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Abstract. Co-feeding an inert and site-selective chemical titrant provides desirable selectivity tuning
when titrant adsorption is favored over side reaction pathways on a solid acid catalyst. Here, a selectivity
enhancement from 61 to 84 C % was demonstrated for methyl lactate dehydration to methyl acrylate and
acrylic acid over NaY zeolite catalyst using amines as the co-fed titrants to suppress side reactions on in
situ generated Brgnsted acid sites (BAS). The effectiveness of BAS titration was evaluated by
considering both the basicity and steric properties of the titrant molecule with the goal to maximize the
selectivity enhancement. The presence of electron-donating alkyl functional groups enhances amine
basicity but also introduces additional steric constraints to the molecule with respect to the pore
dimensions of the NaY zeolite. While higher basicity of titrant amines favors stronger adsorption on
BAS, steric limitations hinder site binding through contributions from internal diffusion limitations and
local steric repulsion between titrant and the zeolite wall around the BAS. Titrant bases with proton
affinities above ~1040 kJ/mol and sizes below 85% of the NaY supercage window or pore diameter are

predicted to afford dehydration selectivities above 90 C % to acrylate products.

1.0 Introduction. Selectivity control remains one
of the key elements in modern catalytic processes
for the suppression of competing reaction
pathways. Selective catalysis affords more
economical and sustainable chemical syntheses to
the desirable products due to the reduction in
reactant waste, toxic byproduct formation, and cost
for product separation. High selectivity may be
achieved by lowering the energy barrier to the
preferential product by manipulating the energies of
reaction intermediates and transition states via
catalyst design to modify binding energies of
surface  species,* site strength,> or steric
confinement around the active sites.**

Suppression of side reactions and selectivity
improvement can also be achieved utilizing
competitive adsorption of inert site-selective
titrants on active sites if binding of the titrant is

favored over the undesired pathways.® In particular,
organic bases, such as ammonia, alkyl amines, and
pyridine”° bind on Brgnsted acid sites (BAS) even
at elevated temperatures above 160 °C, typical for
gas-phase reactions.>**** However, ammonia and
pyridine adsorb on both Lewis and Brgnsted acid
sites.”!* Selective BAS adsorption can be obtained
using 2,6-substituted pyridines with steric
constraints around the nitrogen atom.'*® For
example, introduction of 2,6-ditertbutylpyridine to
modulate BAS density in heteropolyacid Keggin
clusters was shown to enhance methanol oxidation
selectivity to dimethoxymethane from around 30%
to 80%,'® demonstrating the potential of site-
specific titration using amines for selectivity
control.

Bingjun Xu and co-workers also reported the
use of pyridine to improve methyl lactate
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Scheme 1. Major reaction pathways in methyl lactate are dehydration and decbonylation with NaY catalyst and amine
adsorbents. Methyl lactate dehydration yields acrylic acid, methanol and methyl acrylate and decarbonylation yields
acetaldehyde, carbon monoxide and methanol. Both catalytic cycles are proposed to occur on in-situ generated
Brensted acid sites. Introduction of a Brgnsted titrant such as pyridine has been proposed to suppress decarbonylation

and increase dehydration selectivity to acrylates.

dehydration selectivity by ~13 C % over sodium-
exchanged zeolite Y (NaY)."*° While no Brgnsted
acidity is present in fully-exchanged NaY zeolite,
Brgnsted acid sites (BAS) can be generated during
the reaction and are proposed to be the active sites
for the major side reaction of decarbonylation. The
reaction scheme based on the mechanism proposed
by Murphy et al. Y% is depicted in Scheme 1. Two
major reaction pathways are shown: (i) dehydration
(in blue) that involves the lactate hydroxyl group,
and (ii) decarbonylation (in red) that occurs on the
lactate carboxylate group. When methyl lactate
approaches a sodium acid site on NaY, ion
exchange and subsequent hydrolysis yields sodium
lactate, methanol, and a BAS (Supplementary Note
1). The presence of a sodium cation stabilizes the
carboxylate group of sodium lactate via the
formation of an ion pair. Therefore, sodium lactate
is proposed to only undergo dehydration to sodium
acrylate on the in situ generated BAS. Reverse ion

exchange between sodium acrylate and the BAS
then generates acrylic acid as the primary
dehydration product and regenerates a sodium acid
site for subsequent catalytic cycles. Acrylic acid
can further react with methanol from the ion
exchange step to form methyl acrylate as the
secondary dehydration product.

The proposed decarbonylation cycle occurs
when methyl lactate displaces sodium lactate on a
BAS. As the carboxylate group on methyl lactate is
not protected by a sodium cation, methyl lactate has
been shown to only decarbonylate over BAS at
elevated temperatures™®. Decarbonylation produces
byproducts of methanol, carbon monoxide, and
acetaldehyde. The BAS can be re-occupied by a
nearby sodium lactate or methyl lactate.
Introduction of a non-reactive titrant, such as
pyridine!”*® that binds on BAS can suppress methyl
lactate decarbonylation and improve dehydration
selectivity. Decarbonylation  suppression by
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Table 1. The Si/Al ratio and textural information of
zeolite samples measured by ICP-OES and argon
physisorption at 87 K.

Co-fed Amine NaY (CBV-100) HY (CBV-500)
Si/ Al 2.65 2.70
Pore Diameter [A] 7.17 7.45

Pore Volume [cm® g'] 0.440 0.286

pyridine titration is due to the basic nitrogen of
pyridine outcompeting the weaker oxygenated
functional groups on methyl lactate, resulting in a
higher BAS coverage by pyridine than methyl
lactate.

By improving methyl lactate dehydration
selectivity, the application of amine for in situ
selectivity tuning also contributes to the current
efforts in the industrialization of renewable acrylate
production. Acrylic acid and acrylates are valuable
monomers for commercial polymers in absorbents,
coatings, paints, and adhesives with a market
demand of eight megatons in 2017 at an annual
growth rate of 4%.%°2' Currently, acrylic acid is
produced via propylene oxidation as a downstream
product of the petroleum industry. Lactic acid has
been considered as a promising renewable
feedstock to acrylic acid and desirable selectivity
around 60 — 70 C % to acrylic acid has been
achieved in gas phase dehydration over solid acid
catalysts such as alkali-modified zeolites,
hydroxyapatites, and phosphates.??® While lactic
acid can be produced from sugar fermentation with
greater than 90% yield,? lactic acid tends to self-
oligomerize under typical gas phase reaction
temperature (~300 °C). However, a surrogate
compound, methyl lactate, closely mimics the
chemistry, preserving all major reaction pathways.
Additionally, due to the low stability, lactic acid is
generally converted to lactate esters in the
purification process.® Therefore, methyl lactate
dehydration over NaY was selected as the probe
reaction to explore the effect of titrant design for
selectivity tuning in porous materials.

As current efforts in lactate conversion to
acrylates focus on dehydration selectivity
enhancement, further selectivity tuning may be
feasible with amines that are more basic than
pyridine. The hypothesis is that pyridine titrates
BAS catalyzing decarbonylation owing to its higher
basicity than methyl lactate. Increasing amine
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basicity by adding electron-donating alkyl
substituent groups to increase electron density at
the amine nitrogen should result in stronger BAS
adsorption and side reaction suppression, leading to
higher selectivity to methyl lactate dehydration.
However, the size of amine molecules also
increases with the addition of alkyl substituent
groups. If the size of the amine molecule is
comparable to the NaY pore diameter, steric
interactions between the amine and the zeolite
framework may limit BAS titration by amines.

In this work, we explored the effect of titrant
basicity and steric limitations on methyl lactate
dehydration to identify co-feed titrant modifiers
that achieve higher dehydration selectivity
(preferably above 90 C %). The effect of amines on
methyl lactate dehydration selectivity improvement
was evaluated by co-feeding amines with different
basicity and size over NaY catalyst. A dehydration
selectivity maximum was observed with the size of
the amines, indicating hindrance from steric
limitations on further selectivity enhancement by
amine basicity. Steric limitations in the form of
internal diffusion limitations and local steric
interactions were evaluated with both experiment
and computation, leading to a conclusion that
amines with high bascity and moderate size or steric
limitations afford optimal selectivity control.

2.0 Results and Discussion.

2.1 Materials Characterization. Sodium-
exchanged NaY and the proton form of zeolite Y
(HY) were used to catalyze methyl lactate
dehydration and study amine adsorption behavior in
zeolite Y pores. The pore diameter and volume
from argon physisorption for NaY and HY reported
in Table 1 were consistent with reported values of
comparable materials.’**'*? The isotherms and
Saito-Foley pore distributions for NaY and HY can
be found in Figure S3 in Supplementary Note 3.
Powder X-ray diffraction (XRD) patterns in Figure
S4 of NaY and HY were consistent with the XRD
patterns from the same materials in literature.*”*
Solid-state >’Al-MAS NMR indicated negligible
presence of extra-framework aluminum in NaY
(Figure S5). Inductively-coupled plasma — optical
emission spectrometry (ICP-OES) results revealed
the actual Si/Al ratio to be 2.65 for NaY and 2.70
for HY. The reactive gas chromatography (RGC)
method indicated only a small amount of Brgnsted
acidity in NaY (< 29 umol (gcqt)™), which was
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Figure 1. Proton affinity! is reported over the non-
dimensionalized size of amines. The non-
dimensionalized size is calculated by normalizing the
vdW diameter of amine by the pore diameter of NaY.
vdW diameter of amine is calculated with QSAR
Toolbox, and the pore diameter of NaY is measured to
be 7.17 A by Argon physisorption at 87 K. Structure of
a basic unit of Zeolite Y is obtained from Lutz et al.? to
show the pores in Zeolite .

further supported by the absence of methanol
conversion on NaY for a wide range of
temperatures from 150 to 300 °C. The BAS density
of HY was determined to be 1152 umol g™ by in
situ titration on methanol dehydration (Figure 8a)
in section 2.5, in agreement with the same materials
used by Murphy et. al.’®. Details on BAS density
measurements are presented in sections 4.2 and
4.3.3.

2.2 Selectivity Control of Amines and NaY
Catalyst Stability. Amines with higher basicity
than that of pyridine were selected for experimental
evaluation, as characterized by the tabulated proton
affinity values® in Figure 1. Here, a more basic
amine functionality is achieved by adding electron-
donating alkyl substituent groups on pyridine.
Amines with alkyl groups closer to the pyridine
nitrogen exhibit higher basicity as shown by the
proton affinity increase with methyl groups at the
three and five positions on 3,5-dimethylpyridine
(3,5DMP) to the two and six positions on 2,6-
dimethylpyridine (2,6DMP). While the proton
affinity values of selected amines are above 930
kJ/mol, the proton affinity of methyl lactate is
calculated to be 779 kJ/mol at the methoxy oxygen
using the method described in section 4.4.1. The
stronger basicity of the amine compared with
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methyl lactate indicates that amine adsorption
should be preferred over adsorption of methyl
lactate by the methoxy oxygen on the BAS,
therefore suppressing the decarbonylation pathway.

To identify potential steric limitations of titrant
amines, the van der Waals diameter was selected as
the method to quantify the size of amines, due to the
more reasonable molecular size estimations for
amines in this study compared with descriptors
such as the ‘effective diameter’, ‘maximum’, and
‘kinetic’ diameter (Table S1 and Supplementary
Note 5). The addition of alky| substituent groups on
pyridine to increase amine basicity also inevitably
increases the size of amines (Figure 1). A basic unit
of zeolite Y* is also shown in Figure 1. The large
central cavity is the ‘supercage’, which has a
diameter of 11.2 A.% Connections of supercages
form channels or pores in zeolite Y. The window
size of the supercage determines pore size and has
a diameter of 7.4 A * which agrees with the 7.17 A
NaY pore diameter measured by argon
physisorption as shown in Table 1. A non-
dimensional amine size was then calculated by
normalizing the calculated amine van der Waals
diameters by the experimentally measured NaY
pore or supercage window diameter. As the non-
dimensional molecular size approaches to a value
of 1.0, steric hindrances appear due to the bulkiness
of the amine and rigidity of both the zeolite
framework and the pyridine ring. Even larger
molecules will be sieved, preventing access to
active sites in zeolite Y pores.

The effect of the amine on methyl lactate
dehydration was first evaluated by co-feeding
pyridine (Py), 3,5DMP, 2,6DMP, and 2,6-
diethylpyridine (2,6 DEP) at a molar ratio of methyl
lactate:amine of 10:1 over NaY catalyst. While
conversion decreased from 90 C % without amine
or 60 C % with amine to below 20 C % over time
due to catalyst deactivation (Figure S8a),
dehydration selectivity only varied by at most 2 -3
C % over at least 50 h time-on-stream (TOS)
(Figure S8c), which indicates that deactivation
does not change the distribution of products in the
methyl lactate reaction system. Therefore, it is
possible to compare dehydration selectivity at
different initial conversion values with or without
amine using the time-averaged dehydration
selectivity in Table 2.

At 300 °C, methyl lactate dehydration
selectivity was observed to increase by 12 - 19 C %
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Table 2. Reactivity of Methyl lactate over NaY with the
addition of amines is reported at reaction condition of
300 °C, Protal = 101.3 kPa (Pmethyi lactate = 78.0 Pa, Pamine =
7.8 Pa, Pwaer = 1.1 kPa, balanced by He), and WHSV =
0.9 h' Error bars are 95% confidence intervals
estimated from error propagation with methods in
Supplementary Note 2.

Co-fed Proton Dehydration Initial
Amine Affinity  Selectivity = Conversion
[kd/mol] [C %] [C %]
no amine - 61+1 92+3
Py 930 73+1 55+2
3,5DMP 955 76 £ 1 58+1
2,6DMP 963 791 64+ 2
2,6DEP 972 802 64 +3

with the addition of these amines at initial
conversion in the range of 55t0 92 C %. The 12 C
% increase in dehydration selectivity with pyridine
was consistent with the results from Murphy et al.
1719 Higher dehydration selectivity was measured
for amines with higher basicity than pyridine. The
productivity of acetaldehyde, a byproduct from the
decarbonylation pathway, was suppressed to almost
zero with the introduction of amines (Figure 2),
indicating that improvement in dehydration
selectivity was due to suppression on the major side
reaction, methyl lactate decarbonylation. As
illustrated in Scheme 1, suppression on the
decarbonylation pathway was achieved by amine
titration on the BAS under competitive adsorption
against methyl lactate. Therefore, the ability to
titrate in situ generated BAS is crucial in methyl
lactate dehydration selectivity control.

The enhancement in dehydration selectivity
and catalyst stability with the considered amines
prompted investigation into the further dehydration
selectivity increases with amines of even higher
basicity than 2,6DEP. However, experiments with
additional amines demonstrated the limitation of
this approach; dehydration selectivity decreased as
amine basicity and size was further increased
(Figure 3a). In addition, the data of Figure 3b
revealed that dehydration selectivity maximized
over the size of amines. If amine basicity is the
dominant factor that controls BAS titration and side
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Figure 2. Acetaldehyde productivity as a function of
time-on-stream (TOS) with the addition of amines.
Reaction condition: NaY, 300 °C, Pww = 101.3 kPa
(Pmethyl lactate = 78.0 P, Pamine = 7.8 Pa, Puwaer = 1.1 kPa,
balanced by He at a flowrate of 90 mL min‘t), WHSV =
0.9 h™,

reaction suppression, dehydration selectivity
should increase monotonically with amine basicity,
as shown with the four amines in Table 2. The
dehydration selectivity maximum indicates that a
transition occurs as the size of titrant approaches to
around ~85% of the NaY pore diameter, after which
amine steric effects begin to limit amine binding on
BAS. For this reason, understanding amine spatial
access to BAS in HY zeolite is crucial for the
prediction of an optimal titrant with balanced
basicity and geometric properties for methyl lactate
dehydration selectivity control.

2.3 Factors Controlling BAS Titration by
Amines. Based on the dehydration selectivity
maximum in Figure 3, we propose three factors
that control the effectiveness of in situ BAS titration
by amines as depicted in Scheme 2: (a) internal
diffusion limitations due to the bulky overall size of
the titrant molecule; (b) local steric limitations for
the Kinetics of competitive adsorption on BAS; (c)
and binding strength on the BAS.

While external BAS on the outer surface of
zeolites are in general accessible to both reactants
and titrants regardless of their overall size,
accessing BAS in zeolite pores requires molecules
to diffuse through zeolite pores. Therefore, the first
limitation for amine titration is internal diffusion,
which is governed by the overall size of amine. In
the case of faujasite zeolites such as NaY, amines
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Figure 3. (a) Dehydration selectivity of methyl lactate over NaY with the addition of amines of various proton affinity
and size. (b) Dehydration selectivity over size are shown at reaction condition of 300 °C, Piotal = 101.3 kKPa (Pmethy lactate
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Scheme 2. Proposed steps in the titration of in-situ generated Brgnsted acid sites by amines: (a) amine transport to a
BAS via internal diffusion controlled by internal diffusion limitation; (b) competitive adsorption against methyl
lactate governed by local steric limitations; and (c) desorption from BAS determined by amine basicity and local

steric limitations.

with a larger overall size and a higher degree of
overall steric hindrance may pass through the
windows between supercages and diffuse slower in
zeolite pores. Methyl lactate, due to its smaller size,
may readily access BAS faster than bulky amines.
At the beginning of co-feed experiments, methyl
lactate displacement can occur before bulky amines
can access BAS due to internal diffusion
limitations, resulting in ineffective BAS titration.
However, internal diffusion limitations may be
overcome by allowing enough time for the bulky

amine to diffuse through NaY pores. One solution
is to pre-saturate the catalyst bed with amine prior
to feeding methyl lactate, as discussed in Section
2.4.

Once the amine approaches a BAS, it
undergoes competitive adsorption with methyl
lactate on the BAS. This step is controlled by the
local steric interactions between the adsorbate
molecule and the zeolite framework around the
BAS. We define steric van der Waals interactions
as including steric repulsion (steric destabilization)
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and the steric stabilization from the zeolite>>*" As
amines approach a BAS, proton transfer between
the site and amine would yield an ion pair between
the protonated amine and the deprotonated zeolite,
which stabilizes the protonated amine via
electrostatic stabilization.® When steric repulsion
from large substituent groups such as the tert-buty!l
groups in 2,6DTBP is significant, adsorption is
expected to be less favorable. Further quantification
of amine local steric limitations is described with
computation and experiment in Section 2.5.

Upon adsorption on a BAS, the tendency for
desorption depends on the binding strength of the
amine. Binding strength is governed by both
basicity and local steric limitations of the adsorbate
molecule. While basicity determines the affinity to
the Brgnsted proton, local steric limitations
determine how close an adsorbate can approach a
BAS. Based on the selectivity maximum in Figure
3, a lower binding strength may be observed with
bulky amines such as 2,6DIPP and 2,6 DTBP, which
will be examined by computation in Section 2.5.
These bulky amines may tend to desorb more easily
from the BAS. The open site is then free to
adsorption and reaction of methyl lactate, which
leads to side reactions and a reduction in
dehydration selectivity. The hypotheses on internal
diffusion limitations and local steric limitations will
be addressed in the following two sections.
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Figure 5. Methyl lactate dehydration selectivity under
pre-saturate condition is comparison with the value from
co-feed condition with the addition of 2,6DEP, 2,6DIPP,
and 2,6DTBP. Reactivity measurements were performed
at 300 °C over NaY, Ptar = 101.3 kPa (Pmethyi lactate = 78.0
Pa, Pamine = 7.8 Pa, Pwater = 1.1 kPa, balanced by He), and
WHSV =0.9 h, Error bars are 95% confidence intervals
estimated from error propagation with methods in
Supplementary Note 2.

2.4 Internal Diffusion Limitations of Amines.
One of the potential limiting factors for effective
BAS titration is internal diffusion which becomes
more hindered with larger amines. Molecular
dynamics (MD) simulations characterized the
speed of amine diffusion through pores in zeolite Y
at 300 °C; details on amine diffusion simulations are
presented in Supplementary Note 7. As shown in
Figure 4, the self-diffusion coefficient of amines
decreases with an increase in size. While pyridine
diffuses at a similar rate as methyl lactate, 3,5DMP,
2,6DMP, and 2,6DEP diffuse two-to-three times
slower. Even bulkier amines, namely 2,6DIPP and
2,6DTBP, diffuse one and two orders of magnitude
slower, respectively, than methyl lactate in zeolite
Y. The significantly slower diffusion compared
with methyl lactate may hinder the effectiveness of
BAS binding and selectivity control by bulky
amines such as 2,6DIPP and 2,6DTBP due to
internal diffusion limitations.

The effect of internal diffusion limitations on
methy! lactate selectivity enhancement was probed
with experiment by first pre-saturating NaY with
flowing amine through the catalyst bed for 24
hours, which likely ensured sufficient time for
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bulky amines such as 2,6DIPP and 2,6DTBP to
diffuse through NaY pores. After the pre-saturation
treatment, methyl lactate and amine were co-fed to
NaY at 300 °C with the same weight hourly space
velocity (WHSV) and molar ratio used in the
previous co-feed experiment in Section 2.2. Co-
feeding amine was necessary to ensure that the
catalyst bed was not deprived of titrant molecules
in any supercages during the experiment. Pre-
saturating the catalyst bed with bulky amines (i.e.,
2,6DEP, 2,6DIPP, and 2,6DTBP) was observed to
significantly improve methyl lactate dehydration
selectivity by 5-8 C %, as shown in Figure 5. The
TOS dehydration selectivity, conversion, and
product distribution under co-feed and pre-
saturation conditions were compared in Figure S15
for 2,6DEP, 2,6DIPP, and 2,6 DTBP. Under co-feed
conditions, dehydration selectivity started below 70
C % and increased over time in the first two hours
TOS and stabilized at the reported averaged
selectivity in Figure 5. Afterward, while under pre-
saturation conditions, dehydration selectivity was
relatively stable throughout the experiment (Figure
S15a, e, and i). Additionally, selectivity to
decarbonylation products including COyx and
acetaldehyde were initially at higher values and
stabilized at lower values after the first two hours
TOS, but they remained relatively stable under pre-
saturation conditions throughout the experiments
(Figure S15c, d, g, h, k, and I). The induction
periods observed in product distribution under co-
feed conditions indicate that sufficient time is
required for steady decarbonylation suppression by
bulky amines. The result supports the hypothesized
limitation that BAS titration by bulky amines is
hindered by internal diffusion, or at least by amine
movement within the porous zeolite catalyst. By
allowing sufficient time for the bulky amines to
access all cavities within the catalyst, the effect of
internal diffusion limitations was likely reduced.
A dehydration selectivity as high as 84 C % was
experimentally measured with 2,6DEP under the
pre-saturation condition, which is an improvement
of 23 C % from the dehydration selectivity obtained
over NaY without amine (Figure 5) and is higher
than the 13% enhancement achieved by Murphy et
al. using pyridine as the titrant.'"*® The 84 C %
dehydration selectivity achieved is also higher than
the 60 — 75 C % selectivity achieved with modified
NaY by impregnating phosphates®®3 or tuning
zeolite acid strength using ion-exchange with metal
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Scheme 3. Amine adsorption on a BAS can be separated
into three steps: zeolite deprotonation, amine
protonation and zeolite stabilization. The change in
energy due to amine adsorption on a BAS, the
adsorption energy, can be calculated as the summation
of deprotonation energy, proton affinity, and
stabilization energy.

cations.*>* An even higher selectivity of ~80% or
even 84% can be achieved with alkali-modified
ZSM-5,222443 hyt ZSM-5 has a smaller pore size
compared with zeolite Y and is beyond the scope of
this paper. Interestingly, the dehydration selectivity
with 2,6DIPP under pre-saturation condition
increased by 8 C % compared with the value under
co-feed condition, but the improvement in
dehydration selectivity with 2,6DTBP is not as
apparent as that with 2,6DIPP. This observation
indicates the existence of an additional factor that
controls BAS titration by 2,6DTBP, which we
attribute to the local steric limitations from the
steric interactions between amine and the zeolite
wall around the BAS.

2.5 Local Steric Limitations of Amines. In
addition to internal diffusion, effective binding of
titrant amines to BAS can also be limited by local
steric limitations, As stated in previous studies of
BAS adsorption,>**“ the amine adsorption process
can be decomposed into three independent steps: (i)
zeolite deprotonation, (ii) amine protonation, and
(iii) the stabilization due to the interaction between
the protonated amine and the deprotonated zeolite.
Similarly, the adsorption energy as calculated by
DFT can be decomposed into three parts: the
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bonding structure.

deprotonation energy of the zeolite, proton affinity
of amine, and the stabilization energy (Scheme 3).
The electronic adsorption energy is calculated from
the energy difference between the final optimized
adsorbed structure (E,) and the initial structures of
amine (E,) and the empty zeolite (E;) at their fully
relaxed states as shown in Equation (1).

Adsorption Energy = E,; — (Eq +Ez) (1)

The deprotonation energy (DPE) of zeolite Y was
calculated to be 1200 kJ/mol by Jones et al.*® The
proton affinity (PAFF) values for amines were
experimentally measured by Hunter et al.3*
Therefore, stabilization energy (E;,p) is calculated
by Equation (2).

Esap = BE — DPE — PAFF )

The final optimized structure of the amine in the
zeolite is expected to be successfully transformed
from a hydrogen-bonded structure to an ion-pair
interaction structure via proton transfer (Figure
6¢). The calculated pyridine-zeolite Y adsorption
structures were in agreement with previous work by
Castella-Ventura et al. using density functional
theory at the B3LYP/6-31+G* level,*” further
supporting that a complete proton transfer from the
zeolite to pyridine in occurring in our calculations.

All optimized amine-zeolite Y structures form
ion-pair interactions, as expected for amine
adsorption on a BAS on zeolite, but the nature of
that interaction can be affected by the size of the
amine. In general, the distances between N-H, O-H,
and O-N in the optimized amine-zeolite Y
structures are similar to the values in our calculated
pyridine-zeolite Y ion-pair interaction structure
(Figure 6a and 6b), consistent with the formation
of ion-pairs for all amines with the exception of
2,6DTBP. The N-H distance in 2,6DTBP — zeolite
Y is 1.1 A, indicating the formation of a N-H bond,
but the O-N and O-H distances are longer compared
to the other amines, suggesting that a complete
proton transfer has occurred resulting in the
generation of a 2,6-ditertbutylpyridinium cation
that has moved further away from the zeolite wall.
The O-H distance is still below 2.5 A, suggesting
that a hydrogen bonding interaction could still be
present,*® as in all other amine-zeolite optimized
structures, but it is expected to be weaker due to the
longer distance from the negative oxygen on the
zeolite framework. Therefore, all optimized amine-
zeolite Y structures were in the ion-pair interaction
mode, as expected for amine adsorption on a BAS
on zeolite.

The electronic energy contributions to BAS
adsorption with different amines can be described
using Equations (1) and (2). While the adsorption
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energy increased from -144 kJ/mol with pyridine
adsorption to around -150 kJ/mol with the
adsorption of more basic amines, the bulkiest
amine, 2,6DTBP, exhibited a significantly weaker
adsorption energy of -98 kJ/mol (Figure 7a). The
significantly weaker binding strength is consistent
with the larger distance from the zeolite wall and
the low selectivity enhancement observed with
2,6DTBP under both co-feed and pre-saturation
conditions as shown in Figure 3a and Figure 5. We
decompose the adsorption energy into three
contributions:  proton affinity, deprotonation
energy, and stabilization energy. Proton affinity is
a property of each amine, while deprotonation
energy is a property of zeolite Y and can be
assumed identical for all the amine-zeolite Y pairs.
When binding strength is dominated by amine
basicity, the adsorption energy, a negative value if
adsorption is favorable, is observed to decrease
with an increase in proton affinity for smaller

amines such as pyridine, 3,5DMP, 2,6DMP, and
2,6DEP as shown in Figure 7a. However, lower
binding strength is observed with bulky amines
such as 2,6DTBP. The binding strength for
2,6DTBP, specifically, is 60 kJ/mol weaker than
those of the smaller and less basic amines in this
study, showing that adsorption of 2,6DTBP is
significantly less favorable compared with smaller
amines.

The cause for the decrease in binding strength
of 2,6DTBP can be found in the decrease in zeolite
stabilization with the increase in amine size (Figure
7b). Stabilization energy, a negative value when
zeolite stabilization dominates over repulsion,
increases by approximately 5-20 kJ/mol increments
from pyridine, to 3,5DMP, 2,6DMP, 2,6DEP, and
to 2,6DIPP, but jumps by 50 kJ/mol from 2,6DIPP
to 2,6DTBP. The sudden increase in stabilization
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productivity curves were fitted to linear relationships (dashed lines) against cumulative amine uptake, with equations
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and volume of supercage. Reaction condition for methanol dehydration: 150 °C, Protar = 101.3 KPa (Pmethanot = 1 kPa,
Pamine = 2 Pa after amine introduction, balanced by He), WHSV = 0.9 h’. Reaction condition for methyl lactate
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productivity measurements.

energy and adsorption energy observed with
2,6DTBP is likely due to steric repulsion from the
supercage wall, and weaker hydrogen bonding
interaction, which can also be indicated by the
significantly longer distance between 2,6DTBP and
the zeolite oxygen as shown in Figure 6a.

In addition to moving further away from the
zeolite wall, bulky amines also undergo structural
change from their fully relaxed structures in order
to be accommodated in the constrained zeolite
voids. The structural change can be quantified by
the Root Mean Squared Deviation (RMSD) with
respect to the relaxed state of the amine optimized
in the gas phase. The RMSD of 2,6DTBP is three-
to-five times higher than the RMSD values of
smaller amines, indicating that 2,6 DTBP undergoes
the highest degree of structural change to adsorb on
BAS among all selected amines (Figure 7c).

Due to structural changes, an increase in energy
is expected from the amine in the fully relaxed state
(E4) to adsorbed state (E4 qqs) as shown in
Equation (3)

Distortion Energy = Ej qq4s — Ea 3)
Consistent with the RMSD, the distortion energy
for amines smaller than 2,6DTBP are similar and
below 10 kJ/mol, while the distortion energy of
2,6DTBP is 24 kJ/mol, indicating a significantly
larger structural change is required to form the ion-
pair structure even at a larger distance from the
zeolite wall (Figure 7d). DFT calculations for
amine adsorption on zeolite Y provide insight into
the impact of local steric limitations on the binding
strength of amines. Local steric constraints
destabilize amine binding by reducing the zeolite
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stabilization energy and forcing amines to undergo
unfavorable structural changes to fit into the zeolite
void near the BAS.

Accessibility of BAS by amines can also be
evaluated by in situ titration using methanol
dehydration as the probe reaction. Methanol was
introduced to HY at 150 °C with a steady
dehydration rate to dimethyl ether at 35
umol(geqr) tmin~1 before a steady stream of
2,6DMP, 2,6DEP, or 2,6DTBP was introduced to
titrate accessible BAS until saturation, identified
when the dimethyl ether synthesis rate only
fluctuated within 0.1% for 1 hour (Figure 8a). The
measured cumulative amine uptake is 1152
umol (gqqc)~t for 2,6DMP, consistent with the
BAS density of 1112 umol (g.q:)~! measured by
Murphy et al.’® The cumulative amine uptake
values are 952 and 535 pumol (geq)™ 1,
respectively, for 2,6DEP and 2,6DTBP showing
that BAS accessibility is more limited for the bulky
2,6DTBP compared with smaller amines including
2,6DMP. Additionally, the percentage of rate
suppressed is calculated to be 88%, 87%, and 79%,
respectively, for 2,6DMP, 2,6DEP, and 2,6DTBP
by Equation (4).

Percentage of rate suppressed =

rate at saturation
4)

rate at steady state before titration

The residual rate observed is potentially due to sites
that are accessible to small methanol molecules but
not to the bulkier amines.*

While DFT calculations and in situ titration of
methanol dehydration probed the local steric
limitations on BAS adsorption by amines, neither
studies considered the effect of methyl lactate and
water on amine adsorption (both present during the
methyl lactate dehydration reaction). The
adsorption energies of methyl lactate by the
methoxy oxygen and water at the BAS are
calculated to be -40 and -77 kJ/mol, respectively,
which are significant when compared with the
adsorption energy of 2,6DTBP (97.7 kJ/mol).

To account for the impact of methyl lactate and
water on amine adsorption, in situ titration
experiments were conducted to reveal BAS
accessibility by amines in the same environment
enriched in methyl lactate and water as in the co-
feed experiments (Figure 8b). The same 30 wt%
methyl lactate aqueous solution as used in co-feed
experiments was vaporized and introduced to HY at

Chem

180 °C, where only decarbonylation occurred. The
detailed experimental procedure is presented in
section 4.3.3. When conversion stabilized within
~1% over one hour, a steady stream of 2,6DMP,
2,6DEP, or 2,6DTBP was introduced to titrate BAS
until saturation (Figure 8b). The cumulative amine
uptakes were 691, 417, and 136 umol (g.q.)~* for
2,6DMP, 2,6DEP, and 2,6DTBP, respectively. The
discrepancy in 2,6DMP uptake between in situ
titration experiments with methanol and methyl
lactate arose from catalyst deactivation as indicated
by the ~50% decrease in methyl Ilactate
consumption productivity before steady conversion
in the left panel of Figure 8b.

In the in situ amine titration experiments of
Figure 8D, the three-fold lower cumulative uptake
for 2,6DTBP compared with that of 2,6DEP shows
that the BAS accessibility is significantly limited
for 2,6DTBP than 2,6DEP. The percentage of
productivity suppressed by amine titration was
calculated to be 88%, 81%, and 72%, respectively,
for 2,6DMP, 2,6DEP, and 2,6DTBP by Equation
(4). Productivity was reported instead of rate,
because the activities were not measured under
differential condition (i.e., initial conversion was
above 10 C %). Similar to titration on methanol
dehydration, residual productivities of methyl
lactate consumption were likely due to the presence
of sites that are accessible to the smaller methyl
lactate but not to the bulkier amines.*

Despite the significant differences in
cumulative amine uptake among the three amines,
the percentage of productivity suppressed is
comparable among all three amines. 2,6DMP is
commonly used as a BAS specific titrant due to the
methy! groups at the 2 and 6 position of the pyridine
ring.1***-°* Similarly, 2,6DEP, with ethyl groups
adjacent to the amine N, is expected to exhibit
selective BAS adsorption. Therefore, the high
cumulative amine uptake values observed with
2,6DMP and 2,6DEP are not likely caused by non-
selective site binding on both Lewis acid sites and
BAS. Alternatively, as the size of 2,6DTBP is
comparable to the window size of zeolite Y, pore
blockage by bulky amines can also suppress
catalyst activity even with a low amine uptake. We
believe that the similar extents of rate suppression
is caused by pore blockage in addition to acid site
poisoning.>*?

Activity suppression via pore blockage is also
supported by the relative size of amine and titrant
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Figure 9. () Bases with proton affinity! between 850 kJ/mol and 1100 kJ/mol was screened. 2,6DEP is denoted in a
red filled circle. A green region is defined with proton affinity higher than that of 2,6DEP and size smaller than that of
2,6DEP. Bases within the green region should exhibit high basicity and low sterics favoring further enhancement in
methyl lactate dehydration selectivity; (b) Potentially, a dehydration selectivity as high as 90 % may be achieved with
optimal bases of high basicity and low sterics in the green region in (a). Error bars in (b) are 95% confidence intervals
estimated from error propagation with methods in Supplementary Note 2. The dehydration selectivities with 1,1,3,3,-
tetramethylguanidine (blue), N,N,N’,N’ -tetramethylethylenediamine (red), and 1,2-dimethylimidazole as cofeed
titrant are compared in (c). The dehydration selectivity, carbon balance, and conversion with 1,1,3,3,-
tetramethylguanidine are shown in (d). Reaction condition: NaY, 300 °C, Pita = 101.3 kPa (Pmethyl lactate = 78.0 Pa, Pamine
= 7.8 Pa, Pyater = 1.1 kPa, balanced by helium at a flowrate of 90 mL mint), and WHSV = 0.9 h'’.

molecules with respect to the volume of zeolite Y
supercage. The space occupied by molecules can be
calculated by the van der Waals volumes, and the
volume of a zeolite Y supercage has been estimated
to be 667 A® by the method in section 4.4.2. The
number of amines that can be packed within the
supercage decreases in the order of 2,6DMP,
2,6DEP, and 2,6DTBP in the presence methanol or
methyl lactate (Figure 8c and d). The remaining
space in the void can be occupied by the smaller
methanol or methyl lactate, resulting in residual
activity at adsorption saturation. At a Si/Al ratio of
2.55, theoretically, there can be seven Al sites per
supercage on average,>*® and the presence of

adjacent sites is possible. The adsorption of bulky
amine including 2,6DTBP on one BAS can
physically block multiple adjacent BAS, while
smaller amines are more likely to chemically titrate
more BAS in a confined environment due to their
smaller overall sizes. It is therefore unsurprising
that the cumulative amine uptakes vary by a factor
of ~bx, yet 2,6 DTBP still exhibited a similar extent
of reactivity suppression to those of 2,6DMP and
2,6DEP. Notably, catalyst deactivation was
observed prior to amine titration, but correcting the
titration curves for catalyst deactivation does not
change the results for the cumulative amine uptakes
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or the percentages of productivity suppression
(Supplementary Note 11).

Overall, the lower binding strength calculated
from DFT calculations as well as low site
accessibility observed experimentally shows that
BAS adsorption by 2,6DTBP is hindered by the
local steric limitations of the amine. Even given
sufficient time to overcome internal diffusion
limitations, amines with high degree of local steric
limitations such as 2,6DTBP would still not be able
to exhibit desirable BAS titration to promote
selective lactic acid dehydration to acrylic acid. For
further selectivity enhancement, a search is
necessary for titrants with high basicity and small
size.

2.6 Prediction on the Optimal Amines/Bases.
While we utilize amine basicity for BAS titration to
eliminate side reactions, amine steric limitations
remain the limiting factor that prevents the
achievement of selectivity above 90 C % in methyl
lactate dehydration. Therefore, amines with high
basicity but low steric constraints are desirable for
methyl lactate dehydration within porous solid acid
catalysts. To facilitate the search, ~800 bases with
various proton affinities*® and sizes were
considered. As shown in Figure 9a, a region with
bases with proton affinity higher and size smaller
than those of 2,6DEP is highlighted in green. The
46 bases in the green region, listed in Table S5,
should exhibit strong BAS binding due to the high
basicity and low steric constraints. When the effect
of amine steric limitations is minimal, amine
basicity will determine BAS titration and further
improve dehydration selectivity with the increase in
basicity. Potentially, optimal bases with proton
affinity above 1037 kJ/mol from the green region
may yield greater than 90 C % methyl lactate

dehydration  selectivity, passed on linear
extrapolation from unhindered aromatic amines
(Figure 9b).

Selected bases within the green region were
examined for methyl lactate dehydration selectivity
enhancement. Under co-feed conditions at 300 °C,
dehydration selectivity above 80 C % can be
experimentally achieved with amines from the
green region of Figure 10a. In particular, a
dehydration selectivity of 89 C % was observed
with 1,1,3,3-tetramethylguanidine (TMG) for the
first five hours of co-feed experiment (Figure 9c)
but decreases with time to 80 C % at 10 h TOS. As
the proton affinity of TMG is 1032 kJ/mol (Table
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S5), which is close to the basicity value predicted
in Figure 9b for 90 C % dehydration selectivity, the
89 C-mol% dehydration selectivity achieved with
TMG is not surprising. However, the unsteady
dehydration selectivity over time accompanied by a
decrease in carbon balance to below 80 C % beyond
five hours time-on-stream (Figure 9d) indicates
that TMG, albeit a strong base, is unstable under
reaction conditions and is not desirable for
industrial applications.

The dilemma is that high basicity often
corresponds to high reactivity, because the highly
basic functional group can act as a strong
nucleophile. TMG, a strong base, may have reacted
with acrylic acid in the reaction system, resulting in
loss of carbon and lower dehydration selectivity.
Therefore, in addition to high basicity and small
size, molecule stability should be another factor for
the design of desirable titrant to achieve above 90
C % selectivity in industrial applications. Further
examination on amines within the green region is
required to identify stable and highly basic titrant
for methyl lactate dehydration selectivity
enhancement; this is the focus of future work.

3.0 Conclusions. In this work, we have
demonstrated the use of stronger co-fed Bronsted
acid site (BAS) titrants for selectivity control via
suppression of side reactions. Amines with
different basicity and size improve methyl lactate
dehydration selectivity from 61 C % up to 84 C %
over NaY. Surprisingly, dehydration selectivity
does not increase monotonically with basicity but
achieves a maximum using 2,6-diethrylpyridine
(2,6DEP) titrant with moderate basicity of 972
kJ/mol and a size around 85% of the NaY pore
diameter. The effectiveness of BAS titration is
found to be controlled by both the titrant basicity
and steric limitations. As the size of titrant molecule
increases, steric hindrances start to outweigh the
effect of amine basicity and limit BAS accessibility
in the form of internal diffusion limitations and
local steric constraints. Bulky amines such as 2,6-
diisopropylpyridine (2,6DIPP) and 2,6-
ditertbutylpyridine (2,6DTBP) were shown to
diffuse slower by one or two orders of magnitude
than smaller amines such as pyridine through MD
simulations. Pre-saturating the NaY catalyst bed
with bulky amines significantly enhanced methyl
lactate dehydration selectivity, indicating that
internal diffusion hinders BAS accessibility by
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bulky amines such as 2,6DIPP and 2,6DTBP.
Another form of steric limitation arises from the
interactions between amine and the zeolite
framework surrounding a BAS. Density Functional
Theory (DFT) was used to calculate adsorption,
stabilization, and distortion energies between
amine and a BAS in zeolite Y to reveal that BAS
binding by bulky amines such as 2,6DTBP is
hindered due to the local steric interactions; this is
further also supported by the limited site
accessibility to 2,6DTBP measured by in situ amine
titration on methyl lactate decarbonylation over
HY. Therefore, the optimal amine or base that
yields better selectivity enhancement than the
existing selectivity maximum should have a proton
affinity above 972 kJ/mol and size below 85% of
the NaY pore size. Selected bases that satisfy the
criterion afforded dehydration selectivity as high as
89 C % but showed selectivity decrease over long
TOS due to low stability. We propose that the
results of this study can be utilized to further
improve methyl lactate dehydration selectivity
beyond 90 C % using stable titrants that achieve
sufficient metrics for basicity and size.

4.0 Materials and Methods.

4.1 Materials Preparation. Prior to materials
characterization and reactivity measurements, NaY
(Zeolyst International, CBV-100, Si/Al = 2.6, lot#
100031080671) and NH,*-Y (Zeolyst International,
CBV-500, Si/Al = 2.6, lot # 400054002618) zeolite
catalysts were calcined at 550 °C for 12 hours with
a 1.0 °C/min ramp rate to remove water and residual
organic compounds. CBV-500 was originally in the
ammonium form and was converted into proton
form (HY) after calcination. All chemicals, namely
HPLC grade water, methyl lactate [98%)],
acetaldehyde [99.5%], methanol [99.9%], methyl
acrylate [99%], 2,3-pentanedione [97%], methyl
pyruvate [95%], acrylic acid [99%], pyridine
[99.8%], 3,5- dimethylpyridine [98%], 2,6-
dimehylpyridine [99%], 2,6-diethylpyridine [95%],
2,6-diisopropylpyridine [97%], 2,6-
ditertbutylpyridine [97%], 1,2-dimethylimidazole
[98%],  N,N,N’,N’ -tetramethylethylenediamine
[99.5%], and 1,1,3,3-tetramethylguanidine [99%)]
were purchased from Sigma Aldrich and used as
received.

Chem

4.2 Materials Characterization. Textural
information of the NaY and HY zeolite samples
was obtained using argon physisorption at 87 K.
Isotherms were collected by an Autosorb iQ2
porosimetry instrument from Quantachrome. Pore
volume and pore size distribution were calculated
using the Saito-Foley method with cylindrical pore
geometry. Prior to physisorption measurements, the
samples were outgassed to remove absorbed water
at 300 °C for six hours and cooled to room
temperature under vacuum in the degas port of the
instrument. Powder X-ray diffraction (XRD)
patterns were collected with a Bruker AXS D5005
diffractometer using Cu K, (1 = 1.5418 A) as the
radiation source to verify the framework type and
crystallinity of NaY and HY. Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES)
was used to confirm the Si/Al ratio of the zeolite
samples. Solid state 2’Al-MAS NMR on a Bruker
DSX-500 with a Bruker 4.0 mm MAS probe was
used to detect the existence of extra-framework
aluminum in the NaY and HY sample. The
chemical shifts were calibrated with AICI; as the
standard reference for octahedral Al.>®

The concentration of BAS on the freshly
calcined NaY sample was quantified using the
reactive gas chromatography (RGC) method
previously developed by Dauenhauer and co-
workers.® Prior to RGC analysis, the NaY zeolite
sample (calcined ex-situ at 550 °C by the method of
section 2.1) was calcined at 400 °C for one hour
with a ramp rate of 10 °C min™ to further remove
water absorbed during sample storage. At 150 °C,
tert-butylamine was dosed by pulse injections from
the automatic liquid sampler on the freshly calcined
NaY sample until saturation. The excess and
physiosorbed tert-butylamine was purged by
helium for two hours; the remaining tert-
butylamine were chemisorbed on Brgnsted acid
sites of the catalyst sample. Then the NaY sample
was subjected to a linear temperature increase at a
ramp rate of 10 °C min™ to 250 °C, during which the
chemisorbed tert-butylamine underwent Hofmann
elimination to produce isobutene and ammonia.
Isobutene was accumulated in the GC column at 30
°C and was released to FID for quantification as the
column temperature ramped linearly to 270 °C with
arate of 10 °C min™*. The area of the isobutene peak
from the FID was calibrated with ZSM-5 (Si/Al =
140, CBV-28014) of known BAS concentration to
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estimate the amount of Brgnsted acid sites in the
NaY sample. The BAS density of NaY and HY
were also measured with in situ titration
experiments, which will be discussed in detail in
section 4.3.3.

4.3 Reaction Activity Measurements. All
reactivity measurements were performed at
atmospheric pressure using a micro-flow catalytic
packed bed reactor contained in a modified gas
chromatography (GC) inlet as described in our
previous work®’. A detailed reactor design is shown
in Figure S1 and Supplementary Note 2. The
temperature and gas flowrate were precisely
controlled by the Agilent 7890B GC. The catalyst
bed was comprised of 20 mg of ex-situ calcined
(with method described in section 2.1) zeolite
sample sandwiched between two layers of
deactivated quartz wool (Restek, CAS. #20789).
Prior to the reaction, the catalyst bed was calcined
in situ with air at 400 °C for five hours with a ramp
rate of 3 °C min™*. A continuous liquid reactant flow
was fed by a Cole-Parmer 78-8110C syringe pump
to a vaporizer embedded in the valve box of the GC,
where the liquid reactant feed was vaporized and
carried by the carrier gas helium to other gas lines
in the reactor. Similarly, titrant amines were
introduced to the reactor system using a separate
Cole-Parmer 78-8110C syringe pump. The feed
streams containing reactant and titrant were
directed using the switching valve in GC to flow
through or bypass the catalyst bed (Figure S2).

The reactor effluent was separated by an HP-
FFAP column (Agilent Technologies) with a ramp
rate of 10 °C min™® from 50 °C to 240 °C and
analyzed a quantitative carbon detector (QCD,
Polyarc™)% in conjunction with a flame ionization
detector (FID). Due to the QCD, the molar flowrate
of carbons associated with each species can be
directly measured using one pre-determined
calibration factor.

4.3.1 Amine Co-feed Experiments. Methyl
lactate dehydration was evaluated over NaY with
co-fed amines at 300 °C. NaY was loaded to the
catalyst bed and 30 wt% methyl lactate aqueous
solution was fed to the reactor at a flowrate of 1.0
uL min™. Amine was introduced in a separate feed
stream to the reactor with a flowrate to attain a 10:1
ratio of methyl lactate: amine.!”® At the beginning
of each experiment, four bypass runs were
performed and averaged to measure the total molar
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flowrate of carbons from methyl lactate, Nyo,
entering the reactor system. The carbon balance
was defined by Equation (5),

carbon balance =

Nco+Nact+Nyr+Nya+Npp+Nyp+Nyp+Naa

X 100%
®)

where AC is acetaldehyde, MT is methanol, MA is
methyl acrylate, PD and MP are minor side
products, 2,3-pentanedione and methyl pyruvate,
respectively, ML is methyl lactate, and AA is acrylic
acid. All the molar flowrates are carbon molar
flowrates of the corresponding species in the unit of
moles of carbon per minute. The carbon-based
conversion and molar reaction rate were calculated
as,

NmLo

conversion =

Nco+Nac+Nur+Nya+Npp+Nyp+Nag

X 100%  (6)

NmLo

N;
number of carbonsin i (7)
mass of catalyst

rate; =

where i represents species i in the system. Carbon
balances for all experiments are shown in Figure
S2. Productivity was reported instead of rate using
the same Equation (7) when the reactions were not
operated under differential condition. The
dehydration pathway selectivity (or dehydration
selectivity) was calculated as,

dehydration selectivity =

Npma+Naa+NmT DH
Ncot+NactNmur+Nyma+Npp+Nyp+Naa

x 100%  (8)

Nyr py is the molar flowrate of carbons of
methanol from the dehydration pathway and is

1 .
assumed to be gNAA- The carbon balance on

methanol shows that methanol was conserved in the
form of methyl acrylate, methyl lactate, methyl
pyruvate, and methanol itself (Figure S2). The unit
of carbon balance, conversion, and dehydration
selectivity is C % or mol%. The weight hourly
space velocity (WHSV) was defined as,

Pang, et al.

Page 16



mass flowrate of reactant

WHSV =

(9)

mass of catalyst

The stability of amines at 300 °C was examined
by flowing selected amines used in this study,
namely pyridine, 2,6-diethylpyridine, and 2,6-
ditertbutylpyridine, at the same partial pressure as
that in the co-feed experiment over NaY and HY.
No reactivities were observed with the three
amines.

4.3.2 Amine Pre-saturation Experiments.
For the experiments presented in Figure 5
addressing the internal diffusion limitations of co-
feed amines, NaY catalyst bed was pre-saturated
with amine by flowing amine through the catalyst
bed for 24 hours with the same flowrate as in the
co-feed experiments. After pre-saturation, methyl
lactate was co-fed with amine over NaY at the
molar ratio of 10:1 of methyl lactate: amine at the
same flowrates as in the co-feed experiments. The
resulting reactivities were measured and calculated
in the same manner as in section 2.3.1.

4.3.3 In situ Titration Experiments. BAS
density of HY and NaY was also determined by in
situ titration of methanol dehydration using 2,6-
dimethylpyridine as titrant due to its higher BAS
selectivity compared with pyridine.***> The in situ
titration measurements were performed on the
reactor setup described in section 2.3.1 and
Supplementary Note 2. While 2,6-dimethylpyridine
desorbs at 240 °C from sodium acidic sites on
NaY,*® the desorption temperature from BAS on
HY is expected to be higher than 240 °C due to
formation of hydrogen bonding.®®®* The desorption
temperature is also expected to be higher than 240
°C for amines with higher basicity than 2,6-
dimethylpyridine, as observed with the increase in
desorption temperature from 150 °C with the
weaker base pyridine to above 240 °C with the
stronger base 2,6-dimethylpyridine from BAS.%
Therefore, a reaction temperature below 240 °C
ensures irreversible adsorption on BAS for amines
with the same or higher basicity than 2,6-
dimethylprydine.

For the HY catalyst sample with the same Si/Al
ratio as that of NaY used in co-feed experiments,
methanol was delivered at 150 °C at a partial
pressure of 1 kPa to achieve differential conversion
at ~3%. Dimethyl ether was the only observed
product from methanol on HY at the specified
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reaction temperature. At steady conversion and
dimethyl ether synthesis rate, 2 Pa of 2,6-
dimethylpyridine, 2,6-diethylpyridine, or 2,6-
ditertbutylpyridine was introduced to quench
methanol dehydration. When amine adsorption
reached saturation, the rate of dimethyl ether
formation only fluctuated within 0.1% for one hour,
and the cumulative amine uptake at saturation
yielded an estimate for the BAS density of HY as
well as BAS accessibility to the selected amines.
Methanol was also fed to 20 mg of NaY at a partial
pressure of 1 kPa. The conversion of methanol on
NaY was evaluated at 150, 180, 230, and 300 °C
prior to the introduction of 2,6-dimethylpyridine to
measure BAS count. However, no methanol
reactivity was observed over NaY even at 300 °C
due to the lower activity of sodium sites on NaY,
indicating the lack of Brensted acidity in this
material.

The BAS accessibility by amine under
competition with methyl lactate was measured with
in situ titration experiments using methyl lactate
decarbonylation as the probe reaction. HY was used
to directly estimate the competition between methyl
lactate displacement and amine adsorption on
Brognsted acid sites. The reaction temperature of
180 °C was selected to achieve irreversible amine
adsorption®® and measurable methyl lactate
decarbonylation activities. The partial pressure of
methyl lactate and water as well as the weight
hourly space velocity (WHSV) remained the same
as in the amine co-feed experiments. Methyl lactate
flowed through the HY catalyst bed at 180 °C until
conversion fluctuated only ~1% within one hour. A
steady stream of amine was then introduced at a
molar ratio of methyl lactate: amine of 240:1 to
maintain the same partial pressure of methyl lactate
before and after amine introduction and to ensure
appropriate  timescales for rate quenching
measurements based on the temporal resolution of
GC methods. The reaction was allowed to proceed
until a new steady state conversion was reached
with fluctuation within 0.1% for one hour.

4.4 Computational Methods. In addition to
reactivity measurements by experiments, the
adsorption of amines in zeolite Y were also
evaluated with computation. The proton affinity of
methoxy oxygen of methyl lactate was calculated
by density functional theory (DFT) and the size of
amine molecules was estimated by calculated
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molecular size descriptors. The size of zeolite Y
supercage was estimated from the occupiable
volume of zeolite Y. Internal diffusion was
evaluated by calculating the self-diffusion
coefficient of amines in zeolite Y using molecular
dynamics (MD). Additionally, the local steric
interactions between amine and zeolite framework
around a BAS and amine adsorbed on a BAS were
computed using density DFT calculations to
quantify the local steric interactions.

4.4.1 Proton Affinity Calculations. Proton
affinity (PAFF) is defined as the negative of molar
enthalpy change at 298.15 K for the reaction listed
in Equation (11).

A+ H* > AH* (11)

Assuming ideal gas behavior, the protonation
reaction enthalpy (AH,.,,) can be obtained from the
change in internal energy (AE,,) as:

AH,y, = AE,,, — RT = —PAFF  (12)

where R is the gas constant and T is temperature.
The internal energy E (T) of a nonlinear polyatomic
molecule can be approximated as the summation of
translational (E¢qns), rotational (E,.,.), vibrational
(E,ip), and electronic energies (E,0c).%

E(T) = Etrans + Erot + Evip + Eciec (13)

The contributions from E;.4.ns and E,,; are both
%RT. E,;, can be decomposed as the summation of

the zero point energy (ZPE) and a temperature
dependent portion E'”(T), which is generally
negligible compared with ZPE. As the proton only

possess translational energy of % RT, proton affinity

can be obtained from the change in electronic
energies and zero point energies due to protonation
with the following equation:

PAFF = —AEy, — AZPE + > RT (14)

The gas-phase ground-state electronic energies and
zero point energies of the molecules before and
after protonation were calculated by DFT using
Gaussian 16* with the B3LYP functional and 6-
311++G(3df,3pd) basis set®®%, The calculated
proton affinity values are in agreement with
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reported values from experiment measurements®
(Figure S6), showing the validity of estimating gas-
phase proton affinities using the described method.
The proton affinity of the methoxy oxygen of
methyl lactate was then calculated with the same
method.

4.4.2 Molecular Size Descriptor and
Supercage Volume Calculations. The size of
molecules can be quantified by spatial descriptors
that differ in describing the boundary of an
electronic molecular orbital. Here, we first
calculated several size descriptors and selected one
to define the size of amine or base molecules in this
study. The four descriptors compared include:

e The ‘effective diameter’ defines the diameter of
the smallest cylinder into which the molecule
can fit.

e The ‘maximum diameter’ is the diameter of a
fully relaxed molecule modeled in the shape of
a sphere.

e The ‘van der Waals volume’ of a molecule is the
sum of volumetric contribution of individual
atoms modeled as sphere based on bond
distances, bond angles, and intermolecular van
der Waals radii.®’

e The ‘kinetic diameter’ indicates the probability
of molecular collisions in gas phase.

The effective diameter, maximum diameter, and
van der Waals volume were calculated using the
QSAR Toolbox (version 4.3.1). The van der Waals
diameter was calculated from the van der Waals
volume, assuming the molecules are spherical, by
Equation (15),

dyaw = 2 % (L2825 (15)
41
where d, v i the van der Waals diameter and
V,aw is the calculated van der Waals volume. The
kinetic diameter (dj) can be calculated from the
critical volume (1) or critical temperature (T,) and
pressure (P.) of a fluid,®®

d, = 0.841V.'/3 (16)
di = 24493 (17)
where V. is in cm® mol?, T is in K, and P. is in atm.

However, data for the critical properties are not
readily available for all amines in this study.
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Alternatively, the Kinetic diameter can also be
estimated from the molecular weight (MW) of the
molecule for aromatic hydrocarbons:®°

d, = 1.234(MW)1/3 (18)

The volume of zeolite Y supercage is
calculated from the occupiable volume of zeolite Y
(Voee), 370 A3, defined as the open volume that can
be occupied by 2.8 A2 spheres in the zeolite Y
framework within a 1000 A® cube™ using Equation
(19).

1 Voce
Supercage Volume = NVunit cell m (19)

N is the number of supercages per unit cell, which
is eight in a unit cell with volume (Vynit cer) OF
24.345 x 24.345 x 24.345 A3 173

4.4.3 Molecular Dynamics (MD) Simulations
of Amine Diffusion in Zeolite Y. Molecular
diffusion in confined pores can be hindered by
structural interactions within a confining
environment.”* MD simulations were performed
with using the Large-scale Atomic and Molecular
Massively Parallel Software (LAMMPS) version 5
June 2019 to compute amine diffusion in zeolite Y
using the MedeA Environment by Materials
Design®. An all-silica zeolite Y unit cell (24.345 x
24.345 x 24.345 A3, a, B,y = 90°) with 3-D pore
channels was obtained from the International
Zeolite Association (1ZA) database, and all sodium
cations were removed from the zeolite Y unit cell.
A 2 x 2 x 2 supercell (48.690 x 48.690 x 48.690
A% a, B,y = 90°) was generated from the sodium-
free zeolite Y unit cell. The all-atom PCFF+
forcefield, modified by Materials Design from the
PCFF forcefield,” was selected to model molecular
diffusion in zeolite Y. Periodic boundary conditions
were applied in all three dimensions. A potential
cutoff of 9 A was employed for short-ranged
interactions, and the particle-particle-particle mesh
(PPPM) Ewald sum was applied to simulate long-
ranged Coulombic interactions. An equilibration
simulation was performed on the empty supercell to
test the stability of the supercell with the PCFF+
forcefield. The supercell was first equilibrated with
a 1.0 fs time step at constant 300 °C and 1.0 atm
(NPT) with a Nosé-Hoover (NH) barostat and
thermostat for 100 ps. The resulting structure was
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further equilibrated in the isochoric isothermal
ensemble (NVT) for 100 ps with temperature fixed
by the NH thermostat. The temperature, pressure,
and energy profiles are shown in Supplementary
Note 7. The resulting equilibrated framework was
then used in the diffusion simulations.

To further validate the choice of zeolite
framework and forcefield, sample calculations on
water diffusion in zeolite Y were performed at 300
°C and 1.0 atm to compare with a literature study
using LAMMPS.” A total of 411 water molecules
were randomly distributed in the equilibrated
zeolite Y framework. The framework was frozen,
and water molecules were allowed to move freely
in the framework. A 200 ps isochoric isothermal
(NVT) simulation with 1.0 fs time step was used to
relax the system and the NH thermostat was
employed. The diffusion properties of water were
determined over a 5.0 ns simulation with a 1.0 fs
time step. The self-diffusion coefficient (D) of
water can be calculated from the mean-square
displacement (MSD), which should be linearly
dependent on time according to the Einstein
Relation,

MSD() = 3 lim(EL, |7 (6) — i (0)I?) = 6Dst
(20)

Four independent trials with different initial water
molecule distributions were conducted to minimize
the effect of initial configurations. The resulting
self-diffusion coefficients were comparable to
literature values from both computation and
experiment, validating the choice of framework and
force field (details in Supplementary Note 7).

Diffusion simulations of amines in zeolite Y
were performed at 300 °C and 1.0 atm using the
same procedure. A total of 10 amines were
randomly placed in a 2 x2 X2 equilibrated
supercell to approximate amine uptake in zeolite Y
(details in Supplementary Note 7). Diffusion
properties were calculated with the same steps and
methods as in the water diffusion simulation. The
self-diffusion coefficient of each amine in the
zeolite 'Y framework was evaluated with 20
independent trials with different initial amine
distributions in the zeolite supercell.

4.4.4 Density Functional Theory (DFT)
Calculations of Amine Adsorption on zeolite Y.
All calculations of amine adsorption on a BAS
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within the zeolite Y framework were performed
using periodic DFT with the Vienna Ab Initio
Simulation Package (VASP)”" version 5.4.4
incorporated in the MedeA Environment. The
generalized gradient corrected Perdew-Burke-
Ernzerhof (GGA-PBE)”® exchange correlation
functional was employed in all calculations with a
plan-wave basis set and the projector augmented
wave (PAW) potentials, where Si (3s3p), O (2s2p),
Al (3s3p), H (1s), C (2s2p), and N (2s2p) were
included explicitly in the valence. *% A cutoff of
the plane-wave basis of 450 eV along with the T'-
point sampling of reciprocal space was used. DFT-
D3 with Becke-Johnson (BJ) - damping was used
to include dispersion interactions between the
adsorbate and zeolite.?-# A Gaussian smearing of
0.05 eV was applied at the Fermi level, and the total
energies were extrapolated to zero smearing.
Geometry optimizations were converged to an
energy threshold of 10° eV and a force threshold of
0.02eVv A%

The initial structure for the all silicate zeolite Y
periodic unit cell (24.345 x 24.345 x 24.345 A3,
a,f,y =90°) was again obtained from the
International Zeolite Association (1ZA) database
and all sodium cations were removed from the
framework prior to optimization. One silicon atom
on the 12-member ring window of a supercage was
replaced by an aluminum atom. The resulting
negative charge on an adjacent oxygen to the
aluminum was balanced by a proton, which resulted
in the addition of a BAS to the zeolite Y framework
(Figure S16a). All atomic positions and lattice
constants were relaxed for the empty framework.
Amine molecules were optimized individually in a
fixed unit cell (25.000 x 25.000 x 25.000 A,
a, B,y = 90°) prior to adsorption simulations. The
energy-minimized amine was then placed near the
introduced BAS with the amine nitrogen facing the
Brgnsted proton. The initial N-H distances for all
amines were close to one bond length of the N-H
bond in the pyridinium cation.*” Structural
optimization was employed on the zeolite-amine
system assuming a rigid framework approximation
(i.e., only the positions of the amine are relaxed in
the optimization) with the exception of the BAS
proton, oxygen, aluminum, and silicon, which were
allowed to move during the optimization.

The total electronic energies of the optimized
structures for zeolite (E;), amine (E4), and the
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zeolite-amine system (E,,) were used to calculate
adsorption energies of the amine on zeolite Y as
shown in Equation (1). The structure of the amine
in the zeolite-amine adsorbed optimized geometry
was extracted, deprotonated, and frozen. A
structure optimization calculation was performed
for the isolated adsorbed amine (E4 q45). The
energy difference, defined as distortion energy,
between amine in the adsorbed state (E, 445) and
relaxed state (E4) can be calculated by Equation (3)
to account for the possible energy gain due to local
steric interactions as adsorbate molecule bind onto
the BAS. The root mean squared deviation between
structure of the adsorbed and relaxed amine was
also calculated using the Visual Molecular
Dynamics (VMD)® to directly quantify the
structural change due to local steric limitations.

The same calculations were repeated with a
higher energy cutoff of 550 eV with pyridine, 2,6-
diethylpyridine, and  2,6-ditertbutylpyridine.
Adsorption energies for the selected amines only
differed by 2 kJ/mol compared with the values
calculated at the energy cutoff of 450 eV (Table
S4), supporting the initial choice for the energy
cutoff of 450 eV. In addition, the same amine
adsorption calculations were performed with all
atoms relaxed with 2,6-diethylpyridineand 2,6-
ditertbutylpyridine.  Adsorption energies only
changed by 10 and 7 kJ/mol respectively (Table
S4), validating the rigid framework approximation
for the adsorption calculations.
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