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Zeolite nanosheets can be used for the fabrication of low-defect-density, thin, and oriented zeolite separation
membranes. However, methods for manipulating their morphology are limited, hindering progress toward im-
proved performance. We report the direct synthesis (i.e., without using exfoliation, etching, or other top-down
processing) of thin, flat MFI nanosheets and demonstrate their use as high-performance membranes for xylene
isomer separations. Our MFI nanosheets were synthesized using nanosheet fragments as seeds instead of the previ-
ously used MFI nanoparticles. The obtained MFI nanosheets exhibit improved thickness uniformity and are free of
rotational and MEL intergrowths as shown by transmission electron microscopy (TEM) imaging. The nanosheets
can form well-packed nanosheet coatings. Upon gel-free secondary growth, the obtained zeolite MFI membranes
show high separation performance for xylene isomers at elevated temperature (e.g., p-xylene flux up to 1.5 x 1073

molm~2s"and p-/o-xylene separation factor of ~600 at 250°C).

INTRODUCTION

Zeolite membranes already find uses in solvent dehydration and
meet requirements for commercialization of certain improved
energy efficiency separation processes, like the separation of carbon
dioxide from methane (1-6). For more difficult separations (like
hydrocarbon isomer and olefin/paraffin separations) (7-10) and
for challenging operation environments (e.g., as encountered in
membrane reactors) (11-14), compositional and microstructural
optimization is required for improving separation performance
(15-24). For example, separation of xylene isomers in a membrane
reactor configuration requires high flux and high selectivity at high
pressure and temperature, which necessitates thin and preferentially
oriented membranes when the membranes are made by the MFI-type
zeolite (4, 15, 16, 18). However, the simultaneous control of frame-
work structure and composition, crystal orientation, grain size, and
intergrowth remains a major challenge.

When preferred orientation, small membrane thickness, and
specific microstructural characteristics are desirable, zeolite nanosheets
are highly attractive building blocks, as their large aspect ratio and
few-nanometer thickness allow the formation of oriented, low-
defect-density, and thin membranes. Zeolite nanosheets were first
prepared by exfoliation of multilamellar zeolites (25-29), later by
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direct synthesis (30), and, more recently, by anisotropic etching
of zeolite crystals (31). Exfoliation and etching are both top-down
methods, which may compromise the structural integrity of
nanosheets or limit the attainable thickness. For example, although
exfoliated MFI nanosheets that exhibit uniform thickness of 3 nm
(1.5 unit cells) can be prepared, their in-plane dimensions are limited
to well below 1 pm, because of fragmentation. MFI nanosheets
made by etching can be extended to ca. 7.5 um laterally, but they
are relatively thick (e.g., not thinner than 25 nm). Direct synthesis
methods offer several advantages, such as potential for higher
product yields and larger lateral dimensions and aspect ratios, while
offering a synthesis procedure that is compatible with established
zeolite synthesis methods.

The first direct synthesis of zeolite MFI nanosheets (30) was
developed on the basis of the seeded hydrothermal growth using a
diammonium-cation [bis-1,5(tripropyl ammonium) pentamethylene
diiodide, which we call dC5] structure directing agent. MFI nano-
crystals were used as seeds to enable the synthesis of individual
(nonintergrown), separate (nonaggregated) nanosheets. The direct
growth of nanosheets proceeds through the occurrence of a single
rotational intergrowth after the seed crystals attain a certain size and
shape. This approach provides high-aspect ratio, thin nanosheets.
However, the nanosheets contain the seed nanocrystals embedded
at their center, resulting in a complex morphology deviating from
that of an ideal two-dimensional shape. Although ultraselective
para-xylene MFI membranes have been prepared using these directly
synthesized MFI nanosheets, it is desirable to attempt direct synthesis
of MFI nanosheets with more uniform thickness and absent rota-
tional intergrowths and to explore the permeation properties of the
corresponding membranes. Here, we report a modified direct
synthesis method for novel zeolite MFI nanosheets exhibiting im-
proved thickness and structure uniformity compared to previously
reported ones, and the resulting xylene isomer separation performance
of membranes fabricated using these nanosheets.
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RESULTS

Preparation of zeolite MFl nanosheet fragments

Seeded growth with dC5 can produce rhombus-shaped MFI
nanosheets with ca. 2-pum lateral dimensions and predominantly
5-nm thickness, which can be used for the fabrication of high-
performance zeolite MFI membranes (30). Under certain synthetic
conditions (composition, temperature, and time), a single rotational

A

intergrowth per nanocrystalline seed triggers the formation of
nanosheets surrounding the nanocrystal seeds (Fig. 1A). However,
these rhombus-shaped nanosheets have morphologies distinct from
typical nanosheets because they contain ca. 100-nm nanocrystals
at their center, which originate from the ca. 20-nm seeds used for
nanosheet synthesis. The nanocrystal seeds play a key role in achieving
individual separated nanosheets by suppressing the occurrence of
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Fig. 1. Rectangular outgrowth of zeolite MFI nanosheet. (A) Schematic and the corresponding SEM images of the sequence leading to MFI rhombus-shaped
nanosheets, as reported in (30). (B) Schematic of the rectangular outgrowth and (C) corresponding representative SEM image. (D) Low-magnification TEM image and
(E and F) selected area diffraction patterns of nanocrystal-seeded zeolite MFI nanosheet. An overlaid outline of the nanosheet and outgrowth is shown in fig. S2. The
rhombus nanosheet and rectangular outgrowth have identical crystal orientations, as confirmed by their corresponding SAED shown in (E) and (F), respectively. (G to I) AFM
images of nanocrystal-seeded zeolite MFI nanosheets with rectangular outgrowths and corresponding height profiles extracted from the dotted lines showing 2-nm step
at rhombus/outgrowth boundary. Scale bars from left to right in (A), 200 nm, 200 nm, 500 nm, and 1 um. Scale bars, 1 um (C), 1 um (D), 1nm™" (Eand F), 1 um (G to ).
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multiple rotational intergrowths (32). This unconventional mor-
phology (i.e., with the presence of a nanocrystal at the center of each
nanosheet) may affect the membrane performance by hindering the
close-packing of nanosheets when they are deposited on substrates.
Moreover, because the nanosheets and seeds are 90° rotated to each
other around their common c axis, there is always an a-out-of-plane-
oriented fraction in these predominantly b-oriented membranes,
which, along with the associated twin boundaries, may also affect
membrane performance. To explore the effect of well-packed
nanosheet coatings and the absence of a-out-of-plane grains on the
membrane performance, we have sought the preparation of flatter,
more uniformly structured zeolite MFI nanosheets (i.e., without the
single rotational intergrowth present in the nanocrystal-seed-grown
nanosheets). The strategy reported here is based on using seeds with
nanosheet morphology, thus eliminating the formation of the rota-
tional intergrowth.

First, we describe some early observations that led to the devel-
opment of the new strategy. During the later stages of synthesis of
rhombus-shaped nanosheets from nanocrystal seeds, we have ob-
served the formation of rectangular-shaped outgrowths attached to
rhombus nanosheets, as shown in Fig. 1 (B and C). In more detail,
following the previously described seeded-growth process that forms
{h0l} faceted rhombus-shaped nanosheets (Fig. 1A) (30), flat
rectangular outgrowths begin to emerge expressing {h00} and {001}
facets (Fig. 1, B and C), which eventually can surround the original
rhombus nanosheet (see the particle marked as 3 in fig. S1A). The
fraction of nanosheets with outgrowths is small at 140°C but increases
with increasing synthesis temperature (fig. S1, B and C). Transmis-
sion electron microscopy (TEM) imaging combined with selected
area electron diffraction (SAED), shown in Fig. 1 (D to F), revealed
that the rectangular outgrowths (SAED shown in Fig. 1F) have
the same crystal orientation as the rhombus-shaped nanosheets
(SAED shown in Fig. 1E), implying their epitaxial growth. This also
confirms that the outgrowths expose the {100} and {00 [} facets,
while the rhombus-shaped nanosheets expose the {h0l} facets, as
shown in the cartoon of Fig. 1B. Figure 1G shows atomic force mi-
croscopy (AFM) height images of MFI rhombus-shaped nanosheets
with rectangular outgrowths. The images and the traces marked
as 1 and 2 confirm that the thickness of the rhombus-shaped
nanosheets is ca. 5 nm [as reported earlier (30)], while the thickness
increases abruptly to 7 nm on the rectangular outgrowth. The 2-nm
step size at the boundary of the rhombus-shaped nanosheet with
the rectangular outgrowth corresponds to 1 unit cell of MFI along
its b axis (i.e., the thickness of two pentasil chains). We have previ-
ously observed that during the formation of the rhombus-shaped
nanosheets, thickness originated at 1 nm (0.5 unit cell; one pentasil
chain thick), progressed to 3 nm, and then stabilized at a predomi-
nant thickness of 5 nm during their early growth stages (30). The
drastic change of faceting between rhombus nanosheet and rectan-
gular outgrowth is correlated with the increased thickness by 1 unit
cell to 7 nm.

Although fundamental understanding of these phenomena re-
mains elusive, these observations suggest that rectangular nanosheets
can emerge as outgrowths on the facets of rhombus nanosheets with
minimal (1 unit cell) thickening. Therefore, we hypothesized that if
fragments of rhombus-shaped nanosheets were used as seeds, they
could trigger the formation of nanosheet outgrowths with improved
thickness and structural uniformity (i.e., without the presence of the
rotationally intergrown seed at the nanosheet center).
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Figure 2A depicts the synthesis method of MFI nanosheets with
improved thickness uniformity based on the secondary growth of
nanosheet fragments. First, rhombus-shaped MFI nanosheets syn-
thesized using MFI nanocrystal seeds were fractured and purified to
obtain nanocrystal seed—free nanosheet fragments. Upon an addi-
tional growth with a dC5-silica sol, these nanosheet fragments serve
as seeds and grow to yield large flat MFI nanosheets without rota-
tionally intergrown nanocrystals embedded at their center.

In more detail, the synthesis procedure starts with zeolite MFI
nanosheets made by using nanocrystal seeds, as reported previously
(30), but with an important modification; instead of the ca. 20-nm
nanocrystals, larger nanocrystals with size of ca. 100 nm (Fig. 2B)
were used to facilitate the subsequent separation step, which aims to
remove the seed nanocrystals from the fractured nanosheets and
obtain seed-free nanosheet fragments. The nanosheets formed by
the hydrothermal treatment of 100-nm nanocrystal seeds with a
dC5-silica sol at 155°C (see Materials and Methods for details and
compositions) are shown in Fig. 2C. These nanosheets were frac-
tured by using a horn sonicator (Fig. 2D). Centrifugation was
then performed to selectively collect a fraction of the fragmented
nanosheets that is free of seed nanocrystals and large aggregates as
shown in Fig. 2E.

Synthesis of zeolite MFI nanosheets with improved
thickness and structure uniformity

The acquired nanocrystal-seed-free MFI nanosheet fragments were
then used as a new type of seed to grow MFI nanosheets without
rotational intergrowths and yield individual, separated nanosheets.
The nanosheet fragments were added to a dC5-silica sol and
subjected to a hydrothermal treatment at 155°C. At certain condi-
tions (see Materials and Methods), the fragments maintain their
nanosheet morphology and grow into larger nanosheets, as shown
in Fig. 3 (A to C) [scanning electron microscopy (SEM) images] and
Fig. 3D (TEM image). The majority of nanosheets are rectangular,
with only a small fraction of smaller nanosheets having a rhombus
shape (indicated by arrows in Fig. 3A). High-resolution TEM
(HRTEM) imaging (Fig. 3E) and SAED (Fig. 3F) confirm that the
thin dimension of the novel nanosheets is along the b axis, while the
longer and shorter lateral dimensions are along the ¢ and a axes,
respectively. The majority of novel nanosheets exhibit rectangular
shapes with {100} and {00/} facets and linear dimensions of ca. 3
and 2 um along their longer ¢ and shorter a axes, respectively
(Fig. 3G). AFM measurements (Fig. 3, H and I, and fig. S3) show
that the thickness of the novel rectangular nanosheets in their
thinner portion is 7.2 + 0.2 nm, corresponding to a thickness of
3.5 MFI unit cells. This is 1 unit cell thicker than the nanocrystal-
seeded rhombus nanosheets reported previously (ca. 5 nm) (30)
and corresponds to the thickness of the rectangular outgrowths pre-
sented in Fig. 1.

The novel nanosheets (i.e., the nanosheets made using nanosheet
fragments as seeds) exhibit enhanced thickness uniformity com-
pared with nanocrystal-seeded nanosheets because of the elimina-
tion of the central rotationally intergrown seed. Yet, they still
experience thickening because of ad-layer formation, which un-
avoidably happens during secondary growth. Because the central
part of the nanosheet is growing for a longer period, more layers
can nucleate there, and thickening is more pronounced in the center
while it is absent from the freshly grown periphery of the nanosheets
that are ca. 7 nm thick. For example, AFM height profiles of the
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Fig. 2. Preparation of zeolite MFI nanosheet fragments. (A) Schematic illustration of the preparation of flat zeolite MFI nanosheets. SEM images for (B) MFI nanocrystal
seeds, (C) MFI nanosheets obtained using the seeds shown in (B), (D) fractured MFI nanosheets obtained by sonication of nanosheets shown in (C), and (E) MFI nanosheet
fragments acquired after purification using centrifugation. The zeolite MFI nanocrystals shown in (B) were hydrothermally treated with a dC5-silica sol at 155°C to yield the
MFI nanosheets shown in (C). The nanosheets in (C) were then fractured with a horn sonicator to yield the material shown in (D). After the purification with centrifugation,
the nanosheet fragments shown in (E) were obtained. Details are described in Materials and Methods. Scale bars, 200 nm (B), 5 um (C), 2 um (D and E).

nanosheet-seeded rectangular nanosheets (Fig. 31, bottom, and
fig. S3) revealed the maximum height is 40 + 14 nm, which is smaller
than those of the nanocrystal-seeded rhombus nanosheets (108 + 24 nm)
reported in (30), but considerably thicker than the fragmented
nanosheet seeds and the 7-nm-thin periphery of the nanosheets.
Because nucleation of additional layers increases as the lateral dimen-
sions increase (33), nanosheets with smaller lateral dimensions
experience less ad-layer formation and consequently exhibit greater
thickness uniformity, as shown in fig. S4.

The novel nanosheet-seeded nanosheets also exhibit improved
structural uniformity compared with the nanocrystal-seeded nano-
sheets. The formation of the previously reported nanocrystal-seeded
nanosheets is triggered by a rotational intergrowth. Thereby, the
crystallographic orientation of the seed nanocrystal is 90° rotated
with respect to the nanosheet along its common c¢ axis (see Fig. 1B)
(30). Upon gel-free growth for membrane fabrication from these
nanocrystal-seeded nanosheets, an a-out-of-plane-oriented portion
is present within the preferentially b-out-of-plane-oriented zeolite

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

MFI membranes (30). In contrast, a rotational intergrowth is not
encountered for the secondary growth of nanosheet fragments, and
the obtained nanosheets are all uniformly oriented (fig. S5).

The occurrence of rotational intergrowths in MFI has been associ-
ated with the presence of MEL intergrowths (34), and one-dimensional
MEL intergrowths have been detected in MFI nanosheets prepared
by exfoliation of multilamellar MFI (35). The absence of a rotational
intergrowth in the synthesis approach reported here implies that the
novel nanosheet-seeded rectangular MFI nanosheets exhibit a high
MFI-phase purity. By using a combination of TEM imaging and SAED,
we have investigated multiple nanosheets to identify any structural
irregularities (some examples are shown in fig. S6). All but one of
the 46 SAED patterns collected revealed the typical [010] zone axis
(b-oriented) pattern with no elongation observed in any of the dif-
fraction spots, establishing pure MFI frameworks. Only one of the
46 nanosheets studied showed slight elongation in the (102) and
(104) diffraction spots in a small region of the nanosheet, which
could be due to the presence of trace MEL (see fig. S6, A and B).
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Fig. 3. Characterization of novel zeolite MFl nanosheets. (A to C) SEM images of the novel (nanosheet-seeded) zeolite MFI nanosheets synthesized from the secondary
growth of nanosheet fragments. (D) A low-magnification TEM image, (E) Wiener-filtered HR-TEM image, and (F) SAED pattern of the novel zeolite MFl nanosheets.
(G) Lateral size distributions (along the a and c axes) and (H) AFM height image of a typical novel zeolite MFI nanosheet. (I) Height profiles extracted from the dotted lines
in (H). The nanosheets exhibit a rectangular shape with a small fraction having a rhombus shape [indicated by arrows in (A)]. Scale bars, 2 um (A), 1 um (B to D), 2nm (E),

1nm™" (F), T um (H).

Similar to the previous nanosheets, the novel nanosheets are also
able to form a monolayer at the air-water interface, which can then
be transferred to a substrate using the floating particle coating method
that we have introduced earlier (Fig. 4A) (36). The method uses the
geometry of a conical-shape trough to increase the density of
nanosheets in the monolayer as it is transferred onto a substrate by
lowering the water level. Figure 4B shows an SEM image of the
acquired nanosheet coating on the Si wafer, which exhibits a dense
and uniform nanosheet monolayer consisting of mostly rectangular
nanosheets with a minor fraction of smaller rhombus nanosheets.
The structure of the novel MFI nanosheets and the orientation of the
coating were examined by using in-plane x-ray diffraction (XRD)
measurements that provide the structural information regarding
the lattice planes perpendicular to the surface. Figure 4C shows
an in-plane XRD pattern of a novel MFI nanosheet monolayer
(uncalcined), compared to that of a monolayer of nanosheets
(uncalcined) prepared by top-down exfoliation (based on melt
blending) of multilamellar MFI, and a simulated pattern of conven-
tional MFI crystals (uncalcined). The in-plane XRD pattern of the
novel MFI nanosheet monolayer exhibits only the {h0l} reflections
of conventional MFI. This confirms not only the high-phase purity
of the nanosheets but also the b-out-of-plane orientation of the
monolayers, as the in-plane XRD only probes the lattice planes that
are normal to the surface of the substrate. Compared to the top-down
exfoliated nanosheet monolayer that is also highly b-out-of-plane

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

oriented and exhibits only {h0l} reflections, the novel MFI nanosheet
monolayer shows less XRD peak broadening (i.e., reduced full width
at half maximum), which can be attributed to the larger lateral di-
mension (2 ~ 3 pm versus 200 ~ 300 nm) and the absence of MEL
intergrowths. More specifically, it has been shown that high frequency
of single- or near-single unit-cell one-dimensional MEL intergrowths
is present in exfoliated nanosheets (35). These intergrowths intro-
duce disorder in lattice spacing, not only by their presence and
different unit-cell dimensions but also by creating strained MFI do-
mains in their vicinity. This indicates that the novel MFI nanosheets
have larger sizes of coherently diffracting domains, which can be
attributed to the larger lateral dimensions (2 ~ 3 um versus 200 ~ 300 nm)
and the absence of MEL intergrowths.

Before membrane fabrication, we attempted to characterize the
molecular sieving ability of the novel nanosheet-seeded nanosheets.
Polarization modulation infrared reflection-absorption spectroscopy
(PM-IRRAS) was used to assess xylene adsorption. Surface science
methods can provide sufficient signals even from few-nanometer-
thick materials, which cannot be achieved by conventional character-
ization methods. In particular, PM-IRRAS is able to eliminate
signals from isotropic gases or solutions, based on the surface selec-
tion rule (37), and therefore selectively detect xylene molecules
adsorbed in MFI frameworks (38). The nanosheet-seeded MFI
nanosheets were coated on an Au(111) crystal and placed in a
high-vacuum chamber with BaF, windows that allow the passage of
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Fig. 4. Zeolite MFI nanosheet monolayer coating. (A) Schematic illustration
of the monolayer coating procedure of novel (nanosheet-seeded) zeolite MFI nano-
sheets using the floating particle coating method. (B) SEM image of as-synthesized
novel zeolite MFI nanosheet monolayer on an Si wafer. (C) XRD patterns acquired
from (i) a simulation for conventional zeolite MFI (TPA-silicalite-1), (i) in-plane mea-
surement for a monolayer coating of as-synthesized zeolite MFI nanosheets prepared
by top-down processing based on exfoliation of multilamellar MFI using melt-
blending, and (iii) in-plane measurement for a monolayer coating of as-synthesized
novel zeolite MFI nanosheets. Scale bar, 10 um (B). a.u., arbitrary unit.

IR light to study phonon vibrations of materials and vibrational
modes of adsorbed molecules, under a wide range of pressures and
temperatures. Under high vacuum (~2 x 10 Pa) and ambient tem-
perature, three phonon modes at 1095, 1176, and 1248 cm ™" are
obtained, corresponding to MFI framework vibrations (39). Expo-
sure to xylene vapor yields additional vibrational modes, which arise
from the aromatic ring vibrations of adsorbed xylene molecules.
For example, exposure to p-xylene[d6] vapor yields an additional
vibrational mode at 1438 cm ™", the intensity of which increases with
increasing p-xylene vapor pressure (fig. S7A). In comparison, an
exposure to o-xylene results in two bands at 1466 and 1495 cm ™!
(fig. S7B). When exposed to p-/o-xylene mixture at a vapor pressure
of ~1 kPa, the PM-IRRA spectrum of the nanosheet coating (fig. S7C)
exhibits an additional vibrational mode at 1438 cm™". The selective
adsorption of p-xylene confirms that the nanosheet-seeded nanosheets
exhibit typical MFI p-xylene-selective capability.

Fabrication of zeolite MFI membranes from the novel

MFI nanosheets

The novel MFI nanosheets were then used to fabricate zeolite MFI
membranes. A nanosheet coating was formed on a porous silica

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

support by using the exact floating particle coating procedure as
described in (36), as shown in Fig. 5A. We followed two approaches
to form a well-intergrown membrane: (i) a single gel-free growth of
multilayer nanosheet coating (fig. S8) and (ii) multiple gel-free
growths of a monolayer nanosheet coating (fig. SOA). For the former
approach, multilayer nanosheet coatings (=3) were prepared by
repeating the floating particle coating method and were sub-
jected to the gel-free growth at 180°C (membranes A, B, and C;
Fig. 5, C and E). Alternatively, a nanosheet monolayer was subjected
to multiple gel-free growths; in this approach, in place of the
typically used Stober silica as the sacrificial silica source (i.e., silica
source to grow the deposited nanosheets into a well-intergrown film),
mesoporous silica was used instead (fig. 9, B and C). Mesoporous
silica is deposited from a homogeneous sol and can fill the gaps
between the grains (fig. SOH) more effectively than the Stober silica
nanoparticles, yielding continuous membranes even from a nanosheet
monolayer (membrane D; fig. $9, I and J). Detailed synthesis condi-
tions of the four membranes tested are summarized in table S1.
A side-by-side comparison of SEM top views of coatings and mem-
branes obtained by the novel and previously reported nanocrystal
seed—grown nanosheets is shown in Fig. 5 (A to F). The zeolite MFI
membranes acquired from the novel nanosheets consist of well-
intergrown, large-size MFI grains. These grains do not have rect-
angular prism-shaped MFI crystals at their center that are the
characteristic feature of the membranes fabricated from nanocrystal-
seeded MFI nanosheets (see grains indicated by red arrows in Fig. 5F)
(30). The cross-sectional SEM image (Fig. 5G) establishes that the
thickness of the membrane ranged between 1.0 and 1.8 pm. Although
further reduction of the membrane thickness may be possible, espe-
cially if the aspect ratio and thickness uniformity of the nanosheets
can be increased, we proceed next to evaluate the membrane perform-
ance. This performance depends not only on thickness and preferred
orientation but also on many additional factors including grain
boundary defects, pore blockages among the intergrown crystals,
support resistance, and support-zeolite interfaces. In addition, out-
of-plane XRD (which probes the lattice planes that are parallel to the
surface of the substrate) of the membrane (Fig. 5H) shows a strong
(020) reflection. This indicates that the membrane is preferentially
b-out-of-plane oriented.

Separation performances for xylene isomer binary mixtures
The separation performance of the MFI membranes fabricated from
the novel MFI nanosheets was first evaluated for p-/o-xylene 1:1 mix-
ture at 150°C at a dilute feed condition (a p-xylene partial pressure
of ~0.3 kPa and an o-xylene partial pressure of ~0.3 kPa). At these
dilute feed conditions, all zeolite MFI membranes fabricated from
multilayer nanosheet coatings (membranes A, B, and C) exhibit
very high separation factors (>2000) as well as high permeances in
the range of 1.6 x 107t03.2x 10" mol m™ Pa~! s (Table 1) sim-
ilar to those obtained using the nanocrystal-seeded nanosheets. The
zeolite MFI membrane fabricated from a monolayer nanosheet coat-
ing (membrane D) also shows a comparable permeance of 3.2 x
107 mol m™2 Pa™"' s™! but a lower separation factor of 843. As
the operation temperature increased to 250°C at a comparable feed
condition, both permeance and separation factor decreased. For ex-
ample, as shown in Fig. 6A, membrane D exhibits a permeance of
1.2 x 107" mol m™? Pa~' s and a separation factor of 341.

The p-xylene flux and mixture separation factor of membrane D
were further examined with p-/o-xylene partial pressure in feed in a
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Fig. 5. Zeolite MFI membranes fabricated from nanosheet-seeded nanosheets
and nanocrystal-seeded nanosheets. (A and B) SEM images of zeolite MFI nano-
sheet coatings on porous silica supports fabricated from (A) novel (nanosheet-seeded)
MFI nanosheets and (B) previously reported nanocrystal-seeded MFI nanosheets.
(C to F) SEM images of zeolite MFI membranes fabricated from multilayer coatings of
(C and E) novel MFI nanosheets and (D and F) nanocrystal-seeded MFI nanosheets.
The red arrows in (F) indicate a-oriented grains that are formed from the nanocrystal
seeds used for the synthesis of nanosheets. (G) Cross-sectional SEM image and
(H) XRD pattern of a zeolite MFI membrane fabricated from multilayer coating of
novel zeolite MFI nanosheets. Scale bars, 5 um (A and B), 2 um (C and D), 1 um
(Eand F), 2 um (G).

range between 0.6 and 19.1 kPa, while the isomer molar ratio was
maintained to ca. 1 (Fig. 6B). At a dilute feed concentration (~0.3 kPa
of p-xylene and ~0.3 kPa of o-xylene), the p-xylene permeance men-
tioned above corresponds to a flux of only 3.2 x 10> mol m2s™". As the
p-xylene concentration in the p-/o-xylene mixed feed increases,
the p-xylene flux gradually increased to 6.2 x 10 mol m~*s™", with
the increasing feed concentration up to 9.2 kPa of p-xylene and
9.9 kPa of o-xylene, indicating that the permeance value was not
substantially diminished in this range (p-xylene permeance of 0.7 x
1077 mol m™2 Pa™'s™!). The separation factor for the p-/o-xylene
mixed feed at this condition, however, shows a reduction to 241.
The permeation properties at elevated temperature and high feed
concentration were additionally confirmed for a membrane fabri-
cated from nanosheet multilayers using a single gel-free growth. As
shown in Table 1, membrane C exhibits a comparable but slightly

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

higher p-xylene flux of 7.4 x 10~ mol m™* s™" at 250°C with a feed
p-xylene partial pressure of 7.7 kPa and o-xylene partial pressure of
8.3 kPa. In addition, membrane C exhibits a higher separation factor
of 610 at this condition. Because ca. 9 kPa of p-xylene is the upper
limit of the feed concentration for our analysis system when using
1:1 p-/o-xylene mixture, to assess the permeation properties of the
membrane at higher p-xylene feed concentration, the feed compo-
sition was changed to 9:1 p-/o-xylene. This yielded an estimated
p-xylene partial pressure of ~16 kPa in the feed, at which the p-xylene
permeate flux was increased to 1.5 x 107> mol m™ s, along with
the mixture separation factor of 600.

Figure 6C shows a comparison of p-xylene fluxes and p-/o-xylene
separation factors acquired from various separation membranes
evaluated for a binary mixture of xylene isomers. Very high separa-
tion factors for xylene isomers as well as high p-xylene permeances
have been reported earlier for a vapor permeation of zeolite MFI
membranes (@ and %) (30, 36). Although these separation performances
are much higher than vapor permeation of non-crystalline material-
based membranes [e.g., carbon molecular sieve (CMS) hollow fibers]
(40), these were acquired only at dilute feed concentrations, which could
not provide practically meaningful fluxes (<1.0 x 10 mol m*s™").
High feed concentrations (47.5 kPa of p-xylene and 47.5 kPa of
o-xylene) have been used for vapor permeation of exfoliated
nanosheet-based zeolite MFI membranes, exhibiting increased
p-xylene fluxes (4.0 x 107 to 4.7 x 107" mol m™*s™") but low sepa-
ration factors of ~60 (35). Pervaporation (liquid feed) () using zeolite
MFI membranes (41) similarly yielded a higher p-xylene flux (3.6 x
10"  mol m™2s7!) and low separation factor (~40). Other molecular
sieve materials, MIL-160 ( A) using pervaporation (42) and CMS
hollow fiber (<) using a pressure-driven liquid-phase separation
(43), have provided high p-xylene fluxes up to 1.5 x 10> mol m s
although their separation factors are not as high as those obtained
with dilute-feed vapor permeation using zeolite MFI membranes.
The work reported here (e, 0, and m) has achieved high p-xylene
fluxes comparable to other high-flux membranes (CMS hollow fi-
bers and the MIL-160 membranes) while simultaneously exhibiting
separation factors (~600), which are more than an order of magni-
tude higher.

>

DISCUSSION

We fabricated high-flux and high-selectivity xylene-isomer separa-
tion membranes based on novel zeolite MFI nanosheets. Use of
nanosheet fragments as seeds allows the preparation of rectangular
nanosheets without rotationally intergrown large nanocrystals em-
bedded at the center, yielding improved thickness (predominantly
7 nm) and orientational uniformity. Consequently, the MFI nano-
sheets with high phase purity could be prepared without the pres-
ence of MEL and rotational intergrowth, as established by XRD,
TEM-SAED, and STEM. These favorable morphological and struc-
tural properties of the novel nanosheets enabled the fabrication of
zeolite MFI membranes exhibiting an unprecedented combination
of high fluxes and high separation factors for xylene isomers
(p-xylene permeate flux of 1.5 x 107> mol m > s™" and a separation
factor of 600). Although the preparation of nanosheet fragment
seeds added more complexity to the material synthesis process, the
advantageous properties of the novel zeolite MFI nanosheets have
enabled substantially improved productivity.

The yield of novel nanosheets defined as
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Table 1. Xylene isomer separation performances of zeolite MFI membranes measured under various operating conditions.

Partial pressure in feed (kPa)

Permeance

Temperature (°C)
p-Xylene

o-Xylene

Flux (molm2s™")  Separation factor

(mol-m™2Pa's™)

*Membranes fabricated from a multilayer nanosheet coating using a single gel-free growth (see table S1 and fig. S8).

of pure p-/o-xylene at the saturator temperature.

$Calculated from the estimated partial pressures of p-/o-xylene in the feed.

tEstimated from the vapor pressures
§Membrane fabricated

from a monolayer nanosheet coating using multiple gel-free growths (see table S1 and fig. S9A).

AT
: } 1000
T 10 S —eo—0 ®
4 o—_ o)
q l\.\. [ J 3
€ | o
5107} TR 100 F
é =]

o
8 10° ' ' ' 10 °
£ 150 200 250
g Temperature [°C]

B 1000
=10k @
k2 o-0-0-0-0eq g 3
£ -1 1400 &
5 10} o 100 g
E A 5
x = g
3 S
i 107 ' '

100 1000 10000

p-X partial pressure in feed [Pa]

Cc

10000 E Y K MF,

3 ‘\vapor permeation

\
\
\
te
1000 ¢ \ This work

o \
s | o e
3] \
8 ,
c \
;g 100 MFI, vapor permeation\, MIL-160,
© 3 pervaporation
& MFI, pervaporation «f
o \
3 CMS, v A

10 _}vapor permeation \

E Composite, \\\

[ pervaporation \

[ Pozmef} tion cvs, |\

L pervapora reverse {smosis

1 N A sl A 7 ......1\
107 107 107

Flux [mol m=2-s-1]

Fig. 6. Separation performance of zeolite MFI membranes for p-/o-xylene binary mixture. (A) p-Xylene permeances and separation factors at various operation
temperatures and (B) p-Xylene fluxes and separation factors at various p-xylene feed partial pressures (all mixtures with 1:1 p- and o-xylene) for a zeolite MFI membrane
fabricated from a monolayer coating of novel (nanosheet-seeded) zeolite MFI nanosheets [membrane (D) in Table 1]. (C) Xylene isomer separation performance at 250°C
for the zeolite MFI membranes reported here (o: membrane C, 7.7 kPa of p-xylene and 8.3 kPa of o-xylene in feed; ®: membrane C, 16 kPa of p-xylene and 1.7 kPa of o-xylene
in feed; and ll: membrane D, 9.2 kPa of p-xylene and 9.9 kPa of o-xylene in feed) fabricated from the novel zeolite MFI nanosheets compared with other xylene isomer
separation membranes from the literature [@: (30), V: (35), %: (36), »>: (40), «: (41), A:(42), <:(43)¥:(55),and A: (56)]. The dotted line shows the upper boundary for the

performances of representative MFI membranes reported earlier.

[Moles of silica in novel nanosheets]

[Moles of silica in nanocrystal seeds + Moles of silica used in the two dC5-silica sols]

is ca. 20 to 30%. To be used as high-quality seed layers, the novel
nanosheets have to be purified by centrifugation to remove any ag-
gregates present. During this purification step, a major fraction of
high-quality nanosheets is lost by association with the aggregates,
arriving to an overall yield defined as

[Moles of silica in novel nanosheets after purification to remove aggregates]

[Moles of silica in nanocrystal seeds + Moles of silica used in the two dC5-silica sols]

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

of only ca. 1%. All of the purified nanosheets are usable for high-
quality coatings, and when using the floating particle method, there
are only few wasted nanosheets (i.e., nanosheets that cannot be trans-
ferred to the support). We expect that the overall 1% yield could be
substantially improved in a scaled-up and optimized synthesis
process. However, even this low yield is acceptable in terms of
membrane cost. If we consider that 1 g of nanosheets is sufficient
to create a 500-nm-thick seed layer per square meter of membrane
area, and we assume a cost of nanosheets as high as $10,000/kg
(i.e., more than 100 times the cost of conventional all-silica MFI),
the cost of nanosheets per membrane area is at most $10/m?, which
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is at least an order of magnitude less than the typical cost of a porous
ceramic support. In this respect, the benefit of achieving a 10-fold
flux increase (and the corresponding reduction of membrane area
requirement) using the novel nanosheets outweighs the increased
cost of the seed layer caused by the low yield of novel nanosheets.
The achieved flux of 10> mol/m™-s is still low for membrane reactor
applications, which require that membrane fluxes match the
reactor productivity, demanding fluxes as high as 0.1 mol/m?-s (44).
Therefore, at least an order of magnitude further increase in flux
is required for considering the design of a xylene isomerization
membrane reactor.

The high productivity of the membranes reported here is an im-
portant breakthrough for the zeolite molecular sieve membranes, as
their insufficient productivity, along with the high fabrication cost,
has been a major bottleneck in their practical implementation. In
earlier studies, zeolite MFI membranes exhibited diminished fluxes
at high xylene loading (e.g., high feed concentration) (45, 46). This
work demonstrates p-xylene permeate fluxes that almost linearly
increase with the increasing p-xylene concentration in the feed (up
to ~16 kPa of p-xylene) at 250°C. In future studies, we will attempt
to investigate even higher pressures and temperatures aiming to
further increase in flux.

MATERIALS AND METHODS

Preparation of zeolite nanosheet fragments

Zeolite nanosheet fragments were prepared from nanocrystal-
seeded zeolite MFI nanosheets (30). First, the MFI nanocrystal
seeds were synthesized with tetrapropylammonium hydroxide
(TPAOH); TPAOH-silica sol was prepared by mixing 8.93 g of
1.0 M TPAOH solution, 0.16 g of deionized (DI) water, 0.127 g
of sodium hydroxide, and 2.5 g of silicic acid. After overnight
stirring under ambient conditions, the entire TPAOH-silica sol
was transferred into a 45 ml-volume Teflon-lined stainless-steel
autoclave and hydrothermally treated at 115°C for 3 days. The
obtained MFI nanocrystal seeds were washed three times with
DI water as follows, before the synthesis of MFI nanosheets.
One microliter of MFI nanocrystal suspension (~0.16 gnanocrystal/
mlgispersion) Was transferred into a microcentrifuge tube and was
diluted to 2 ml by adding water, and then, the MFI nanocrystals
were collected by centrifugation at 14,500 RCF (relative centrifugal
force) for 5 min, followed by decantation. The MFI nanocrystals
were redispersed in DI water by using an ultrasonication bath.
The washing process using the centrifugation at 14,500 RCF was
performed twice more. The acquired nanocrystals were redispersed
in 2 ml of DI water, and then, the solid content of nanocrystal
suspension was determined by drying and weighing an aliquot of
the suspension.

Zeolite MFI nanosheets were synthesized from the nanocrystal
seeds based on the seeded growth with dC5. The dC5-silica sol was
prepared by mixing 0.5494 g of dC5, 0.3141 of KOH (85%), 41.04 g
of DI water, and 4 g of tetraethyl orthosilicate. After overnight
hydrolysis under ambient conditions, the dC5-silica sol was filtered
with a 0.45-um GHP syringe filter and mixed with nanocrystal sus-
pension to yield a 20:1 silica ratio. Then, the mixture was transferred
into a Teflon-lined stainless-steel autoclave and hydrothermally
treated at 155°C for 3 days. Because of the increased nanocrystal size,
the autoclaves were shaken every 24 hours to redisperse nanocrystals
that may have precipitated.

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

Acquired MFI nanosheets were then fractured by using a horn
sonicator. A 1/4” probe of a Qsonica Q500 ultrasonic processor was
inserted into ~23 ml of nanosheet suspension, and the fracturing
was performed at 20% amplitude for 120 s. Each pulse was applied
for 5 s with 2-s interval. Then, the remaining aggregates, nanocrystals,
and thick center parts of nanosheets were separated out of the sus-
pension using centrifugation at 5000 RCF for 30 s. The nanosheet
fragment suspension was collected by gently decanting the super-
natant into a new centrifuge tube. The centrifugation and decantation
process was repeated four additional times.

Secondary growth of fragments

Zeolite MFI nanosheet fragments were used as seeds to prepare
novel (nanosheet-seeded) MFI nanosheets. The dC5-silica sol pre-
pared as described above was mixed with a nanosheet fragment
suspension to yield 1.5 weight ratio of a precursor sol to a frag-
ment suspension. Then, the mixed solution was transferred into a
Teflon-lined stainless-steel autoclave and hydrothermally treated at
155°C for 3 days.

Fabrication of porous supports
A sintered silica support was fabricated from crushed quartz fiber
by using a silicon carbide binder (StarPCS SMP-10, Starfire Systems).
Silica powder acquired from quartz wool (4-pum diameter) was well
mixed with 600 pl of the 10 volume % (vol %) SMP-10 solution in
toluene. The mixture was then pressed into a disk using a stainless steel
press die with 22-mm diameter at a force of 4000 kg for 30 s. The
pressed disks were dried overnight under ambient conditions and then
at 70°C for a day. The pressed disks were then thermally treated at
400°C for 6 hours under N, atmosphere, to polymerize the inorganic
binder, and then thermally treated at 1100°C for 3 hours under air.
The ramp rates were 2°C/min for heating and 4°C/min for cooling.
The surfaces of porous silica supports were sequentially polished
with 600-grit and 1200-grit SiC polishing papers. Then, the surfaces
of supports were further flattened using 500-nm Stéber silica particles,
as described previously (27). The top surface of a wet support was
manually rubbed with the Stober silica particles and then thermally
treated at 1100°C for 3 hours under air with ramp rates of 2°C/min
for heating and 4°C/min for cooling. The rubbing process was typi-
cally repeated six to eight times to yield a uniform and flat surface.
The sacrificial silica layers for the secondary growth of zeolite
MEFI (47-49) were prepared on top of porous silica supports by using
50-nm Stober silica nanoparticles or mesoporous silica layers.
Fifty-nanometer Stober silica nanoparticles were deposited on
porous silica supports with manual rubbing, followed by a heat
treatment at 450°C for 6 hours. Alternatively, mesoporous silica
layer (SBA-16) was used as a sacrificial silica layer. First, an epoxy
layer was applied on the porous silica supports to block the pores
between the 500-nm Stober silica particles. Epoxy solution (5 weight %)
prepared in acetone was spin coated on the porous silica supports
with 1000 rpm for 1 min. The polymerization of the epoxy layer was
facilitated by heat treatment at 70°C for a day. Then, mesoporous
silica thin film was fabricated on top of the epoxy layer. Ethanolic
Pluronic F127 silica sol, as reported elsewhere (50, 51), was spin
coated on the epoxy-coated silica supports with 2000 rpm and
3000 rpm for 30 s each. The mesoporous silica-coated silica supports
were dried under ambient condition for 2 days and treated with water
vapor at 70°C for 2 days to strengthen the silica framework and
prevent pore closing (51). Then, polymeric surfactants and epoxy
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layers were removed by calcination at 450°C for 6 hours with ramp
rates of 1°C/min for heating and 2°C/min for cooling.

Membrane preparation

Zeolite MFI membranes were fabricated from monolayer or multi-
layer coatings of novel zeolite MFI nanosheets. First, MFI nanosheets
were purified with centrifugation to remove large aggregates.
One milliliter of suspension was mixed with 1 ml of DI water and
was centrifuged at 1700 RCF for 30 s. Then, 1.25 ml of top suspen-
sion was transferred to a new microcentrifuge tube and was diluted
with water to 2 ml. Second purification with centrifugation was per-
formed at 5000 RCF for 30 s, and the supernatant was gently trans-
ferred to a new microcentrifuge tube. The nanosheets were collected
by centrifugation at 10,000 RCF for 1 min. After decantation of
supernatant, the cake was redispersed in 2 ml of DI water. The rinsing
process at 10,000 RCF was additionally performed three times.
The final product was redispersed in 3 ml of DI water containing
5 vol % ethanol.

MFI nanosheets were coated on porous supports to form dense
and uniform coatings as seeds. For MFI membranes fabricated from
multilayer nanosheet coatings (membranes A, B, and C), an MFI
nanosheet monolayer was deposited on a porous silica support
coated with a top layer of 50-nm Stober nanoparticles by repeating
the floating particle coating method, using the exact procedure as
described in (36). The nanosheets were immobilized by a heat treat-
ment at 400°C for 6 hours. An additional nanosheet monolayer
coating followed by heat treatment was repeated to achieve dense
and uniform nanosheet coating on the porous supports. The number
of monolayer coatings for each membrane follows table S1.
Nanosheet coatings were then intergrown using gel-free growth
(52). The gel-free growth condition was slightly varied to optimize
the extent of intergrowth. In general, a nanosheet coating on a
porous silica support was soaked with the TPAOH solution (0.005
to 0.025 M). Excess solution was removed using Kimwipes from the
bottom side of the support. The amounts of impregnated solution
were in a range between 0.3 and 0.35 g. Then, the coated porous
support was placed in a Teflon-lined stainless-steel autoclave that
was heated at 180°C for 1 to 4 days. The membrane was then rinsed
with DI water and dried overnight at ambient condition. Detailed
gel-free conditions are summarized in table S1.

Alternatively, multiple gel-free growths of a monolayer nanosheet
coating were pursued to fabricate an MFI membrane (membrane D).
An MFI nanosheet monolayer was deposited on a mesoporous silica—
coated silica support and immobilized by a heat treatment at 400°C
for 6 hours. For the gel-free growth of the nanosheet coating, 100 pl
of 0.025 M TPAOH solution was deposited on the coated porous
support by dropping with a micropipette. The coated porous sup-
port was then placed in a Teflon-lined stainless-steel autoclave.
Additional DI water (100 ul) was inserted at the bottom of the liner,
while a Teflon sample holder was used to avoid the direct contact of
water with the sample. The gel-free growth was performed at 180°C
for 2 days. After calcination at 450°C, additional coating of a meso-
porous silica layer, calcination, and gel-free growth were sequen-
tially performed twice under the same condition to acquire a
well-intergrown MFI membrane.

Characterization
Morphology of novel MFI nanosheets and MFI membranes was
investigated with a Hitachi SU8230 with operation voltage of 0.8 to

Kim et al., Sci. Adv. 8, eabm8162 (2022) 6 April 2022

1.5 kV. MFI nanosheets on Si wafers were imaged without any con-
ductive metal coating layer, but MFI membranes, before their imag-
ing, were coated with Pt (5 nm) to avoid the buildup of charge. For
the cross-sectional SEM images, focused ion beam milling was per-
formed on an FEI Helios G4 UX to make a trench on a membrane
(12 um x 8 um x 10 um). The cross section of the membrane was
also coated with Pt (5 nm), prior to the imaging. HRTEM imaging
and electron diffraction were performed on an FEI Tecnai G2F30
(S)TEM microscope operated at an accelerating voltage of 300 kV.
HRTEM images were recorded using a Gatan K2 Summit camera
operated in the counting mode where individual frames (3710 x
3838 pixels) of 0.5-s exposure were acquired and drift corrected in
Digital Micrograph and summed. High-angle annular dark-field
(HAADF)-STEM imaging was performed on an aberration-corrected
FEI Titan 60-300 (S)TEM microscope, equipped with an analytical
Super-Twin pole piece and CEOS DCOR probe corrector. The mi-
croscope was operated at 200 kV with a STEM incident probe con-
vergence angle of 25.5 mrad, HAADF detector collection angles of
55 and 200 mrad, and a probe current of 10 pA.

Height profiles of MFI nanosheets were recorded on a Bruker
Nanoscope V Multimode 8 operating in a tapping mode. In-plane
XRD patterns were collected with synchrotron x-ray source at
beamline 33-BM-C (0.7749 A) of Advanced Photon Source, Argonne
National Laboratory. MFI nanosheets coated on Si wafers were
placed almost parallel to the incident beam, and the detector was
moved in the plane of the substrate surface. 20 values of acquired
data were converted to those corresponding to Cu Ka radiation.
XRD patterns of MFI membranes were recorded by using a Panalytical
X’Pert Pro diffractometer with Cu Ko radiation at 45 kV and 40 mA.

PM-IRRAS measurement
Xylene adsorption of MFI nanosheets was investigated with PM-IRRAS.
The measurements were performed on a home-built in situ PM-
IRRAS instrument equipped with a Bruker Vertex 70 spectrometer
and a liquid nitrogen—cooled mercury cadmium telluride (MCT) detec-
tor [details were described in (37)]. The environmental chamber with
IR-transparent windows (BaF,) allows it to perform the measurements
under a wide range of temperature (from ambient temperature to
~1000°C) and pressure (from 2 x 1078 to 1 atm) conditions.
Au(111) single crystal (diameter of 8 mm) was cleaned with
cycles of Ar" sputtering, followed by annealing to 800 K. The clean
crystal was then coated with MFI nanosheets using the exact float-
ing particle coating procedure as described in (36). After the calci-
nation at 400°C, the MFI nanosheets on Au(111) were placed in the
environmental chamber. PM-IRRA spectra of MFI nanosheets were
recorded under vacuum or xylene vapor at various pressures and
ambient temperature. The spectrum was recorded repeatedly until
no change was observed to confirm the equilibrium. p-xylene with
deuterated methyl groups was used to be distinguished from o-xylene
in the PM-IRRA spectra, which otherwise yields overlapped vibra-
tional modes.

Xylene permeation test

Separation performances of zeolite MFI membranes were evaluated
by vapor permeation test with p-/o-xylene binary mixture. The test
was performed in Wicke-Kallenbach mode, in which both of the
feed and permeate side pressures were kept at atmospheric pressure.
The membrane was calcined prior to the test at 450°C for 6 hours
with ramp rates of 1°C/min for heating and 2°C/min for cooling.
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The membrane was assembled into a home-built stainless steel
module sealed with perfluoroelastomer O-rings (Perlast, Precision
Polymer Engineering). The module with the membrane was inserted
in the furnace and heated to the target temperature with a ramp rate
of 1°C/min. Then, the xylene mixture flowed to the feed side of the
module. The He gas flow was controlled at 70 ml/min by a mass-flow
controller and passed through a saturator containing the p-/o-xylene
mixture to yield 1:1 ratio of p-/o-xylene in the feed. The concentra-
tion of xylene in the feed was adjusted by the temperature of cooling-/
heating-water running through the jacket of the saturator (19° to
95°C). The heating water was not heated higher than 95°C. The per-
meate was collected using sweep gas (He) at a flow rate of 30 ml/min.
The transporting lines for xylene were fully heated using electrical
heating tapes to avoid the condensation of xylene vapor.

The concentrations of p-/o-xylene in the feed and permeate were
determined using a gas chromatograph (GC) equipped with a flame
ionization detector and a capillary column (DB-WAXetr, Agilent).
Methane (10 ml/min) was used as an internal standard. For a low-
concentration feed measurement (<5 kPa of p-xylene), the permeate
compositions were measured after 20 hours at each condition. The
permeate compositions for high-concentration feed (>5 kPa of
p-xylene) were determined after 8 hours at each condition to avoid
the unattended heating of a large amount of xylene. At least three
measurements were conducted to ensure steady-state permeation.

To avoid condensation of xylene vapors in a GC feed system with
xylene partial pressure higher than 6 kPa, the feed composition was
not determined by GC. Instead, it was estimated from the saturation
vapor pressures calculated from the Antoine equation (53, 54) and
apparent Henry’s law constants determined from low-saturator-
temperature conditions. The permeate concentration in all cases was
determined by using GC as described above.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8162
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