolites, polymers,
and MOFs.2>* Although some MOFs demonstrate superior perfor-
mance in CO, uptake, including MgMOF-74 with a CO, capacity of
8.61 mmol/g,*” these same MOFs lack water stability and N, rejection.
Strategies to increase selectivity and/or attenuate water uptake by for-
ming a protective shell on the external surfaces of a MOF core are
emerging, and a survey of these techniques is given in Table 1.

These studies show that widespread implementation of MOF
adsorbents in a core-shell structure containing a highly selective
nano-dimensional shell surrounding a MOF core may be feasible if this
barrier is able to provide enhanced protection and increased selectiv-
ity. This could be through either a molecular sieving or solution-
diffusion bottlenecking mechanism, yet allow desirable molecules to
pass through the barrier over acceptable timescales.

When designing core-shell adsorbents, the shell must be thin
enough to allow the desirable adsorbate to reach the core in a reason-
able time. Even micrometer thick polymer shells have been shown to
slow adsorption kinetics enough to effectively block nearly all adsorp-
tion in some cases.?? Along with those mentioned previously, one
enabling technology for reproducibly creating nanometer scale poly-
mer coatings over MOFs is electrospinning.3%323% Electrospun MOF

composites have previously been created using highly permeable

TABLE 1 Survey of core-shell MOF composites in literature
Method Shell MOF core
Solvothermal Bio-MOF-14 Bio-MOF-11

secondary
growth
Epitaxial secondary Zn(ADC), Zn(BDC),
growth
Spray drying PS HKUST-1
microspheres
Bath sonication Organosilicone ZIF-67
HKUST-1
NH,-MIL-125
Silicone vapor PDMS MOF-5
deposition ZnBT
HKUST-1
Polymer coating Silica ZrMOF
Shell DMBIM ZIF-8
ligand-exchange
Heat-treatment Carbon-coating MOEF-5
Electrospinning PAN HKUST-1
Electrospinning PVP ZIF-8
Electrospinning PEO ZIF-8
Electrospinning PS HKUST-1

AICBE RNAL—L 2o

polymers with high MOF loadings, and shown to have high MOF
accessibility. 28393435 Through the selection of highly selective poly-
mers rather than highly permeable polymers, enhanced rejection of
either water or undesirable gases may be realized. Furthermore, due
to a single macroscopic dimension along the length of the fiber, these
composites are readily processable and come preshaped for adapta-
tion into adsorption columns. Electrospun fibers—with inherently high
porosity, surface area, and aspect ratios—offer desirable features for a
material to be used in adsorption columns.3¢ Also, the fact that nearly
all soluble polymers may be used for electrospinning allows a near-
infinite choice in polymers selection to be pursued for designing opti-
mum adsorbent composites. In fact, an entire field is emerging for the
design of new polymer systems specifically for electrospinning includ-
ing block-copolymers ionomers,%” biopolymers,®® and polymer
blends.®? Postsynthetic treatment of electrospun fibers such as crys-
tallization, cross-linking, and inducing porosity have also proven to be
viable tools for manipulating the fiber properties.34354°

Coating MOFs with electrospun polymer barriers allows selectivity
and stability requirements for the adsorbent composite to be decoupled
from the MOF design, enabling a rational design process for meeting
industrial requirements. The idea of creating adsorbents that separate
gases based on kinetic selectivity rather than thermodynamic selectivity
is not new*'; using selectivity in zeolites based on molecular sieving has

been studied for some time.*> However, introducing the solution-

Comments

Selectivity/capacity properties greater than either individual
MOF for CO,/N, adsorption, some water protection?®

Selectivity/capacity properties greater than either individual
MOF for cetane/isocetane liquid separation®!

Tradeoff between water protection and accessibility based on
loading/thickness??

Coating method that increases water resistance that may be
applied to many MOFs2®

Water protection observed both surface area and crystallinity of
MOF was preserved after coating.?*

Water protection observed in a process too intense for most
MOFs?®

Ligands on outer layers of the MOF are exchanged to form a
shell, promoting water resistance?®

Enhanced moisture resistance®’
Up to 80% loading and full accessibility by N, at 77 K2
MOF inside fibers and full accessibility by N, at 77 K2?

Embedded MOFs are covered and negligible N, uptake in MOF
observed in dilute loading regime at 77 K3°

Prolonged CO, adsorption capacity after hydrothermal
exposure®?

Abbreviations: DMBIM, dimethylbenzeimmidazole; PAN, poly(acrylonitrile); PDMS, polydimethylsiloxane; PEO, poly(ethylene oxide); PS, polystyrene;
PVA, poly(vinyl alcohol); PVP, poly(vinylpyrridine).
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diffusion mechanism from membrane permeance over adsorbent parti-
cles for separation applications is still new and not well understood for
separation applications. Previous works have alluded to this mechanism,
or mentioned its presence for both enhancing selectivity,2’ and hydro-
stability.?? However, none of them revealed the mass transfer behavior
and separation mechanism of such core-shell adsorbents. Thus, we
would like to present a proof-of-concept experiment with a strong the-
oretical basis for material selection, a design criterion for selecting
polymers to coat MOFs, and a simple transport equation through the
core-shell structures.

We propose in this work a model and design criteria for core-shell
adsorbents based on Fick's laws that may be used to guide future material
selection for both enhancing stability and selectivity. We demonstrate
through microscopy that electrospun fiber—MOF composites allow the
material to be coated with nanoscale polymer films and verify that gas
selectivity superior to both the individual polymer or MOF is observed
over 3 min timescales using a composite fiber composed of a polyimide/
poly(ethylene oxide) polymer blend and the MOF ZIF-8. ZIF-8 is used in
this study because it has been extensively studied for its adsorption*® and
diffusion** characteristics, and these well-studied properties allow for
better characterization of the impact of the fiber interface. Polyimide and
poly(ethylene oxide) (PEO) blends have been used previously for separa-
tion of CO, from N, in membrane form, and are blended due to the
contribution of strength from the glassy polyimide and the high selectivity
of CO, over N, in PEO.*® The polyimide used in this study is the commer-
cially available Matrimid 5218, which is referred to simply as Matrimid
(or MAT) hereafter. The diffusivity of both CO, and N, in ZIF-8 are
around 2 x 1078 and 4 x 1078 cm?/s, respectively; resulting in a slight
kinetic selectivity towards N, at 35°C.** The diffusivity of each gas
through MAT is around 100x lower than ZIF-8.4¢ The diffusivity of CO,
in PEO is around 10x less than ZIF-8, and the diffusivity of N, in PEO is
around 100x less than ZIF-8.4°

2 | MODELS AND THEORY

2.1 | Equilibrium separation of adsorbent

When adsorption occurs such that the adsorbent uptake quantity (Q)
is sufficiently proportional to the pressure (P) or concentration (C), a

linear isotherm may be used to represent the data given by:
Q=KPorQ=K'C (1)

where K or K’ is Henry's constant or sorption coefficient. The uptake of a
composite may be modeled as a function of the mole fraction (m;) of each
component if interfacial properties such as gaps or blockage are
negligible:

Q=m1K1P+m2K2P (2)
The selectivity of a preferred adsorbate a over a nonpreferential adsor-

bate b (a,/,) may also be found when comparing single-component iso-

therms of different gases at the same temperature. This is commonly

performed using the ideal adsorbed solution theory (IAST), which, when
all components may be described by a linear isotherm, reduces to*:

Ka

Ky @)

Aab =

This is the selectivity when the system is allowed to reach thermody-
namic equilibrium. Where « is the selectivity, K is the solubility, D is
the diffusivity, a denotes the preferentially adsorbing gas, and

b represents the nonpreferentially adsorbing gas.

2.2 | Kinetic separation of microporous adsorbent

Currently, the design of adsorbents to carry out adsorption-based separa-
tions with a kinetically selective mechanism is increasing.** These adsor-
bents may perform separations based on the differences in gas uptake
rates. Using traditional single-component adsorbents by assuming D, is

greater than Dy, these materials have a maximum selectivity of*%:

_Ks |Da
Aab = K_b D_b (4)

The uptake and selectivity of the separation then become a balancing
act as the kinetic effects will eventually succumb to equilibrium selec-

tivity (Equation (3)) as time increases.

2.3 | Kinetic separation of core-shell adsorbent

Fick's Laws of diffusion are commonly used to describe adsorption

kinetics,*® and may be expressed as:

J=-DVC (5)
sC
==V (6)

respectively, where J is the flux, C is the concentration and D is the
diffusivity of the gas inside the adsorbent. For a two-dimensional
(2D) core-shell system in which a shell of length Ls leads to a core of

length Lc (Figure 1), the following boundary equations may be applied.

C=KsCo x=0, t>0 (7a)

FIGURE 1

Two-dimensional geometry considered in the
COMSOL FEM method where the green represents the shell of
length Ls, and the blue represents a core of length Lc along the x-axis
[Color figure can be viewed at wileyonlinelibrary.com]
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C=0, x>0, t=0 (7b)
§=D (SZ—CO<X<LS (7¢)
ot 55)(2
€ _pCsis (7d)
St o
J=0, x=Ls+Lc (7e)
Hs =pcx=Ls (71)
sC s6C
Ds§ L -Dc5 . (78)

where the last two terms express the continuity across the core-shell
interface. us and uc correspond to the chemical potential of the adsor-
bent in either phase and the final boundary condition bounds the con-
tinuity of flow through the interface.*” These expressions state that
the interface between the core and shell does not provide any addi-
tional influences to the transport of chemical species. Ks refers to
Henry's constant of the shell, which is also commonly expressed as
the solubility of the shell. With these equations, the assumptions of
isothermal uptake, concentration-independent diffusion coefficients,
and no gas-gas interactions inside the adsorbent are made. These
simplifications are made so that a clear analytical expression could be
derived by the end of this work that may be used to guide material
design and expected phenomena.

Crank,*® Barrer,”® Jost,*° and Carslaw>? provide sets of particular
solutions to some of these cases (described as laminates, heteroge-
neous adsorbents, or dual-phase adsorbents) with different sets of
particular approximations. Furthermore, it is essential to develop pre-
dictive kinetic equations for the design of core-shell adsorbents.
Therefore, we solve the diffusion equations for core-shell adsorbents
using numerical methods and compare to a derived analytical model
to describe the uptake equations for core-shell adsorbents. The total
uptake at a particular time is found by solving Equation (6) at a partic-
ular x and integrating over time (Equation S1). COMSOL software was
used to solve and illustrate the uptake of the core, the shell, and total
adsorbent uptake as a function of time. These uptake curves are
shown in Figure 2.

Three different regimes are observed in a dual-phase core-shell
adsorbent: (a) exclusive shell uptake, (b) linear core uptake, and
(c) asymptotic core uptake. There is an initial phase in which all of the
uptake occurs in the shell, which may be defined as the lag-time end-
ing at time ¢. This is followed by a phase where uptake in the core

(Qc) may be approximated by a linear rate y:
Qc=yt+g. (8)
Following the linear uptake in the core is a nonlinear uptake region

in which a maximum uptake is approached. The effects of changing

Lc, Ls, D¢, and Ds on these uptake regimes are shown in Figures S1-
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FIGURE 2 Example of uptake in a core-shell adsorbent

generated in COMSOL where the red curve depicts the total uptake
in the adsorbent, the green curve represents uptake exclusively in the
shell, and the blue curve represents uptake exclusively in the core.
The inset image is a zoomed-in region bounded by the orange
rectangle, and the black dashed line is an extrapolation of the linear
uptake region in the core [Color figure can be viewed at
wileyonlinelibrary.com]

S4). Dc has negligible influence as long as it is an order of magnitude
larger than Ds. Lc primarily influences the length of linear uptake.
Extending Ls or decreasing Ds increases both ¢ and linear uptake time
while decreasing .

By manipulating the contribution of the shell uptake and core
uptake along with influences of the uptake phase, the selectivity may
be manipulated. A plot of selectivity versus adsorption time is pres-
ented by assuming a diffusivity ratio of 10 for two species diffusing
through the shell, in which the effects of both shell thickness and
adsorption time on the selectivity are demonstrated (Figure 3).

Three selectivity limits may be seen from these plots, with one
corresponding to dominance of each different uptake phase. When
the shell has the same uptake capacity as the core, diffusion into the
shell dominates selectivity. This selectivity has the limit of a single-
phase adsorbent kinetic separation, given by Equation (4).#2

When the shell becomes negligibly small, the steady-state uptake
by the core reservoir dominates the selectivity, where the y dictates
the uptake rate, and selectivity approaches the ratio of these two

slopes (called permeation selectivity):

=2k 9
7o DbKp ®

This observed permeation selectivity is notable since it has not
been reported for cyclic adsorption-based separations, yet this model
clearly shows that this regime is accessible. A more rigorous justifica-
tion for the existence of this permeation selectivity is given in the
Supporting Information after the derivation of the analytical model
given later in the text. After this initial spike in selectivity, the gases

start to approach their maximum equilibrium values and the final
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FIGURE 3 Selectivity as a function of time calculated in

COMSOL for two gases with a D/D ratio of 10 in the shell. Each curve
represents a different shell length (Ls = 1 [red], 5 [orange], 10 [yellow],
50 [green], 100 [blue], 500 [indigo], and 1,000 [violet]. The diffusivity
of gas a in the shell (Ds, ,) is 1 x 107*¢ cm?/s and the diffusivity of gas
b in the shell (Dsy) is 1 x 1077, All other values are held constant for
each test: Lcore = 5,000 nm, Co = 1 mol/m?, Dc = 1 x 1071° cm?/s
[Color figure can be viewed at wileyonlinelibrary.com]

uptake phase dominates, the selectivity eventually approaches the

thermodynamic selectivity given by Equation (3).

2.4 | Kinetics with analytical solution

From these finite-element method (FEM) simulations, we see that if
Dc/Ds > 10, that D¢ has a negligible effect on the uptake because the
adsorbing gas is able to approach an equilibrium value in the core
much faster than it is able to pass into the core from the shell
(Figure S1): allowing us to consider a boundary condition in which the
core is considered to be well-mixed at all times by dropping
Equations (7d-7f) and replacing with Equation (Sé). Since the motiva-
tion behind this work is to use the shell as a selective layer and the
core as a reservoir, selecting a core material with much faster diffusiv-
ities than the shell may be expected. Therefore, if we are able to
neglect the diffusivity in the core, we may instead model the core as a
reservoir of capacity Q. that maintains equal concentration through-
out, allowing for an analytical solution that parallels work by Paul and
DiBenedetto,®? by using an adsorbent instead of a reservoir and a
more generalized integration. The full analytical solutions are provided
in the Supporting Information, and the important results are
presented here.

The uptake of a core-shell adsorbent is given as:

x 1
Q=A-PKsLs 1-E +;'Zn

200 +ir)cos\ o) <ﬂ” L_) eibféﬁ%t (10)
BA(BA+n? +n)

where A is the surface area of the shell, the g, values represent the

non-negative roots of the equation ptan(p) = n and

_KsALls Qs

Kc Ve Quc

(11)

where Q,, s is the maximum capacity of the shell and Q¢ is the maxi-
mum capacity of the core. The total uptake, Q, is calculated when set-
ting x = 0, resulting in the cosine expression in Equation (8) going to
one. The uptake in the core (Q.) is solved by setting x = Ls. A model
exclusively for Q. is important for defining the uptake regimes (a-c),
which subsequently allows the definition of design criteria for stability
and selectivity. Figure S5 demonstrates that this analytical solution
nearly matches the corresponding finite-element model uptake curve
when the Dc/Ds ratio is 10.

The lag phase (¢) separating uptake Phase (i) from Phase (ii) may

be approximated as>%:

= i (12)
6Ds

A different solution to this time-lag method in which the six in the
denominator is replaced by a more complex term as a function of n is
provided in the Supporting Information (Equation (S13)). This correc-
tion is important for calculating the Ds explicitly from the linear
uptake region since it is an extrapolation from the slope, which is a
function of these parameters. However, when using this approxima-
tion for the time until core penetration, the downstream Q¢ has no
impact on the true ¢ and is considered unimportant, as demonstrated
in Figure S4.

After the lag phase, the summation term in Equation (10) will

become negligible, and y from Equation (8) is expressed as>?:

o A-P-Ks-Ds | 2(3 +n?)coscos (fo) efofgg'
Ls (B3 +n2+1) 13)
_APKsLs 2(/33 + %) coscos (By) e%ét
6 (B3 +n?+n)

Where g is the first non-negative root of ptang = 5. This term is
linear when the term in the exponential is near zero, and we may
define uptake region (b) to occur after ¢ and before this exponential
term influences W¥. As an approximation, it may be assumed that the
function e ™ is linear until the exponential term x surpasses a value of
0.25 (however, this term may be adjusted for desired tolerance). We

may then define region (b) as occurring from:

@ < tlinear Uptake (ii) < %/:2) (14)
This criterion allows for the design of an adsorbent for the time
regimes. When designed properly, the undesirable species should be
the slower adsorbing species, and the desirable adsorbing species the
faster one. When undesirable adsorbates are in Phase (i) protection
occurs, when both adsorbates are in Phase (ii) maximum relative selec-
tivity occurs, and when a desirable adsorbate is in Phase (iii) maximum
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relative uptake occurs. Designing systems for maximum relative selec-
tivity is recommended for purification processes where multiple pas-
ses may be considered. Designing systems for maximum relative
uptake are recommended for systems where purity is less important
than the total uptake.

In sum, this simulation study and analytical model demonstrate
that two major uptake advantages of using this dual-adsorbent
scheme with electrospun fibers may be expected: (a) The thin polymer
coating covering the MOF particles enabled by electrospinning could
be used to increase kinetic selectivity; (b) The kinetic bottle-necking
of the polymer layer both dictates the time until a fluid reaches the
adsorbent through the characteristic lag-time and rate in which the
adsorbent fills. Increasing the lag-time before uptake by the particle is
of particular importance if the polymer layer is being designed to
block fluids from the core that will poison the adsorbent such as water
or sour gas over the time-scale of an absorption cycle; enhanced pro-
tection and adsorbent lifetime could be expected.

In the following sections, we aim to experimentally confirm that
thin polymer layers are indeed wrapping particles embedded in these
electrospun fibers with nano-scale coatings, and that enhanced selec-
tivity can be observed relative to either the core or shell components

individually as predicted by our theoretical derivations.

3 | EXPERIMENTAL MATERIALS AND
METHODS

3.1 | Material preparation

Matrimid 5218 (MAT, M,, 80,000)°° was provided by Huntsman;
poly(ethylene oxide) (PEO, M, 400,000), zinc nitrate (Zn[NO3],, purity
98%), 2-methyl immidazolate (CH3C3H,NH, purity 99%), and metha-
nol (CH,OH, 99.8%) were purchased from Sigma-Aldrich; carbon diox-
ide (CO,), nitrogen (N,), and helium (He) were purchased from Prax-
air each at ultra-high purity grade. ZIF-8 was synthesized using

d>* as described previously.3®> Two electrospinning

Cravillon's metho
suspensions were prepared. Each was composed of a 100 mg MAT
and 100 mg PEO dissolved in 10 ml of dichloromethane. The first had
50 mg ZIF-8 suspended in solution (for a 20% ZIF-8 composite, called
1:1:0.5 MAT:PEO:ZIF-8 fibers), and the second had 200 mg ZIF-8
suspended in solution (for a 50% ZIF-8 composite, called 1:1:2 MAT:
PEO:ZIF-8 fibers). Electrospun fibers were fabricated using an appara-
tus described previously.3* 1:1:0.25 MAT:PEO:ZIF-8 and 1:1:2 MAT:
PEO:ZIF-8 were prepared in a previous study by the same manner
and more details and characterization are shown there.®®

3.2 | Microscopy

Scanning electron microscopy (SEM) was performed on a Zeiss EVO
MA10 microscope with a tungsten thermionic electron gun at an
accelerating voltage of 18 kV. Transmission Electron Microscopy
(TEM) was performed on a CM-200-FEG microscope at an accelerat-
ing voltage of 200 kV. Scanning transmission electron microscopy

(STEM) was performed on a Titan Krios microscope under low-dose

AICBE RNAL-L ¢

mode at 200 kV using a high angle annular dark field detector
(HAADF). Tomography was done along two perpendicular tilt axis
each containing 89 images each from —55° to 55° spaced with the
Saxton scheme. Tomograms were constructed and processed using
IMOD software provided by the University of Colorado Boulder, and
model was developed with FEI Avizo software from this tomogram

using techniques from literature for nanoparticle reconstruction.>®

3.3 | Adsorption studies

Adsorption experiments were performed on a Quantachrome iSorb
HP2 machine. Helium void fractions were taken before each measure-
ment. Default equations of state recommended by Quantachrome
software were used for each gas: Helmholtz for CO, and N, and the
mBWR-Jacobsen for He. A maximum equilibrium for CO, and N, was
set to 3 min. Initial activation was performed at 55°C for 72 hr under
vacuum, and activation between each run was performed at 55°C for

12 hr under vacuum.

4 | RESULTS AND DISCUSSION

4.1 | Materials

Images of the four materials tested in the adsorption tests are shown
in Figure 4 including SEM images of ZIF-8 powder, pure 1:1 MAT:
PEO fibers, and the composite 1:1:0.5 and 1:1:2 MAT:PEO:ZIF-8
fibers. TEM images of the composite fibers are also shown to demon-
strate the internal morphology in Figure 5.

From these images, it may be seen that the 1:1 MAT:PEO fibers
and 1:1:0.5 MAT:PEO:ZIF-8 fibers are of similar diameters, but the
1:1:2 fibers are smaller. All fibers are larger than the average 200 nm
ZIF-8 particle size. ZIF-8 is seen embedded throughout the composite
fibers in Figure 5, however, the 2D projection of these fibers does not
accurately demonstrate how far from the surface these particles are.
For this reason, a tomogram was constructed over a segment of the
1:1:2 MAT:PEO:ZIF-8 fibers to understand how these particles load
(Figure 6).

From the 3D TEM imaging, we are able to measure the distance
between the particle and the surface of the fiber where the polymer
appears to extend out to wrap the particle. The thickness of the
region between MOF and fiber surface is measured to reach mini-
mums on the order of 10 nm. Videos of the TEM images used to con-
struct these models and of different views of the model are given in
the Supporting Information.

4.2 | Adsorption isotherms and availability

In literature, multiple reports show isotherms of polymer-coated
MOFs in which isotherms demonstrate the expected shape with lower
uptakes for some gases when gases such as nitrogen diffuse through
the polymer slower than the allowed equilibrium time.?%273° The
resulting isotherm demonstrates that the selectivity based on a com-

bined diffusivity and solubility factors as long as diffusivity is
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FIGURE 4 SEM image of (a) pure ZIF-
8 powder, (b) 1:1 Matrimid:PEO, (c) 1:1:0.5
MAT:PEO:ZIF-8, and (d) 1:1:2 MAT:PEO:
ZIF-8

(d) 1:1:2 MAT:PEO:ZIF-8

¥ N

FIGURE 5 TEM image of (a) 1:1:0.5
MAT:PEO:ZIF-8 fibers and (b) 1:1:2 MAT:
PEO:ZIF-8 fibers

(a) 1:1:0.5 MAT:PEO:ZIF-8 (b) 1:1:2 MAT:PEO:ZIF-8

FIGURE 6 Tomogram and model constructed from series of HAADF TEM images of 1:1:0.5 MAT:PEO:ZIF-8 fibers over two tilt angles.
(a) Three representative slices of the tomogram in each plane where the bright areas represent ZIF-8 and the grey areas represent fiber. The scale
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FIGURE 7 Kinetically suppressed isotherms for (a) ZIF-8, (b) 1:1 MAT:PEO fibers, (c) 1:1:2 MAT:PEO:ZIF-8 fibers, and (d) 1:1:0.5 MAT:PEO:
ZIF-8 fibers with a maximum of 3 min equilibrium time up to 6 bar pressure of either CO, or N,

sufficiently independent of concentration and the adsorption during
dosing time does not exceed the uptake value of the next point. This
method is used here. Isotherms were collected at 45°C for each mate-
rial with both CO, and N, up to 6 bar with a predefined maximum
equilibrium time of 3 min. Three minutes was chosen as the short
equilibrium time since it falls within the typical optimum 100-200 s
between vacuum swings during vacuum adsorption cycles as calcu-
lated by Susarla and coworkers.>® These isotherms are shown in
Figure 7 along with their linear fit.

In the range of pressures tested, each isotherm appears suffi-
ciently straight and is fit to a linear isotherm (Equation (1)) with a
strong correlation coefficient. The linear nature of the isotherms for
pure ZIF-8 and the 1:1 MAT:PEO fibers are near those found in the
literature for CO, and N,. ZIF-8 CO, isotherms are found to be linear
until around 10 bar, where they begin to flatten due to pore filling,
whereas N, isotherms appear linear up to at least 25 bar.®” PEO
appears to follow a linear isotherm up to 10 bar, where it begins to
follow a convex path following a Flory-Huggins isotherm, whereas the
nitrogen isotherm appears linear up to 20 bar.*> MAT isotherms have
concave isotherms for both N, and CO, which have been fit to dual-
site polymeric isotherms.>® N, isotherms in MAT become nonlinear at

around 5 bar and CO, isotherms become nonlinear around 2 bar.
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FIGURE 8 CO,/N, selectivity plotted against CO, uptake for 1:1
MAT:PEO fibers (red square), 1:1:0.5 MAT:PEQO:ZIF-8 fibers (blue
circle), 1:1:2 MAT:PEQO:ZIF-8 fibers (green triangle), and ZIF-8 (purple
diamond) [Color figure can be viewed at wileyonlinelibrary.com]

The CO, uptake at 1 bar (calculated as S) for each material plotted
against the aco,/n, can be found in Figure 8. The measured ZIF-8
selectivity at 3min of equilibration match well with results for fully
isotherms in

equilibrated literature, where ZIF-8 experimental
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selectivity is between 5 and 6 and CO, uptake near 45°C and 1bar is
0.45 mmol/g.59 This is expected for ZIF-8 under 500 nm diameter at
these conditions since, with diffusivities of 2x 1078 and 3 x 10~8 cm?/s
for CO, and N,, respectively, uptake was found to be too rapid for
experimental measurements with traditional techniques at 35°C,** and
may be expected to be even faster at 45°C.*8 Also, a noteworthy fact is
that N, diffuses through ZIF-8 faster than CO,, so any kinetic separa-
tions with pure ZIF-8 would result in a lower selectivity than the equilib-
rium state. Both pure CO, and N, isotherms for MAT and PEO
isotherms found in literature are of the same order of magnitude as
those found for the 1:1 MAT:PEO fibers,*>°8 suggesting that uptake is
observed in both the MAT and PEO portions of the fibers, and nearly
complete uptake is reached over the 3 min equilibrium time.

The MOF-embedded fibers both show an excess selectivity com-
pared to either the pure MOF powder or the 1:1 MAT:PEO fibers. In
both cases, a larger percentage of the embedded ZIF-8 is used for
CO, uptake at 3 min over N, (Figure 9); as predicted by the models
presented in section 2. The ZIF-8 used in the 1:1:2 fibers is larger than
in the 1:1:0.5 fibers for each gas. This is likely because those fibers
have a smaller diameter and also may contain ZIF-8 to ZIF-8 passages
inside the fiber as well-resulting in a statistically thinner polymer coat-
ing than in the 1:1:0.5 fibers. The percentage of ZIF-8 used was
approximated by assuming nearly complete uptake in the polymer
fiber and dividing the resulting uptake by the full ZIF-8 uptake at the
weight percent of ZIF-8 in the fibers.

5 | CONCLUSION

We present in this work an analytical model to describe the uptake in a
core-shell adsorbent that is shown to match the uptake predicted by a
finite element model well under the condition that the diffusivity in the
core is at least an order of magnitude larger than the diffusivity of the
shell. This model shows that kinetic selectivity greater than that
predicted from the classical kinetic separation model based on the micro-
porous adsorbents are accessible to core-shell adsorbents and that per-

meation selectivity may be realized. Three different uptake regimes that

could be controlled by material design and uptake times—(a) exclusive
shell uptake, (b) linear core uptake, and (c) asymptotic core uptake—are
presented and the tradeoffs between protection, productivity, and selec-
tivity between these regimes are discussed. The proof-of-concept experi-
ments were carried out on electrospun MOF-polymer composites. A
microscopy study showing that thin polymer coatings over MOF mate-
rials can be made through the electrospinning process that could maxi-
mize the optimum selectivity regime, and adsorption studies were
performed to demonstrate that selectivity/uptake combinations
unobtainable by either core or shell alone can be realized. This work is
expected to be vital for guiding future core-shell adsorbents design.
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NOTATION

A surface area of shell, m?

C  concentration, mol/m3

Co initial concentration, mol/m®
D diffusivity, cm?/s

Ds diffusivity in shell

D¢ diffusivity in core

J flux, mmol/(m?-s)

K Henry's constant

L length for diffusion, nm

Ls length of shell, nm

Lc  length of core, nm

m mole fraction

P pressure, Pa

Q adsorption uptake, mmol/g
T temperature, K

t time, s

Ve volume of core, m3

X diffusion distance, nm

a selectivity

u chemical potential

Us chemical potential of adsorbent in shell
uc  chemical potential of adsorbent in core
W adsorption uptake rate, mmol/(g-s)

@ fitting parameter
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