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Pre-Target Axon Sorting Establishes
the Neural Map Topography

Takeshi Imai,** Takahiro Yamazaki,»* Reiko Kobayakawa,* Ko Kobayakawa,' Takaya Abe,?

Misao Suzuki, Hitoshi Sakanot

Sensory information detected by the peripheral nervous system is represented as a topographic
map in the brain. It has long been thought that the topography of the map is determined by
graded positional cues that are expressed by the target. Here, we analyzed the pre-target axon
sorting for olfactory map formation in mice. In olfactory sensory neurons, an axon guidance
receptor, Neuropilin-1, and its repulsive ligand, Semaphorin-3A, are expressed in a complementary
manner. We found that expression levels of Neuropilin-1 determined both pre-target sorting and
projection sites of axons. Olfactory sensory neuron—specific knockout of Semaphorin-3A perturbed
axon sorting and altered the olfactory map topography. Thus, pre-target axon sorting plays an
important role in establishing the topographic order based on the relative levels of guidance

molecules expressed by axons.

formation is spatially encoded in the brain,

forming topographic maps that are funda-
mental for cognition and higher-order processing
of sensory information (/, 2). Molecular mech-
anisms of topographic map formation have been
extensively studied in the visual system. The vi-
sual image on the retina is roughly preserved in
the tectum, which receives retinal ganglion cell
axons. Nearly 50 years ago, Sperry proposed the
“chemoaffinity hypothesis,” in which target cells
present chemical cues to guide axons to their des-
tinations (3). Axonal projection of retinal ganglion
cells is instructed by several pairs of axon guid-
ance molecules that demonstrate graded expres-
sion in the retina and tectum (/, 2).

Olfactory information is also encoded in a
topographic map formed on the olfactory bulb
(OB), a part of the forebrain. In rodents, odors are
detected with ~1000 types of odorant receptors
(ORs) expressed in olfactory sensory neurons

In the vertebrate nervous system, sensory in-
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(OSNs) in the olfactory epithelium (4). Each OSN
expresses only one functional OR gene (3, 6).
Furthermore, OSNs expressing a given type of
OR converge their axons to a specific glomerulus
on each glomerular map in the OB (7-9). During
olfactory development, OSN axons are guided to
approximate locations in the OB by the combina-
tion of dorsal-ventral patterning, based on anatom-
ical locations of OSNss in the olfactory epithelium
(10), and anterior-posterior patterning, regulated
by OR-derived cyclic adenosine monophosphate
(cAMP) signals (11, 12). The glomerular arrange-
ment along the dorsal-ventral axis appears to be de-
termined by axon guidance molecules expressed in
a graded manner along the dorsomedial-ventrolateral
axis in the olfactory epithelium, such as Robo-2
(13) and Neuropilin-2 (/4). Unlike dorsal-ventral po-
sitioning, anterior-posterior positioning of glomeruli
is independent of positional information in the olfac-
tory epithelium. Instead, OR-specific cAMP signals
determine the expression levels of Neuropilin-1
(Nrp1) in OSN axon termini, forming a gradient
of Nrp1 (/7). Thus, the olfactory system also uses
gradients of axon guidance molecules to form the
topographic map.

How then do guidance molecules regulate
topographic map formation? Does map forma-
tion solely depend on axon-target interaction?
Topographic order emerges in axon bundles, well
before they reach the target (15, 16). Here, we
studied the pre-target sorting of OSN axons and

its role in topographic map formation in the
mouse olfactory system.

Nrpl regulates axonal projection of OSNs
along the anterior-posterior axis. OR-derived
cAMP signals regulate the axonal projection of
OSN s along the anterior-posterior axis in the OB;
low cAMP leads to anterior positioning and high
cAMP leads to posterior positioning (/7). Fur-
thermore, the levels of Nrp1 in OSN axon termini
correlated with the level of cAMP signals (7).

We found that the Nrp1 levels determine the
glomerular positioning along the anterior-posterior
axis. When Nrpl was overexpressed in OR-I7-
expressing OSNs (fig. S1), projection sites shifted
posteriorly relative to the control (Fig. 1A and fig.
S2). In contrast, when Nrp1 was knocked out spe-
cifically in I7 OSNs, the projection sites shifted
anteriorly relative to the control (Fig. 1A and fig.
S2). In the pan-OSN Nrpl knockout, however,
projection sites for 17 often split into anterior and
posterior areas (fig. S3). If absolute Nipl levels
determine glomerular positioning, all glomeruli
should form in the anterior OB in the pan-OSN
knockout, and the results for I7 OSNs should be
the same between the 17-specific knockout and
pan-OSN knockout. These results indicate that the
relative Nrpl levels among axons determine the
OSN projection sites.

Pre-target axon sorting in the bundle. How
do the relative levels of Nrpl determine the
anterior-posterior positioning of glomeruli in the
axonal projection of OSNs? To determine where
the organization occurs for the olfactory map to-
pography, we analyzed the axon bundles of dorsal-
zone (D-zone) OSNs that project to the dorsal
domain (D domain) of the OB. The D domain
OB comprises two regions, DI and DII; DI is
represented by class I ORs, and DII is represented
by class I ORs. Class I and class II ORs are
phylogenetically distinct and their glomeruli are
segregated in the OB (/7). We subdivided DII
into two areas on the basis of Nrpl expression
level (/8): DII-P is the posterior portion in-
nervated by Nrpl-high axons, and DII-A is the
anterior region innervated by Nrpl-low axons.
Thus, the D domain can be divided into three
areas: DI, DII-A, and DII-P (Fig. 1B).

Axon bundles that project to the D-domain
OB were analyzed in neonatal mice by staining
serial coronal sections from the anterior olfactory
epithelium through the OB. Within the bundle,
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DI axons stained with DBA-lectin (fig. S4), DII-P
axons stained with Nrpl antibodies, and DII-A
axons stained with neither. To visualize the Nrp1-
low axon group (DII-A), we stained for yellow
fluorescent protein (YFP)—positive OSNs that
express the mutant OR gene /7(RDY)-ires-gapYFP,
the I7(RDY) receptor is unable to activate down-
stream cAMP signals, thereby causing a lack of
Nrpl expression (/7). Early in the trajectory of
OSN projection, DI, DII-A, and DII-P axons were
intermingled within the bundle. As the bundle
progressed posteriorly, however, the axons seg-
regated into a tripartite organization before they
reached the target OB (Fig. 1B). Within the
bundle, DI, DII-A, and DII-P axons were sorted
to the medial, central, and lateral areas, respec-
tively. Furthermore, there was a topographic order
even within the DII-P axon group. Anterior-
posterior positioning of glomeruli in the OB is
well correlated with the central-lateral localiza-

Fig. 1. Projection and axon sorting of

OSNs. (A) Genetic manipulation of Nrp1 A
expression levels in OSNs. Whole-mount
fluorescent views of OBs (medial sur-
face) were analyzed [age, postnatal day
14 (P14)]. For the loss of function of
Nrp1, an 17-ires-Cre mouse (labeled with
gap-YFP; yellow) was crossed to the
floxed Nrp1 line. The projection site for
the 17 (labeled with gap-CFP; cyan) was
analyzed as an internal control in the
same animal. In the Nrp1™"* back-
ground, Nrpl was specifically knocked
out in OSNs expressing |7-ires-Cre. As
a result, projection sites were shifted
anteriorly in the OB. In the Nrp1™™"
background, where the Nrpl level was
decreased by half, the anterior shifts were
intermediate to those in the Nrp1fe“fiox
background. In the Nrp1"™" back-
ground, CFP- and YFP-labeled OSN axons
coconverged. For the gain of function of
Nrp1, we generated I7-ires-Nrp1 (labeled
with gap-mCherry; red) and compared
the projection site to that of the control
construct, [7-ires-Cre. In the double trans-
genic mice, 17-ires-Nrp1 glomeruli were
found posterior to the I7-ires-Cre
glomeruli. Statistical data are in fig.
S2. Scale bars, 500 um. (B) Pre-target
axon sorting of OSNs. The axons of
dorsal-zone (D-zone) OSNs course
through the bundle on the dorsal roof
of the olfactory epithelium before
projecting to the D domain of the OB.
The D domain comprises DI and DIl
domains in the OB. The DI domain is
located in the most dorsal part of the
OB; the DIl domain is just ventral to DI
and is further divided into DII-P (Nrp1-
high; posterior) and DII-A (Nrp1-low;

axon

bundle

tion of axons in the bundle (fig. S5). Thus, the
olfactory map topography emerges within the
axon bundle prior to the axon-target interactions
in the OB.

Heterotypic OSN axons segregate even with-
out the OB (19, 20). We analyzed the G/i3 mutant
mouse (Pdn/Pdn), where the OB is completely
absent, and found that the pre-target axon sorting
indeed occurred (Fig. 2A) (21). In the Pdn/Pdn
mutant, OSN axons demonstrated a graded
anterior-posterior topography among the olfactory
fibers in the cranial cavity (Fig. 2B), which sup-
ports the notion that the anterior-posterior to-
pography can be formed, at least partially, without
axon-target interactions.

Nrpl regulates pre-target axon sorting. Be-
cause Nrpl-high (DII-P) and Nrpl-low (DII-A)
axons are segregated within the bundles, we in-
vestigated whether Nip1 is involved in the pre-target
axon sorting. Wild-type 17 axons were normally

17 17
|7-ires-Cre |7-ires-Cre
N rp1 flox/flox N rp 1 flox/WT

control
Nrp1]

control

Nrp1l]

64um

anterior /7 %

found among the Nrp1-positive DII-P axons in the
lateral area in the bundle (Fig. 3A and fig. S6A).
When Nipl was specifically knocked out in 17-
expressing OSNS, these 17 axons moved to the cen-
tral area (DII-A). In contrast to the wild-type 17, axons
of the I7(RDY) mutant OSNs, which do not express
Nipl, were found in the central area (DII-A) of the
bundle (Fig. 3B and fig. S6B). By simply expressing
Nipl1 in these mutant OSNs with [7(RDY )-ires-Nip1,
axons moved to the lateral area (DII-P). Thus, Nipl
indeed determines the sorting of DII-A (central) and
DII-P (lateral) axons within the bundle.

Sema3A expressed by OSNs is required for
axon sorting. Nrpl is the receptor for the secreted
repulsive ligand Semaphorin-3A (Sema3A) (22).
Sema3A knockout disrupts proper targeting of
OSNS (23, 24). We studied the possible involvement
of Sema3A in pre-target axon sorting. Sema3A is
expressed not only in the target, but also in OSNs.
Single-cell microarray analysis revealed that Nip!

17 |7-ires-Cre
|7-ires-Cre ~ [7-res-Nrp1
N rp 1 WT/WT N rp1 WT/WT

DII-P: lateral (anti-Nrp1)
DAPI

anterior). DI axons were stained with DBA lectin (cyan). DII-P axons were
immunostained with antibodies to Nrp1 (red). For labeling of DII-A axons,
OSN axons expressing 17(RDY)-ires-gapYFP were immunostained with anti-
bodies to YFP (green). Three types of axons projecting to the DI, DII, and DII-P
regions in the OB are intermingled in the bundle near the olfactory epithelium

but segregate to form a tripartite organization as they approach the OB.
Coronal sections (#1 to #4, each separated by 64 um) are shown. DI, DII-A,
and DII-P axons are sorted to the medial, central, and lateral areas, respec-
tively. Scale bars, 100 um. O, olfactory epithelium; A, anterior; P, posterior;
D, dorsal; V, ventral; M, medial; L, lateral; ires, internal ribosome entry site.
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Fig. 2. Anterior-posterior topography is established without the OB.
The OB-less mutant Pdn/Pdn was analyzed. The Pdn/Pdn mouse has
an insertional mutation within the Gli3 gene coding for a tran-
scription factor (21), resulting in agenesis of the OB. In the cranial
cavity of these mutant mice, OSN axons form a fibrocellular mass
(FCM). (A) Coronal sections of axon bundles from the wild-type and
Pdn/Pdn mutant mice were analyzed (age, P0). OSN axons expressing
17(RDY)-ires-gapYFP were immunostained with antibodies to YFP.
Axonal segregation occurred without the OB in the Pdn/Pdn mutant
(n = 6/6). Scale bars, 100 um. (B) Horizontal OB sections of the wild- A
type and mutant mice (age, P0) were immunostained with antibodies
to Nrpl (red) and gap43 (green); gap43 is an axonal marker for
OSNSs. In the glomerular layer of the wild-type OB, Nrp1 shows an
anterior-low—posterior-high gradient (11). Similarly, in the mutant

mouse (Pdn/Pdn), Nrpl demonstrates an anterior-low—posterior-high o
gradient within the FCM in the absence of the OB. Nrpl and gap43 >
immunoreactivities were quantified along the anterior-posterior axis 2
of the FCM (along the dotted line). Mean signal intensities are nor- =

malized to 50. Data are means + SD (n = 8). OE, olfactory epithelium; o

Ctx, cerebral cortex. Scale bars, 500 pum. 8
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Fig. 3. Nrpl regulates axon sorting in the bundle. (A) The A |7-ires-Cre |7-ires-Cre %

loss-of-function experiment. Axons for 17-ires-Cre were sorted X X =

to the lateral peripheral area (DII-P). When Nrp1 was knocked Nrp1WTWT Nrp1flox/flox 8

out specifically in I7-ires-Cre OSNs, axons were sorted to the
central region (DII-A). (B) The gain-of-function experiment.
Axons for 17(RDY) that do not express Nrp1 were sorted to the
central area of the bundle (DII-A). When Nrpl was expressed
specifically in 17(RDY) OSNs in the 17(RDY)-ires-Nrpl mouse,
axons were sorted to the lateral periphery (DII-P). Quantitative
analyses are in fig. S6. Coronal sections of axon bundles (age,
P0) were analyzed. Changes in axon sorting in the bundle are
schematically shown at the right. Scale bars, 100 pm.

DII-P: anti-Nrp1
DAPI
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Fig. 4. OSN-derived Sema3A regulates not only pre-target axon sorting in the bundle, but also
glomerular positioning in the OB. (A) Left panel: Segregation of Nrp1-expressing and Sema3A-expressing
axons in the bundle (see also fig. S8B). The axonal marker protein gap-YFP was expressed under the
Sema3A promoter in the BAC transgenic mice (age, P0). Nrp1-high DII-P axons were sorted to the lateral
periphery (DII-P), whereas Sema3A-high axons were sorted to the central area (DII-A). Right panel: Axon
sorting in the bundle in wild-type and OSN-specific Sema3A knockout mice. The conditional knockout
mice were generated by crossing the OMACS-Cre line and the floxed Sema3A line (fig. S9). In the OSN-
specific Sema3A knockout (age, P0), Nrpl-expressing axons (DII-P) spread out within the bundle,
although they are still dense in the lateral region. 17(RDY) axons normally sorted to the central region
(DII-A) are found in the medial region in the axon bundle. Scale bars, 100 um. (B) Sorting and projection
of 17-expressing OSN axons. In the wild-type mouse, 17 axons are sorted to the lateral periphery of the
bundle. In contrast, in the OSN-specific Sema3A knockout, 17 axons are sorted to the central area, where
DII-A axons are normally found (age, P0). Sorting patterns of 17 axons are schematically shown at the right
(see also fig. S10B). Projection sites for 17 axons were analyzed in the OB (whole-mount medial views; age,
P14). In the OSN-specific Sema3A knockout, 17 glomeruli were found anterior to the wild-type control.
Results are summarized at the right; 17 glomeruli for the OSN-specific Sema3A knockout (14 bulbs,
magenta) and wild-type littermates (12 bulbs, blue) are plotted on a schematic diagram of the medial OB
(see also fig. S11A). Note that 17 OSN-specific Sema3A knockout did not affect the glomerular positioning
(fig. S11B). Scale bars, 100 um (axon bundles), 500 um (OBs).

and Sema3A genes are regulated in a complemen-
tary manner by OR-derived cAMP signals (fig. S7)
(25). In situ hybridization of embryonic olfactory
epithelium demonstrated complementary expression
of Nrpl and Sema3A (fig. S8A). To visualize the
Sema3A-expressing OSN axons, we generated
bacterial artificial chromosome (BAC) transgenic
mice in which an axonal marker, gap-YFP, is ex-
pressed under the control of the Sema3A promoter
(fig. S1). In the transgenic mouse, Sema3A-
positive axons were found in the Nrpl-low area
(DI-A) in the bundle (Fig. 4A and fig. S§B),
which suggests that Nrp1-high axons (DII-P) are
repelled by Sema3A-expressing axons (DII-A).
Because Sema3A is expressed in different cell
types in olfactory tissues, we generated an OSN-
specific knockout for Sema3A to investigate
whether Sema3A in OSN axons is required for
axon sorting within the bundle. We used the
OMACS gene promoter, which is activated in the
D-zone olfactory epithelium during early embryo-
genesis, to drive the expression of Cre recom-
binase (fig. S9) (26, 27). The OMACS-Cre mouse
was crossed to the floxed Sema3A mouse (28)
to generate the OSN-specific conditional knock-
out. In wild-type mice, Nrpl-positive DII-P ax-
ons are sorted to the lateral periphery of the
bundle. In the conditional Sema3A knockout,
however, the DII-P axons were no longer con-
fined to the lateral periphery (Fig. 4A). Con-
comitantly, DII-A axons spread to more medial
areas in the bundle. Tripartite compartmentalization
was not evident in the OSN-specific Sema3A
knockout. Thus, Sema3A derived from OSN axons
is required for pre-target axon sorting in the bundle.
Pre-target axon sorting affects the topographic
map formation in the OB. We asked whether
perturbation of axon sorting mediated by OSN-
derived Sema3A affects glomerular map forma-
tion in the OB. In wild-type mice, 17 axons that
coexpress gap-CFP (cyan fluorescent protein)
were sorted to the lateral-peripheral compartment
(DII-P) within the bundle. In the conditional
Sema3A knockout, however, 17 axons were found
in the central area where the DII-A axons are
normally found (Fig. 4B and fig. S10B). When 17
glomeruli were analyzed in the OB, anterior shifts
were observed in the conditional knockout (Fig.
4B and fig. S11A), consistent with the shift of 17
axons in the bundle. We also analyzed Nrpl-
negative DII-A axons in the conditional knockout
(fig. S12). These axons were confined to the cen-
tral area in the wild-type bundle. However, they
were scattered to both the central and medial areas
in the conditional knockout. As a result, glomeruli
were found not only in the anterior but also in the
dorsal OB in the conditional knockout. Thus, posi-
tional changes within the axon bundle correlate well
with positional changes of glomeruli in the OB.
Discussion. We found that pre-target axon
sorting plays an important role in the organiza-
tion of the topographic map. Nrpl and its re-
pulsive ligand Sema3A are both expressed in
OSNs and are involved in axon sorting before
targeting on the OB. Within the axon bundles
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of D-zone OSNs, DII-A axons (Nrpl low,
Sema3A high) are sorted to the central compart-
ment of the bundle, whereas DII-P axons (Nrpl
high, Sema3A low) are sorted to the lateral-
peripheral compartment. This sorting appears to
occur, at least in part, by the repulsive interaction
between Sema3A and Nrpl. In addition to the
repulsive interactions, Sema3A and Nrpl signals
may induce homophilic adhesion of axons with
Nrpl itself (29) or with other molecules such as
L1 (30). Furthermore, additional guidance recep-
tors such as Plexin-A1l (/6) may be involved in
the sorting of DII-A and DII-P axons (fig. S7).
We assume that similar mechanisms are also at
work in the sorting of DI and DII axons (Fig. 1B).

Once OSN axons are sorted in the bundle,
they need to be oriented along the correct axis

Fig. 5. Sema3A ex-
pressed by the non-OSN A
cells in the mouse olfac-
tory system. (A) Sema3A
mRNA is detected not
only in OSNs, but also in
the OB and ensheathing
glia (EG) that surround
axon bundles (age, E15).
Sema3A expression is
high on the medial side
(Nrp1-low) of the axon
bundle encircled by dotted
line (left). In the OB,
Sema3A is expressed in
the anterior domain (en-
circled by dotted line)
during early embryonic
stages (right). Scale bars,
100 um. The mouse ol-
factory system (lateral
view) is schematically
shown at the top. (B)
Coronal sections of axon
bundles stained with B
antibodies to Nrp1 (age,
P0). In the total knockout
of Sema3A, Nrpl-positive
axons are spread uniform-
ly within the bundle (right).
However, in the OSN-
specific Sema3A knockout,
Nrp1-positive axons gravi-
tate to the lateral side of
the bundle (middle). Thus,
non-OSN Sema3A may
help to orient the axon
bundle organization. Quan- C
tification of Nrp1 immuno-
reactivities (along the
dotted lines) is shown
in fig. S10A. Scale bars,
100 um. (C) Possible mech-
anisms for topographic
map formation in the brain.
In the mouse olfactory sys-
tem, a guidance receptor,

Sema3A WT

receptor

before projecting onto a topographic map on the
OB. This probably requires positional cues that
are derived from the target or that are found along
the pathway between the olfactory epithelium and
the OB. In the Sema3A total knockout, Nrp1-
positive DII-P axons spread rather uniformly
across diameter of the bundle (Fig. 5B) and con-
sequently mistarget to the anterior region in the
OB (23, 24). The effect is different in the OSN-
specific Sema3 A knockout, where DII-P axons at
least gravitate toward the lateral region in the
bundle (Fig. 5B). Thus, Sema3A expressed by
cells outside of the bundle likely functions as an
additional guidance cue to orient the sorted axons
along the correct axis for projection onto OB. In
early embryos, but not in postnatal mice, Sema34
is expressed in the anterior OB (Fig. 5A). Fur-

axon bundle

OSN-specific KO

Total KO

anti-Nrp1
DAPI

axon sorting

Nrp1, and its repulsive ligand, Sema3A, are expressed in a complementary manner in OSNs. We propose
that pre-target axon-axon interactions regulate the sorting of heterotypic axons. Target and intermediate

cues may direct correct orientations of the map.
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tebrate retinotectal projection, target-derived guid-
ance cues (e.g., ephrin-As) are thought to provide
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genetic studies indicated that projection sites for
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but not absolute, levels of guidance receptors,
known as “axonal competition” (34, 35). Fur-
thermore, retinal axons are presorted before the
target recognition (/5). Although retinal ephrin-
As are thought to antagonize Eph-A receptors in
cis (36), they may also function in trans to seg-
regate heterotypic axons (37-39). We propose
that the axon-axon interaction is a general strat-
egy to establish the topographic order based on
the relative levels of guidance molecules expressed
by axons (Fig. 5C).
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Grain Boundary Defect Elimination
in a Zeolite Membrane by Rapid
Thermal Processing

Jungkyu Choi,* Hae-Kwon Jeong,? Mark A. Snyder,? Jared A. Stoeger,*

Richard 1. Masel,* Michael Tsapatsis™*

Microporous molecular sieve catalysts and adsorbents discriminate molecules on the basis of size
and shape. Interest in molecular sieve films stems from their potential for energy-efficient
membrane separations. However, grain boundary defects, formed in response to stresses induced
by heat treatment, compromise their selectivity by creating nonselective transport pathways for
permeating molecules. We show that rapid thermal processing can improve the separation
performance of thick columnar films of a certain zeolite (silicalite-1) by eliminating grain boundary
defects, possibly by strengthening grain bonding at the grain boundaries. This methodology
enables the preparation of silicalite-1 membranes with high separation performance for aromatic
and linear versus branched hydrocarbon isomers and holds promise for realizing high-throughput
and scalable production of these zeolite membranes with improved energy efficiency.

as membranes for alcohol dehydration (4)

and are considered among other emerging
technologies for various other high-resolution
molecular separations (5). They have also been
implemented in membrane reactors (6, 7) and
used for a range of advanced applications (e.g.,
sensors, corrosion protection coatings, low-k di-
electrics, and hosts for supramolecular organi-
zation of guest molecules) (8—/7). A challenge
stifling development and commercial realization
of zeolite film technologies is the formation of
cracks and/or grain boundary defects (/2—14)
during the thermal treatment required for remov-
ing structure-directing agents (SDAs) from zeolitic
pores. Such defect structures are believed to de-
grade the separation performance of molecular
sieve membranes by providing nonzeolitic and,

Polycrystalline zeolite films (/—3) are used
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often, nonselective transport pathways for perme-
ating species. Successful approaches to minimiz-
ing the effects of grain boundaries and cracks on
membrane performance rely on microstructural
optimization during film growth, including control
of grain orientation and the formation of nano-
composites with the zeolite crystals embedded
in the support pores (5, 15-18), as well as post-
synthesis repair techniques (/4, 19, 20). The
complexity of these processes, however, hinders
cost-effective and reliable scale-up of mem-
brane production.

Heat treatment after hydrothermal film growth
is a common technique for establishing accessi-
ble film microstructure. In this step, SDAs and/or
other guest species occluded during crystal
growth in the zeolite pores are removed. This
calcination step is performed at very low heating
rates in an attempt to minimize crack and other
extra-zeolitic defect formation. Motivated by the
persistence of defect structures despite such ef-
forts to minimize their formation, we demonstrate
the capabilities of rapid thermal processing (RTP)
as a means for rapid microstructure development,
substantial reduction of grain boundary defects,
and marked improvements in membrane separa-
tion performance.

We demonstrate the influence of RTP on
films of siliceous ZSM-5, also called silicalite-1.

Silicalite-1 is an all-silica zeolite with the MFI
framework topology [(Sig6O19,)-MFI; for a
description of MFI and other frameworks, see
(21)]. MFTI films are an excellent model system to
investigate the effect of microstructure on film
performance. Moreover, the ~6 A pore opening
of MFI enables separations of valuable compo-
nents from commonly encountered chemical pro-
cess streams like aromatic isomers and linear
versus branched hydrocarbons. We focus on one
class of siliccous MFI (hereafter referred to as
MFI) films: c-out-of-plane—oriented films pre-
pared by secondary growth of randomly oriented
seeds (14, 22). These films and the associated
synthesis techniques were chosen as a test-bed for
evaluating the RTP approach based on the ex-
tensive previous characterization of film-growth
mechanisms and separation performance. In ad-
dition, the high degree of film reproducibility and
the versatility in film formation on various sub-
strates makes this approach more amenable to
scale up than other methods for synthesizing
zeolite membranes.

The presence of transverse grain boundary
defects produced during conventional (slow rate)
calcination for SDA removal is well documented
and has been correlated with poor separation
performance (2, 13, 14, 23, 24). These grain
boundary defects are formed in response to
tensile stresses caused mainly by the abrupt zeo-
lite unit cell contraction upon SDA removal, as
well as by the mismatch of thermal expansion
coefficients between the substrate and the zeolite
film (73, 25). Depending on membrane operating
conditions (temperature, pressure, mixture com-
position), the extrazeolitic pore openings at the
grain boundaries may become substantially larger
than the zeolite pores and, thus, compromise
membrane performance (/4). For example, the
presence of grain boundary defects has been as-
sociated with the poor performance of c-oriented
columnar membranes for xylene isomers (p- versus
o-xylene) and the reduction of the mixture sep-
aration factor for butane isomers at elevated
temperatures. For instance, despite the high single-
component ideal selectivity (up to ~100) for
xylene isomers, the separation factor for the cor-
responding binary mixture is less than 4 (/4).

We explore the capabilities of RTP as the
first heat treatment step after hydrothermal growth
for reducing the formation of grain boundary
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