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Cascade Reactions in Tunable Lamellar Micro-Mesopores for C=C
Bond Coupling and Hydrocarbon Synthesis

Fan Lin,”™ Junyan Zhang,™ Dongxia Liu,™ and Ya-Huei (Cathy) Chin*?

Abstract: Two-dimensional MFI zeolite nanosheets (2D-MFI)
contain Brgnsted acid sites partially confined at the intercept
between micro- and meso-pores (H;.). These acid sites exhibit
exceptional reactivities and stabilities for C=C bond coupling and
ring closure reactions that transform light aldehydes to aromatics.
These sites are much more effective than those confined within the
micropores of MFI crystallites and those unconfined on HsSiW 1,040
clusters or mesoporous aluminosilicate Al-MCM-41. The partially
confined site environment solvates and stabilizes the transition
states of the kinetically-relevant steps during aromatization.

Microporous acidic materials (H-MFI, H-FAU, etc.) are
effective catalysts for industrial hydrocarbon synthesis, which
includes cracking, isomerization, and transalkylation reactions.™!
They also catalyze oxygen removal and C=C bond coupling of
functionalized oxygenates, converting them into alkenes and
aromatics.” These materials, however, suffer from rapid
deactivation, because their pores of molecular dimensions not
only promote shape selective catalysis, but also trap and convert
heavier products into coke, which then blocks the accessibility of
reactants to the Bransted acid sites (H*).®! Circumventing this
deactivation issue is of industrially importance, attained here by
designing a new class of Brgnsted acid catalysts for stable and
selective hydrocarbon and oxygenate conversions.

Herein, we introduce hierarchical MFI zeolite materials
(denoted as 2D-MFI) with individual crystallites containing two-
dimensional lamellar layers of micro- and meso-pores (Fig. 1a)
as effective Brgnsted acid catalysts for synthesizing aromatics
from aldehydes. These hierarchical zeolite lamellae contain
micro- and meso-pore intercepts, at which partially confined
Bransted acid sites (H;., subscript pc denotes partially confined)
reside. These partially confined Hj sites are selective for the
conversion of aldehydes to aromatics than the unconfined sites
on polyoxometalate clusters ( H}. , subscript uc denotes
unconfined) and the confined H¥ sites within the micro-pores of
conventional three-dimensional MFI zeolite (Ht, subscript c
denotes confined, in 3D-MFI). The unique location of the H},
sites also allows for more effective transport and removal of
large aromatic products. The more stable transition state
afforded by the partially confined Hj. sites and their higher
intrinsic reactivities (per site) for aldehyde C=C bond coupling
and ring closure reactions, taken together, lead to much higher
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aromatic yields on 2D-MFI zeolites than the conventional
mMicroporous or mesoporous catalysts.

CiH2:0 (n = 3-6) linear aldehydes?” undergo three
concomitant, kinetically coupled catalytic routes at solid
Brensted acid sites confined within microporous (H-FAU"® and
H-MFI  zeolitesi*® 4) or mesoporous (HsSiW1,04* or
HsPW1,040™ dispersed on mesoporous SiO;) cavities, leading to
the formation of unsaturated alkenals, aromatics, alkenes, and
dienes. These routes, as shown in Scheme 1, are: (1) Route A,
inter-molecular C=C bond coupling via aldol condensation-
dehydration (Steps 1.1 and 1.2) that increases the carbon chain
length to larger, unsaturated alkenals followed by ring closure
(Steps 2.1 and 2.2), dehydrogenation (Steps 3.1 and 3.2), and
transalkylation (Step 4) reactions that evolve aromatics, (2)
Route B, transfer hydrogenation (Step 5) between the adsorbed,
protonated alkanals and the hydrogen-donors (formed in
catalytic Route A) that produces alkenes, and (3) Route C,
monomolecular dehydration reaction that evolves dienes (Step
6).
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Scheme 1. Reaction routes for aromatic production from butanals on solid
Brgnsted acid catalysts (H-donor denotes the hydrogen donor in transfer
hydrogenation reaction, Route B, Step 5).

Among these concomitant reactions, Route A, which
includes the inter-molecular C=C bond coupling, ring closure,
dehydrogenation, and transalkylation steps, is the predominant
route. The transfer hydrogenation (Route B) occurs favorably
only on specific zeolites (e.g., H-FAU"®) and more selectively in
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large supercages (11.8 A cage size), whereas the direct alkanal
dehydration (Route C) remains a minor route (<10% carbon
selectivity during butanal reactions on H-MFI, H-FAU, and
H4SiW 1,040 catalysts at 573 K“¥). Route A, when occurring at
H" sites contained in molecularly confined structures, often leads
to rapid deactivation,® because aromatics as the desired
products are also coke precursors; these aromatics occupy
pores and cages, thus reducing the reactant accessibility to acid
sites inside the zeolites. The number of accessible H} sites
decreases markedly to <30% on H-MFI (Si/Al = 11.5) and <50%
on H-FAU (Si/Al = 15), after steady-state butanal reactions at
573 K for 2 h [1.1 kPa butanal, space velocity = 4 ymol butanal
(Gear. 9)1.1%¥ In contrast, H4SiW12040 clusters exhibit a much
lower site reduction: the density of unconfined H{, sites on these
clusters remains relatively constant [1.54+0.32
moly+(moly,siw,,0,,) '], even after 12 h of reactions at 573 K
[1.1-4.4 kPa butanal, space velocity = 7.5-30 ymol butanal (gcat.
s)*.B! These unconfined H{. sites are, however, much less
effective for the sequential ring closure, dehydrogenation,
transalkylation, and transfer hydrogenation reactions, leaving the
unsaturated, branched alkenal intermediates rather than
aromatics as the predominant deoxygenation products.
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Figure 1. (a) Structure of 2D-MFI [H{ (orange) denotes the H' sites confined
within the micropores while Hyj. (dark blue) denotes the partially confined H*
sites at the intercept between the micro- and meso-pores [Light blue
represents the channel walls; light gray represents the channels parellel to the
drawing; dark gray represents the channels perpendicular to the drawing], (b)
TEM image of 2D-MFI, (c)-(d) SEM images of 2D-MFI and 3D-MFI,
respectively.

Next, we synthesized two-dimensional MFI zeolite (2D-MFI)
with lamellar layers containing partially confined Brgnsted acid
sites (Fig. la, synthesis procedure in Sec. S5.1) and then
correlate their unique structure and site environment to the
reactivity and selectivity trends in butanal deoxygenation.
Figures 1b and 1c show the SEM and TEM images, respectively,
of the lamellar 2D-MFI zeolite (Si/Al ratio = 69). This 2D-MFI
contains 3 pentasil layers of microporous sheets with two
parallel zigzag channels (in a-c plane) and one directly
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perpendicular channel (along b-axis), as illustrated in Figure la.
The nanosheets have a thickness of about 3.4 nm and a length
of about 500 nm (3.4 nm x 500 nm), stacked in together at an
inter-microporous distance of ~2.8 nm. In contrast, the
conventional three-dimensional H-MFI zeolite (Si/Al ratio = 70,
denoted as 3D-MFI, synthesis procedure in Sec. S5.1) contains
crystals with comparable dimensions of ~200 nm x ~200 nm (Fig.
1d). Table 1 summarizes the density of Hy. and H{ sites for
these two samples, determined by dimethyl ether titration and
2,6-di-tert-butylpyridine titration” (methods described in Sec.
S5.2). Despite having similar Si/Al ratios and total H* site
densities, the 2D-MFI zeolite contains a much larger fraction of
partially confined Hf, sites than the 3D-MFI zeolite ([H}], =
0.081 vs. 0.007 mmol gea™); these Hy. sites reside at the
intercept between the micro- and meso-pores.

Table 1. Properties of lamellar MFI zeolite (2D-MFI) and conventional MFI
zeolite (3D-MFI) samples.

Sample 2D-MFI 3D-MFI
Si/Al ratio 69 70
[Hmm]o (mmol gear™) 0.224 0.228
fpc 0 36% 8] 3.2%
[Hytclo ® (mmol gear™) 0.081 0.007
[HE']o 2 (mmol gear™) 0.143 0.221
[Hailon © (MMol gea ™) 0.047 0.022
[Hyclzh © (mmol gear ™) 0.031 0.007
[H12n € (MMOI gear™) 0.016 0.015

Dimension 3.4 nm x 500 nm 200 nm x 200 nm

“Density of total H sites, H}. sites, or H{ sites on fresh catalysts;
PFraction of H‘L sites on fresh catalysts;

°Remaining site density of total H' sites, H;;C sites, or HY sites after 2 h of

butanal reactions at 573 K.

Figure 2a compares the time-dependent butanal conversion
rates (mass basis) at 573 K between the 2D-MFI (rgytanal2p) and
3D-MFI (gytanal3p) Z€Olites. Both 2D-MFI and 3D-MFI exhibited
similar initial conversion rates, because of near complete
butanal conversions (>94% at 5 min on-stream). These rates at
near complete conversion, however, do not reflect the intrinsic
reactivity. After 2 h reaction, the butanal conversion rate on the
3D-MFI decreased markedly to ~10% of its initial value [from
10.9 pmol (gear. 8)™* to 1.2 uymol (gear. S)™*]. In contrast, the rates
on 2D-MFI decreased, but to a much smaller extent, i.e., to ~45%
of its initial value after 2 h and ~20% after 5 h. These time-
dependent profiles confirm that the 2D-MFI remains much more
stable than 3D-MFI, which appears to be related to its larger
fraction of partially confined Hj sites (f,co = 36% vs. 3.2% on
2D-MFI and 3D-MFI, respectlvely, Table 1).

Table 1 also compares the densities of accessible H. and
H{ sites on these catalysts after two hours of butanal reactions
at 573 K. After 2 h reaction, the Brgnsted acid sites confined
within the micropores ( H} ) became largely inaccessible,
decreasing by >88%, from 0.143 to 0.016 mmol gea. ™ on 2D-MFI
and from 0.221 to 0.015 mmol gex ™ on 3D-MFI. In contrast,
most of the partially confined H}, sites at the micro- and meso-
pore intercepts remained accessible: their site density on 2D-
MFI decreased from 0.081 to 0.031 mmol gea™* and on 3D-MFI
remained largely stable, albeit at a much smaller density of
0.007 mmol gea. *. These site titration results, taken together with
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the time-dependent reactivities, indicate that partially confined
H;C sites, which account for 36% of the total H* sites in 2D-MFI,
exhibit much higher stability than the confined HY sites, as they
remain accessible and less susceptible to coke poisoning. After
2 h, butanal conversion rates on both the 2D-MFI and 3D-MFI
catalysts reached stable values and their rate ratio (rgytanal2n/
TButanal,3p) F€Mained constant (Fig. 2a). Above 2 h, the confined
HY sites became much less effective, because coke
accumulation within the micropores renders these sites
inaccessible. Thus, the catalytic reactivity reflects predominantly
those of the partially confined Hj, sites.
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Figure 2. (a) Time-dependent butanal conversion rates (mass basis) on 2D-
MFI (rButanal,ZD) and 3D-MFI (rButanal,SD) and their rate ratio (rButanal,ZD/
TButanal,3p); (D) selectivities to larger Cyo. aromatics (Sc,,, () and instantaneous
H;;c site fraction (fp,,;) on 2D-MFI and 3D-MFI, plotted as a function of time-on-
stream [SI/Al = 69-70, 573 K, 1.1 kPa butanal, space velocity = 33
mmOIbutanal (m01H+ S)_l]-

Next, we probe the intrinsic reactivity of Hj. and H{ sites
with a combined site titration and rate measurement method.
Figures 3a and 3b show the time-dependent yields of the
various products during butanal deoxygenation on 2D-MFI and
3D-MFlI, respectively. The aromatics formed via the chain growth
route are the predominant, desired products (>70% carbon
selectivities). Therefore, we focus on understanding the catalytic
roles and contributions of Hf and Hj, sites to the formation of
these aromatics.

As demonstrated in our previous work,*" “ the rate of inter-
molecular C=C bond coupling of alkanal (Step 1.1) increases
linearly with alkanal pressure, and the adsorbed alkanals are the
most abundant surface intermediates during steady-state
catalysis. On catalysts containing both the Hf and Hy sites, the
overall, extensive rate of inter-molecular C=C bond coupling [in
mol (gear. S)™] at any time-on-stream t, Rinter:, relates to the HY
and Hj, site densities ([H¢], and [H}.],) and the respective first-
order rate constants on these two types of sites (kipter and
Kinter,pc) Via (derivation in Sec. S2 of Sl):

Rinter,t = kinter,cPButanal[Hg—]t + kinter.pcPButanal[H;c]t (1)

where Pgytanal 1S the butanal partial pressure. Assuming that the
reactivity for each type of sites (Hj. or H) remains identical
across both samples, the two effective rate constants kiyger and
kinter,pec could be extracted based on the measured values of
Rintert, [HE]e, and [H ], at steady state (see Sec. S2). These
rate constants are shown in Figure 4a, together with that for the
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unconfined H{. sites on HsSiW1,04 clusters ( KinterucHsiw »
detailed kinetic study reported previously!®”) and mesoporous
aluminosilicate AI-MCM-41 (kinterucmem, S€€ Sec. S4 in SI for
the detailed kinetic results). The confined H¢ sites are much less
reactive than the unconfined H}. sites prevalent on HsSiW1,040
clusters and AI-MCM-41 (kinter,c< kinter,uc,MCM< kinter,uc,HSiW)- We
hypothesize that steric constraints imposed by the micro-pores
of MFI (5.4 A x 5.6 A) destabilize the large, bi-molecular
transition state formed during inter-molecular coupling of
butanals (kinetic diameter ~5.0 A).”) The partially confined H;,
sites are more reactive than both the confined Hf and the
unconfined Ha—c sites (kinter,pc > kinter,uc,HSiW > kinter,uc,MCM >
kinter,c), apparently because the partially confined environment
of these Hj. sites promotes the  inter-molecular C=C bond
coupling reactions, via additional stabilizations of the bi-
molecular transition state through van der Waals interactions
with the zeolite pore-mouths."” The unconfined H* sites on
H4SiW 12040 are slighly more active than those on Al-MCM-41
(Kinterucasiw =1.6 Kinterucmem ), likely because of the stronger
acid strength for the former (deprotonation enthalpy (DPE)=
1105 kJ mol™ vs. 1190-1222 kJ mol™ for HsSiW1,04™ and
aluminosilicate, respectively). The butanal aldol condensation
forms a bulky bi-molecular carbocationic transition state, on
which the positive charge is more delocalized than on the mono-
molecular carboncationic reactant state (protonated butanal).
The transition state formed on a stronger H* site (with lower DPE)
would require less energy for the positive charge delocalization
than on a weaker H" site, resulting in a lower activation barrier
and higher activity. Similar reactivity trends with acid strength
have been reported for Brgnsted acid catalyzed methylation,
hydride transfer, and isomerization reactions on heteropoly acids
and aluminosilicate catalysts."?
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Figure 3. Time-dependent yields of aromatics, light alkene (C4Hsg), diene
(C4He), and larger alkenal (CgH140) during butanal reactions on 2D-MFI (a)
and 3D-MFI (b); time-resolved carbon distributions within the aromatic product
fraction during butanal reactions on 2D-MFI (c) and 3D-MFI (d) at 573 K [in 3c
and 3d, brown: primary ring closure products (Cg, Ci,, and Cig); gray:
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transalkylation products; Si/Al = 69-70, 1.1 kPa butanal, space velocity = 33
mmOIbutanal (mOIH*‘ 5)71]-

The local environment of the H* sites also influences the
sequential ring-closure and transalkylation reactions of Route A.
Figure 4b compares the carbon selectivities within the products
of Route A on 2D-MFI, 3D-MFI, HsSiW1,049, and Al-MCM-41
catalysts (573 K, time-on-stream = 2 h). Both 2D-MFI and 3D-
MFI exhibit much higher carbon selectivities towards aromatics
(>80%) than H4SiW1,04 (~17%) and AI-MCM-41 (~22%),
indicating that both the confined Hf and partially confined H}.
sites are much more effective than the unconfined H{ sites for
the ring-closure reaction.
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Figure 4. (a) First-order rate constants for inter-molecular C=C bond formation
on confined H{ sites (kinter,c) @nd partially confined Hf. sites (kinter,pc) Of MFI
and on unconfined Hp, sites of HiSiW1,040 (Kinterucusiw) and Al-MCM-41
(Kinter,uccm) at 573 K (all the rate constants were calculated based on the
density of accessible H" sites during steady-state butanal reaction); (b)
selectivity of aromatics and alkenals (CgH140) within the chain growth products
during butanal reactions on 2D-MFI and 3D-MFI [space velocity = 33
mmolyytanal (Moly+ s)71] and on HiSiW1,04 clusters [space velocity = 45
mmolyyeana (Moly+s)™ 1 and  AI-MCM-41  [space  velocity=180
mmolyyana (moly+ s)™] at 573 K (2 h, 1.1 kPa butanal, butanal conversion =
55%, 20%, 20%, and 10% on 2D-MFI, 3D-MFI, H4SiW1,040, and Al-MCM-41,
respectively).

The primary ring-closure products with 8 and 12 carbon
atoms (brown bars in Figs. 3c and 3d) undergo transalkylation
on 2D-MFI and 3D-MFI zeolites, leading to aromatics with
diverse molecular sizes (C¢-Cie+; gray bars in Figs. 3c and 3d).
The transalkylation reaction, however, essentially does not occur
on either HySiW1,040 clusters or AI-MCM-41 (0% selectivity),
because it requires molecularly confined environment.”” Figures
3c and 3d show the carbon distributions of these aromatics
produced from 2D-MFI and 3D-MFI as a function of time-on-
stream. On both samples, the selectivity to smaller aromatics
(Ce-Cy) decreases and that to larger aromatics (Ciox)
commensurately increases with time, in response to the gradual
poisoning of the confined H{ sites and changes in the H¥-to-Hy,
site ratio (Table 1). Since aromatics larger than Cg (e.9., Cio
naphthalene, kinetic diameter ~6.2 A™)) could not access the
micro-pores (5.4 A x 5.6 A) of MFI, the confined H{ sites
catalyze almost exclusively the formation of smaller aromatics
(Cs-Cy). In contrast, partially confined H}, sites produce both the
small and large aromatics (Cg-Ci6+). As shown in Figure 2b, the
selectivity to Cio. aromatics (Sc,,, ., defined in Sec. S3) of 2D-
MFI and 3D-MFI increases rapidly during the initial 2 h, as the
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H{ site density decreases markedly and the instantaneous Hj
site fraction (f,.) concomitantly increases. After 2 h, the relative
abundance of H}}. and H} sites approaches a constant value, as
a result, the selectivity Sc, .. becomes stable. The 2D-MFI
exhibits higher S, . . values than 3D-MFI, simply because it has
a larger fraction of Hj. sites (fyc.n = 66% vs. 32% for 2D-MFI
and 3D-MFI, respectively, Fig. 2b).

In summary, 2D-MFI zeolites contain a larger fraction of
partially confined H" sites (Hp.) resided at the intercept between
the micro- and meso-pores. The partially confined environment
around the Hf. sites promotes the inter-molecular C=C bond
coupling and ring closure reactions of aldehydes by stabilizing
the relevant transition states. The unique micro- and meso-pore
interfaces allow for effective removal of heavier aromatic
products, thus preventing coke formation and mitigating
deactivation.

Experimental Section

See supporting information (SI).
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Lamellar Micro-Mesopores for C=C
Bond Coupling and Hydrocarbon
Synthesis

residing at the micro- and meso-pore
intercepts. These sites are effective
for C=C bond coupling and ring
closure of aldehydes to produce
aromatics. These sheets resemble
nanometer-sized plug flow reactor;
they allow not only the formation but
also effective removal of aromatic Confined
products in cascade reactions, thus H{ site
preventing site occupation by coke

and mitigating deactivation.
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