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Abstract. Dehydration of methyl lactate to acrylic acid and methyl acrylate was experimentally evaluated over Na-
FAU zeolite catalyst impregnated with multifunctional diamines. 1,2-bis(4-pyridyl)ethane (12BPE) and 4,4'-
trimethylenedipyridine (44TMDP), at a nominal loading of 40 wt% or two molecules per Na-FAU supercage,
afforded a dehydration selectivity of 96+3% over 2000 min time on stream, exceeding the selectivity target of 90%
for commercial viability. During continuous reaction at 300 °C, the amine loadings in Na-FAU remained constant
for 12BPE but decreased as much as 83% for 44TMDP. Although 12BPE and 44TMDP have van der Waals
diameters approximately 90% of the Na-FAU window opening diameter, both flexible diamines interact with
internal active sites of Na-FAU as characterized by infrared spectroscopy. Tuning the weighted hourly space
velocity (WHSV) from 0.9 to 0.2 h'! afforded a yield as high as 92% at a selectivity of 96% with 44TMDP
impregnated Na-FAU, resulting in the highest yield reported to date.

Introduction. Acrylic acid and its alkyl acrylate
derivatives are high production volume chemicals
for which a bio-based synthetic route is desirable to
provide a sustainable manufacturing process. These
derivatives act as major building blocks in
industrial and consumer products including
adhesives, adsorbents, and coatings."? Acrylics are
currently produced from the oxidation of
petroleum-derived propylene by a two-step
oxidation via acrolein over bismuth molybdate
catalysts.® Since most acrylics are manufactured by
this process, the global acrylic market size is
projected to reach $14 billion USD by 2030 at an
annual growth rate of 3-4 %.* One alternative
pathway to form acrylates is the dehydration of
biomass-derived lactic acid or alkyl lactates over
solid acid catalysts including inorganic salts,” "
hydroxyapatite,'*'* and zeolites.'>** As lactic acid
tends to self-polymerize even at room
temperature,”?* alkyl lactates, including methyl
lactate, can serve as a reactant surrogate to prevent
reactant oligomerization while preserving all major

reaction pathways. In addition to acrylic acid,
methyl acrylate is also the dehydration product
from methyl lactate (Scheme 1). While dehydration
selectivity values as high as 93%" and 78%'* can be
achieved over inorganic salts and hydroxyapatite,
respectively, due to the low intrinsic catalyst
activity, a relatively high temperature above 350 °C
is required to achieve a conversion of at least 70% .*

Conversely, the highest dehydration selectivity
reported is typically 50-to-70% on metal-
exchanged zeolites with almost complete
conversion at temperatures as low as 325 °C.
Example zeolite catalysts include alkali metal-
exchanged FAU'S'®182021 and BEA'™ zeolites.
One recent study demonstrated a selectivity as high
as 80% over a potassium-modified ZSM-5 zeolite.”
However, further improvement in dehydration
selectivity above 90% is desired for the commercial
viability of lactates to acrylates. In our previous
work, methyl lactate was converted to methyl
acrylate and acrylic acid at a dehydration selectivity
of 61% and a conversion of 92% at 300 °C over a
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Scheme 1. Methyl lactate is proposed to first undergo
hydrolysis to lactic acid and methanol. Lactic acid then
undergoes dehydration to acrylic acid, which may
further react with methanol from methyl lactate to
methyl acrylate.

sodium-exchanged FAU zeolite (Na-FAU, Si:Al =
2.6).”> Two major reaction pathways were observed
over Na-FAU: (i) dehydration to methyl lactate and
acrylic acid; (i) decarbonylation to carbon
monoxide, methanol, and acetaldehyde (Figure 1).
Previous research proposed that dehydration occurs
on the sodium acid sites native to the Na-FAU
materials, with decarbonylation occurring on the
Bronsted acid sites (BAS) generated during the
reaction.”®

Cofeeding pyridine as a BAS titrant can
suppress decarbonylation and improve dehydration
selectivity by 13%.2%*® Our previous work further
investigated the effect of titrant basicity and steric
hindrance on promoting methyl lactate dehydration
beyond the strength and structure of pyridine.”
High basicity favors stronger BAS titration, while
steric constraints limit binding on BAS due to
internal diffusion limitations and local steric
interactions. Titrants with a basicity above 972
kJ/mol and a van der Waals diameter below 6.2 A
were predicted to afford a dehydration selectivity
above 90%. Based on the predicted criteria, 1,1,3,3-
tetramethylguanidine (TMG) was demonstrated by
experiment to improve dehydration selectivity to
89% from the baseline performance of 61% over
Na-FAU. However, conversion was unstable after
five hours of time on stream, potentially due to the
low stability of TMG at 300 °C.*

Notably, most of the molecules that were
predicted to improve selectivity above 90% have

Figure 1. A representative distribution of sodium
cations on site I, I’, and II for Na-FAU (Si/Al = 2.6) is
shown on a faujasite structure obtained from Hattori et
al.>® On average, each supercage structure may have four
cations on site II, two on site I’, and one on site I which
are shown in purple, green, and orange, respectively at
representative locations within the FAU structure. Two
major pathways for methyl lactate on Na-FAU are
shown on the right: (i) dehydration (blue) to acrylic acid
and methyl acrylate on sodium acid site; (ii)
decarbonylation (red) to acetaldehyde, methanol, and
carbon monoxide. Introduction of a basic titrant can
suppress decarbonylation.

more than one amine or basic functional groups,
prompting the consideration of simultaneous
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Figure 2. Time-on-stream dehydration reactivities of methyl lactate to acrylic acid and methyl acrylate were evaluated
with the addition of 4,4’'-trimethylenedipyridine (44TMDP) and 1,2-bis(4-pyridyl)ethane (1,2BPE). Data with
44TMDP are shown in squares in (a) and (b). Data with 12BPE are shown in triangles in (¢) and (d). The amines were
loaded using wet impregnation at varying loadings. The solid symbols represent experiments using the amine loaded
Na-FAU catalyst as prepared. The open symbols represent experiments using the amine loaded Na-FAU catalyst after
pre-treating the catalyst at 300 °C under helium flow at 90 mL min™! for 500 min. Reaction condition: 300 °C, P,,, =

101.3 kPa (Pmethyllactate
=09h.

=78.0 Pa, Py yror =

adsorption on multiple BAS with one
multifunctional amine molecule. The structure of
Na-FAU consists of small, six-membered ring (6-
MR) sodalite cages (sod, diameter of 6.3 A)
connected by double six rings (d6r) to form large
accessible supercages (diameter of 11.2 A) having
12-MR openings of 7.4 A (Figure 1).*° The Na-
FAU catalyst used in our previous work® and this
work has a Si/Al ratio of 2.6. This high aluminum
content correlates to a high density of acid sites in
the materials. On average, seven sodium cation
sites are present per supercage. At room
temperature, four sodium cations may be located,
on average, at the readily accessible site II, while
three may be embedded in the less accessible
locations in the sodalite cages with two at site I” and
one at site 1.*'¢ However, molecular adsorption
can change the position of the sodium cations on

1.1 kPa, balanced by helium at a flowrate of 90 mL min'), and WHSV

site [ and I’ to the more accessible site I positions
in the supercage.’'”’ Potentially, adsorbates may
interact with all seven sodium cation sites and
generate in situ BAS. Titrants with multiple basic
functional groups may provide a higher overall site
coverage compared with the titrants with a single
basic group.

Results and Discussion. In this work, two
multifunctional flexible amines were added within
the pores of the zeolite catalyst for enhancing
selectivity to acrylic acid and methyl acrylate via
dehydration of methyl lactate. The multifunctional
amines were loaded onto Na-FAU via wet
impregnation at nominal loadings of 5, 10, 25, and
40 wt% of the Na-FAU framework for independent
trials using the method described in Supporting
Information Section S1. In summary, the amine and
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Na-FAU were stirred in methanol at room
temperature for four hours before being dried at
70 °C for 24 hours. Notably, wet impregnation was
not performed in an environment free of moisture.
The final amine loadings deviate slightly from the
nominal loading, due to the presence of water in the
Na-FAU  materials, as  determined by
thermogravimetric analysis.

The impregnated catalysts were then evaluated
for methyl lactate dehydration (details in
Supporting Information Section S2). Dehydration
selectivity of 96+3% was achieved for 2000 min
time on stream with 4,4'-trimethylenedipyridine
(44TMDP, Figure 2a and b) and 1,2-bis(4-
pyridyl)ethane (12BPE, Figure 2¢ and d) at 300 °C.
The selectivity is the highest for lactate dehydration
reported to date and has exceeded the desirable
value of 90% for commercial viability. Notably,
induction periods were observed; dehydration
selectivity initially started at lower values and
gradually achieved higher steady values after
approximately 500 min time on stream (Figure 2a
and c¢). Steady state dehydration selectivity
increased from 85 to 96% with the increase in
amine loading from 5 to 40 wt%. Initial conversion
decreased from ~80% to 45% with 44TMDP and to
15% with 12BPE with the increase in amine loading
from 5 to 40 wt% (Figure 2b and d). However,
after 500 min time on stream, conversion became
similar across varying amine loadings of both
44TMDP or 12BPE.

The induction periods are proposed to result
from poor distribution of multifunctional amines
throughout FAU particles during wet impregnation
due to slow diffusion. In our previous study,”
larger amine size correlated with slower diffusion
in FAU pores. 2,6-diisopropylpyridine (6.6 A) and
2,6-ditertbutylpyridine (7.0 A) were calculated to
diffuse one and two orders of magnitude slower
than methyl lactate in zeolite FAU.? In this work,
the calculated van der Waals (vdW) diameter
(Supporting Information Section S3) of 12BPE and
44TMDP are 6.6 and 6.8 A, which are 89 and 91%,
respectively, of the 12-MR window between
supercages in FAU zeolite. When initially
impregnated in FAU particles, amines likely reside
within the pores near the particle exterior; this
prevents BAS titration by 12BPE and 44TMDP and
causes pore blockages. However, provided
sufficient time, the multifunctional amines access

Chem

more supercages and internal BAS, affording more
effective BAS titration and catalytic control.

To evaluate the induction periods, catalyst
preparation methods were modified to improve
amine distribution prior to reaction. The FAU
catalysts impregnated with amines were pretreated
in helium flow at 90 mL min™ for 500 min prior to
catalyzing methyl lactate dehydration. As shown in
Figure 2, thermal pre-treatment shortened the
induction periods to about 80 to 120 min for
samples with amine loadings of 25 and 40 wt%.
Additionally, after pre-treatment, a steady
selectivity above 96% was still achieved with Na-
FAU loaded with either 44TMDP or 12BPE at an
initial nominal loading of 40 wt%. For the
pretreated Na-FAU impregnated with 44TMDP,
conversion of methyl lactate was similar for
multiple amine loadings of 10, 25, and 40 wt%
(Figure 2b). Compared with the samples without
pre-treatment, an improvement in initial conversion
was also observed from ~45% to 75% after pre-
treatment. For the Na-FAU catalysts loaded with
12BPE, no significant change in long-time
conversion was observed before and after pre-
treatment (Figure 2d).

Catalyst stability with time on stream differed
between Na-FAU loaded with 44TMDP and
12BPE. Na-FAU =zeolite impregnated with
44TMDP at loadings of 25 and 40 wt% exhibited
decreasing conversion by half of the initial values
after 1000 min time on stream with or without pre-
treatment. However, Na-FAU impregnated with
12BPE at the same loadings showed steady
conversion at 25 and 20%, respectively, over 2000
min. Catalyst deactivation has been proposed to
occur via coking from the decarbonylation pathway
and pore blocking by bulky compounds formed by
amine and acrylic acid.®® At a much lower
conversion of 20% and dehydration selectivity
around 96% with 12BPE, coking from
decarbonylation and pore blockage from bulky
compounds are believed to be small contributions
to catalyst deactivation, which could explain the
higher catalyst stability with the 12BPE
impregnated Na-FAU.

Amine loading following pre-treatment and
reaction was quantified using thermogravimetric
analysis (TGA) coupled with mass spectrometry
(MS) as shown in Figure 3. Prior to the TGA
experiment, the impregnated catalyst samples were
first heated to 300 °C in helium for 3000 min and
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Thermo-gravimetric analysis of Na-FAU impregnated with (a) — (c¢) 4,4'-trimethylenedipyridine

(44TMDP) and (d) — (e) 1,2-bis(4-pyridyl)ethane (12BPE) at variable loadings are presented as weight percentage
over time and temperature, differential weight percentage over temperature, and average number of diamine per
supercage before and after pre-treatment, and after run. The mass of Na-FAU framework in each sample is denoted
as a weight percentage of 100%. Error bars in (c) and (f) denote 95% confidence intervals estimated from repeated

experiments.

then to 550 °C in air to remove any organic
residues; the mass of the Na-FAU framework at the
end of the trial was denoted as 100 wt%. A detailed
TGA-MS procedure is provided in Supporting
Information Section S4.

Rapid decreases in weight percentage were
observed in TGA-MS experiments with all catalyst
samples in the first 90 min, which was the time
required to reach 300 °C (Figure 3a and d). As
temperature linearly increased from 30 to 300 °C at
a ramp rate of 3 °C min’', the differential weight
loss percentage, calculated as the negative rate in
weight loss, exhibited several peaks, indicating
rapid loss of chemical species during specific
temperature regimes (Figure 3b and 3e). Evolving
chemical species from the catalyst were identified
with a mass spectrometer, which showed that
44TMDP only started leaving Na-FAU at 300 °C
(Figure S2¢ and S2d), while 12BPE would leave
Na-FAU earlier at 210 °C (Figure S2a and S2b).
No methanol was detected in any sample (Figure
Sla and S1b, Supporting Information Section S4).

Most of the water was removed as the
temperature increased from 50 to 300 °C (Figure

S2). Therefore, the major peaks in Figure 3b and
3e under 200 °C are assigned as water. The actual
loadings of amines on Na-FAU can therefore be
estimated by the weight percentage at 300 °C for
44TMDP and 210 °C for 12BPE (Table S1).
Notably, the loading of 5, 10, and 25 wt% from wet
impregnation resulted in similar actual loadings.
However, amine uptake appeared to plateau after 25
wt% loading from wet impregnation. The 40 wt%
loading from wet impregnation only afforded an
actual loading of 23 and 25 wt% for 44TMDP and
12BPE, respectively. Once the temperature reached
300 °C, 44TMDP loading continued to decrease
with time, while 12BPE loading stayed relatively
constant over 3000 min. As temperature reached
300 °C after 90 min, the weight percentages at 90,
590, and 2590 min time on stream in TGA can be
used to estimate the loadings of amine per
supercage before pre-treatment, after 500 min pre-
treatment, and after reaction run of 2000 min time
on stream, respectively.

The average number of diamines per supercage
was calculated by dividing the moles of amine in
the zeolite by the moles of supercages in FAU
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zeolite (details in Supporting Information Section
S4).3%4 Before pre-treatment, approximately 0.5,
1.2, 2.1, and 1.8 molecules of 44TMDP were
loaded per supercage for the nominal loadings of 5,
10, 25, 40 wt% from wet impregnation (Figure 3c).
The difference in number of 44TMDP per
supercage for nominal loadings of 25 and 40 wt%
is within experimental error. After pre-treatment,
the loading decreased by 36 - 52% to
approximately 0.30, 0.75, 1.1, and 0.85 molecule
per supercage of Na-FAU. Each supercage
contains, at our highest loading, an average of two
44TMDP prior to pre-treatment and one after pre-
treatment; about one molecule per supercage
evaporates and leaves the particle during pre-
treatment. At 2590 min (2000 min after pre-
treatment at 300 °C), the loading of 44TMDP
further decreased by 26 — 38% to 0.1, 0.4, 0.6, and
0.3 molecule per supercage. In total, approximately
68 — 83% of 44TMDP was removed during the
reaction times studied here compared with the
loading before pre-treatment. At a maximum
loading of one molecule per supercage, 44TMDP
only occupies about 24% of the supercage
occupiable volume (details in Supporting
Information Section S4), leaving more active sites

accessible to methyl lactate. Moreover, as more
than half of the 44TMDP gradually leaves the
supercages during reaction, the amines may interact
with acrylic acid, methanol, or other products to
form bulkier molecules that can result in pore
blockages. Therefore, the initial conversion with
44TMDP was as high as 75% but decreased to 30%
after 2000 min time on stream at amine nominal
loadings of 10, 25, and 40 wt% with pre-treatment
(Figure 2b).

In contrast, 12BPE predominately remained
within the FAU zeolite particles, even after
pretreatment and reaction. Before pre-treatment,
each supercage hosted approximately 0.6, 1.1, 1.9,
and 2.1 12BPE molecules with the increase in
12BPE nominal loadings from 5 to 40 wt% (Figure
3f). The volume of two 12BPE molecules accounts
for ~45% of the occupiable volume of the
supercage (details in Supporting Information
Section S4). After pre-treatment, 12BPE loading
only decreased by 3 — 8% for different loadings,
which is consistent with the insignificant change in
conversion observed with 12BPE after pre-
treatment in Figure 2b and 2d. Even after 2000 min
at 300 °C, the loading of 12BPE exhibited no
significant change. The steady loading of 12BPE is
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consistent with the stable conversion of methyl
lactate over long time on stream (Figure 2d). Due
to the proclivity of 12BPE to remain in Na-FAU
catalysts, reactions exhibited steady and almost
complete suppression of the deactivating
decarbonylation side reaction as indicated by the
consistent dehydration selectivity of 96+3%.

The interaction between the multifunctional
amines and the internal active sites of Na-FAU
(Figure 4) was assessed via Fourier-transform
infrared (FTIR) spectroscopy. FTIR spectra were
collected after Na-FAU materials were
impregnated with diamine, pretreated, and then
heated to 200 °C to remove the majority of water
and cooled down to 25 °C within the FTIR sample
cell. Experimental methods are detailed in
Supporting Information Section S5. Two signature
peaks for bridging hydroxyl groups in FAU were
observed as expected: in the supercage at 3650 cm™
" and in the sodalite cages at 3540 cm. '™
Background scans of Na-FAU prior to diamine
addition showed bands at 3740 cm™ and 3690 cm™,
which are attributed to isolated internal silanol
groups and hydrogen-bonded silanol groups™,
respectively.* Unconstrained hydroxyl groups,
indicating the presence of Brensted acid sites
(BAS) in the supercages of Na-FAU, are indicated
by the band at 3633 cm™.**46 The shift from 3650
to 3633 cm™ could be due to weak interactions
between the hydroxyl groups and water
molecules.”  Constrained hydroxyl  groups,
indicating the BAS in the sodalite cages, are
assigned to the band at 3540 cm™ *'*% The
presence of BAS in Na-FAU is surprising since no
methanol dehydration activity was observed in Na-
FAU at 300 °C in our previous work,” though a
minimal amount of Brensted acidity (< 29
umol (geqr)™t) was measured on the Na-FAU
materials.

FTIR spectra revealed distinct differences in
hydroxyl interactions upon impregnation of amine
(Figure 4). When amines were inside Na-FAU
pores, the band associated with unconstrained
(supercage) hydroxyls shifted by 22 cm™ from 3633
cm to 3611 cm’, indicating elongated O-H bond
of the hydroxyls and weakened hydrogen bonding
interactions.*® This effect is believed to be caused
by the interactions between 12BPE or 44TMDP
with the internal BAS in supercages. The bands at
1600, 1555, and 1500 c¢cm” can be partially
attributed to hydrogen-bonded pyridine functional

Chem

groups” and the N-H vibrations of the amine
molecules.”™! To isolate the effect of methanol on
the formation of BAS during the wet impregnation
process, Na-FAU was stirred in methanol for four
hours and dried using the same method detailed in
Supporting Information Section S1. No shift of the
hydroxyl bands at 3633 and 3540 cm’' was
observed in the methanol treated Na-FAU
compared with Na-FAU, confirming that the 22 cm™
Ushift is most likely due to the presence of amines
interacting with hydroxyls in the supercage, and not
simply methanol.

Our experiments using multifunctional amines
in Na-FAU to suppress side reactions have
demonstrated the highest observed dehydration
selectivity from methyl lactate to acrylates.
Dehydration selectivity to acrylic acid and acrylate
of 96+3% was achieved at an initial conversion of
75% with 44TMDP and 18% with 12BPE at a
loading of 40 wt% with pre-treatment at 0.9OWHSV
(Figure 2). Therefore, we expanded our
investigation of multifunctional amines to two
additional dipyridines with alternate chain lengths
and flexibility, in an initial search for additional
basic titrants desirable for methyl lactate
dehydration (Figure Sa). After pre-treatment at a
loading of 40 wt%, 12BPE and 44TMDP still
showed the highest selectivity among the selected
amines at the same weighted hourly space velocity
(WHSYV, defined as Equation S1 of the Supporting
Information) of 0.9 h' albeit across a range of
conversions. Similar initial conversion of 20-30%
was achieved with each amine modifier by tuning
WHSYV from 0.9 to 8.4 h'. At similar conversion,
12BPE and 44TMDP still showed the highest
selectivity of 96% and 91%, respectively, among
the four amines (Figure 5a). Interestingly,
dehydration selectivity was only weakly dependent
on conversion over a range of conversion from 20
to 96% over Na-FAU and 44TMDP loaded Na-
FAU (data guided by the dashed lines in Figure
5b). Notably, the selectivity with 4,4'-dipyridyl
(44DP, c in Figure 5) and 1,2-di(4-pyridyl)ethylene
(12D4P, d in Figure 5) was 10% lower than the
96% selectivity achieved with 12BPE. We attribute
the lower selectivity to a lower degree of flexibility
in the tethering between two pyridine functional
groups in 44DP and 12D4P, limiting the
effectiveness of titrating multiple BAS by these
amines.
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Figure 5. (a) Methyl lactate dehydration selectivity was evaluated over Na-FAU catalyst impregnated with
multifunctional amines at the loading of 40 wt% with pre-treatment. Bar a and b were obtained over Na-FAU without
amines at a weighted hourly space velocity (WHSV) of 0.9 and 7.5 h™!, respectively. Bar ¢, d, and € were over Na-
FAU impregnated with 4,4'-dipyridyl, 1,2-di(4-pyridyl)ethylene, and 12BPE at a WHSV of 0.9 h'!. Bar f and g were
over Na-FAU impregnated with 44TMDP at a WHSV of 8.4 and 0.9 h'!, respectively. Reaction condition: 300 °C,
Pioe = 101.3 kPa (Ppernyniactate = 78-0 Pa, Pygrer = 1.1 kPa, balanced by helium at a flowrate of 90 mL min™).
Detailed information about the amines is listed in Table S2. (b) Methyl lactate dehydration activities over amine
impregnated Na-FAU in this work are compared with values from literature over zeolites, inorganic salts, and

hydroxyapatite catalysts,>®18-2257.39-6L78,10-121415.17 Datapoint a —

g are the same data from (a). Datapoint i — m are

example data from the literature (Table S3).>63142257 A minimal dependence of selectivity on conversion was
observed across varying WHSV of 0.6 — 7.5 h'! over Na-FAU (in blue diamonds) and 0.2 — 8.4 h'! over 44TMDP
impregnated Na-FAU at 40 wt% nominal loading (in blue stars). Dashed lines were included to guide the eyes.

Among the selected amines in Figure Sa,
44TMDP (data point g in Figure 5) afforded a yield
as high as 70% to acrylic acid and methyl lactate.
Reducing the WHSV from 0.9 to 0.2 h' pushed
initial conversion to 96% at a selectivity of 96%
with 44TMDP, giving the highest yield of 92%
reported for methyl lactate or lactic acid
dehydration (data point 4 in Figure Sb). Notably,
the highest selectivity previously achieved over
zeolites was typically in the range of 50-70% at
almost complete conversion.'”'*' To achieve this
previously reported selectivity, zeolites were
typically modified with potassium or other metal
cations. Recently, a study using potassium-
modified ZSM-5 zeolite afforded a selectivity of
80% at a conversion of 100% (data point k£ in
Figure 5b).* Additional high-performing catalysts
from the literature are typically inorganic
salts.*>!'*1® The highest yield in the literature is
85% at a selectivity of 93% over phosphate salts at
350 °C reported in a US patent from Lingoes and
Collias (data point i in Figure 5b).® Other desirable
catalysts were also mostly phosphate or sulfate salts

(data point ;' and m’ in Figure 5b) or
hydroxyapatite (data point /'* in Figure 5b),
affording yields around 70-80%. However, in
general these salts require higher reaction
temperature in the range of 340 — 400 °C. Our
system, demonstrating the highest yield of 92% to
date while operating at a lower temperature of 300
°C using commercial zeolite materials with mild
modification, further promotes the use of biomass-
derived methyl lactate as an alternative feedstock to
acrylates. Future work will focus on catalyst
stability = and the interactions  between
multifunctional amines and acid sites in the
supercages of Na-FAU.

2.0 Conclusions. In conclusion, we reported the
highest dehydration selectivity of 96% and yield of
92% from methyl lactate to acrylates over Na-FAU
impregnated  with  multifunctional  amines,
including 44TMDP and 12BPE. Steady state
dehydration selectivity increased from 85 to 96% as
the nominal loadings of 44TMDP or 12BPE
increased from 5 to 40%. However, an induction
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period of approximately 500 min was observed.
Pre-treating the impregnated Na-FAU under helium
flow at 300 °C significantly reduced the induction
periods while maintaining the high dehydration
selectivity of 96%. Conversion was improved from
40-50% to 75% with pre-treatment for the 44TMDP
impregnated Na-FAU, but no significant change
was observed for the 12BPE loaded Na-FAU.
44TMDP loaded Na-FAU samples also showed
faster deactivation compared with the 12BPE
loaded samples. TGA-MS determined that loading
of 44TMDP decreased by 36 — 52% after pre-
treatment and continued to drop until only 17 —32%
remained after 2000 min at the reaction temperature
of 300 °C. However, the loading of 12BPE after
pre-treatment and 2000 min at reaction temperature
remained effectively unchanged. The results are
consistent with the increase in conversion with pre-
treatment observed over the 44TMDP impregnated
Na-FAU but not on the 12BPE impregnated Na-
FAU. FTIR indicated interactions between
diamines with BAS within supercages of Na-FAU,
demonstrating that 4TMDP and 12BPE enters Na-
FAU window openings. Further investigation with
varying connectivity between amines and reaction
optimization afforded the highest yield to acrylates
of 92% at a selectivity of 96% over 44TMDP
impregnated Na-FAU. This is the highest
performance reported to date, exceeding the target
selectivity and yield of 90% for commercial
viability. The use of multifunctional amines can be
extended to reaction systems where BAS are
responsible for side reactions. Mechanistic insights
comparing the adsorption of single amines and
classes of multifunctional amines are under further
investigation.
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