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ABSTRACT: Decarbonylation of carboxylic acids is an effective co

reaction for alkene production but suffers from the requirement of C,Hyy,, COOH —= C,Hyy OH J O
homogeneous transitional-metal-based catalyst, ligand, and stoichio- n=1
metric additive. Herein, we report the example of heterogeneous

n>1

CnHZn

+CH,COOH CH;COO0CH;

zeolite-catalyzed decarbonylation, in which acetic acid generates

methyl acetate with a selectivity close to 90%, while propionic and butanoic acid provide ethylene and propylene, respectively, both
with a selectivity of about 70% over pyridine-modified H-MOR. Decarbonylation of acetic acid proceeds via the generation of
methanol by the cleavage of carbonyl C=0O from hydrogen-bonded acetic acid and the subsequent esterification to methyl acetate.
Similarly, decarbonylation of propionic and butanoic acid correspondingly result in ethanol and propanol, which dehydrate rapidly to
ethylene and propylene. This finding presents additional perspectives on decarbonylation of carboxylic acids and offers an approach

for production of alkenes from biomass.
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D ecarbonylation is an effective reaction to provide
alkenes' and has potential for renewable alkene
production from carboxylic acids that could be abundantly
found in bio-0il.*? Currently, alkenes are feedstock chemicals
that are conventionally produced in a large scale by cracking in
the petroleum industry and consumed tremendously in the
manufacture of plastics and fine chemicals. Recently, Szostak et
al. have revealed the importance of decarbonylation of
carboxylic acids by demonstrating the capability for the
production of various aromatics," ® which are as important
as alkenes. However, the utilization of decarbonylation is
limited because it requires catalysts that contain transitional
metals such as Ni, Pd, Ir, and Pd, among others, that are
accompanied by an organic ligand and usually the addition of
stoichiometric additive such as anhydride), and most of the
reported decarbonylation reactions are homogeneous.””~"* Up
to now, the heterogeneous decarbonylation of carboxylic acids
conducted without any transitional metal, ligand, or stoichio-
metric additive has not been reported.

Herein, we present the first example of zeolite-catalyzed
heterogeneous decarbonylation of carboxylic acid. Acetic,
propionic, and butanoic acid were employed and converted
into methyl acetate, ethylene, and propylene, respectively, over
pyridine-modified H-MOR without any participation of
transitional metal, ligand, or stoichiometric additive.

Decarbonylation of acetic acid was tested over different
zeolites, and the results are shown in Figure 1. These H-
zeolites are used because of their different channel dimension
and the size of the openings (Table.S1). For H-ZSM-5, H-
ZSM-35, H-Beta, and H-Y, the primary product is acetone,
indicating that ketonization of acetic acid majorly took place
over these zeolites. H-MOR is also capable for ketonization,
and the selectivity of acetone is about 9%; however, methyl
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Figure 1. Results of decarbonylation of acetic acid over different
zeolites at 240 min, 593 K, 1 bar, P, . .cia = 6 kPa, total GHSV =
3000 h™', and Ar was used as balancing gas.

acetate holds a large proportion in the product, and the
selectivity reached 88%. It should be noted that neither
dimethyl ether (DME) nor methanol was introduced in the
reaction, but acetic acid was still converted into methyl acetate
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directly. In contrast, DME and methanol could be found as
products with a selectivity of ~3%. Additionally, there is no
obvious conversion of acetic acid over Na-MOR; therefore, the
significant difference in methyl acetate selectivity between H-
MOR and Na-MOR indicates that the decarbonylation of
acetic acid is an acid-catalyzed reaction.

Mordenite contains 8-membered ring channels (8M.R. 2.6 X
5.7 A) and 12M.R. channels (6.5 X 7.0 A) that are both
parallel with the ¢ axis, and 8M.R. and 12M.R. channels are
connected by an 8M.R. passage (3.4 X 4.8 A) along the b axis,
which is also called the side pocket.'* Acids in 12M.R. main
channels and 8M.R. side pockets may behave differently in this
reaction. Thus, pyridine treatment for H-MOR was used to
differentiate their catalytic performances, and this procedure
has been applied in the literature.'*~"” The difference between
H-MOR and pyridine-treated H-MOR (denoted as py-H-
MOR) can be observed by the IR spectra (Figure.S2). After
pyridine treatment, the peak at 3600 cm™' shifted and
weakened to 3585 cm™!, which were assigned to acids in the
12M.R. channel and the 8M.R. side pocket, respectively.'®™*°
Results agree with recent literature that pyridine is able to
hinder the acids in both the 12M.R. main channel and the
8M.R. side pocket, but pyridine that adsorped on acids located
in the 8M.R. side pocket would desorb upon heating.”'
Therefore, only acids in the 8M.R. side pocket remain active
for py-H-MOR. The result of the reaction over py-H-MOR is
also presented in Figure 1. There is no significant difference in
selectivity of methyl acetate between the two catalysts, but the
conversion of acetic acid is even higher over py-H-MOR,
indicating that the formation of methyl acetate is catalyzed by
acids located within the 8M.R. side pocket of H-MOR and that
pyridine acted as an acidity-modifier and did not catalyze the
formation of methyl acetate.

The time-on-stream of the reaction over H-MOR and py-H-
MOR is shown in Figure.S3. The conversion of acetic acid over
H-MOR reaches a max of ~17% and then drops slowly, while
that over py-H-MOR remains ~27%. The selectivity of methyl
acetate over both catalysts is ~90%. Veefkind et al.** have
reported that the synthesis rates of ethylamine is ~1.5 times
higher on H* within the 8M.R. side pocket than those within
12M.R. channels, and Liu et al.”*** found a higher yield of
methyl acetate over H-MOR in which the acids in the 12M.R.
channel were removed. Similarly, it could be possible that the
formation rate of methyl acetate is also faster in the 8ML.R. side
pocket than in the 12M.R. channel. As an acidity-modifier,
pyridine restricts the reaction to take place only in the 8M.R.
side pocket, and therefore, a higher yield of methyl acetate is
obtained over py-H-MOR. Additionally, previous investiga-
tions have pointed out that acids in the 12M.R. main channels
easily lead to the coke formation;>>*° thus, the coke generated
in the 12M.R. main channels would cause a drop in the
conversion of acetic acid. TG analysis of spent H-MOR and
py-H-MOR is shown in Figure.S4. The final weight
percentages were 91.51% for py-H-MOR, 87.85% for H-
MOR, and 92.4% for the fresh py-H-MOR. The results in TG
analysis illustrated that there is more coke in spent H-MOR
than in spent py-H-MOR. Thus, pyridine would deactivate
acids in 12M.R. main channels of H-MOR, suppressing the
coke production, and the conversion of acetic acid in 8M.R.
side pocket is reserved.

The fracture of the acetyl group of acetic acid occurs in this
reaction because the methoxy groups of methyl acetate are the
C, components. It can be anticipated that the C—C breakage
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produces an equal amount of C; product and CO, a reaction
that is similar to the reversed direction of methanol
carbonylation to acetic acid. As shown in Figure 2, carbon
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Figure 2. Formation rate of CO and methyl acetate over H-MOR and
py-H-MOR. 593 K, 1 bar, P, . aiqa = 6 kPa, total GHSV = 3000 h™},
and Ar was used as balancing gas.

monoxide was detected in the effluent, and the flow rates of
methyl acetate and CO were quite close. The ratios of CO flow
rate to that of methyl acetate were about 1.14 and 1.01 over H-
MOR and py-H-MOR, respectively (Figure.SS). The for-
mation rate ratio indicates that the C—C bond in acetic acid
breaks into equivalent CO and CH;—, and most CH;— in
acetic acid eventually presented in the form of methyl acetate.

The effects of reaction conditions, including temperature,
partial pressure of acetic acid and CO, and contact time, were
studied. Decarbonylation of acetic acid is triggered at 553 K,
and the selectivity of methyl acetate eventually reached and
maintained at ~90% with increasing temperature (Figure 3a).
Acetic acid becomes a reactant at the temperature that
decarbonylation is activated. As shown in Figure.S6, ethyl
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Figure 3. (a) Effect of temperature (1 bar, P, . .iq = 6 kPa, total
GHSV = 3000 h™"). (b) Effect of partial pressure of acetic acid (593
K, 1 bar, total GHSV = 3000 h™"). (c) Effect of CO partial pressure
(593 K, 1 bar, P, 4 acia = 3.1 kPa, total GHSV = 4224 h™!). d) Effect
of contact time (593 K, 1 bar, P, acia = 6 kPa). Py-H-MOR was
used as catalyst, and Ar was used as balancing gas.
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acetate generated about the same selectivity of ethylene and
acetic acid at 553 K, and about 7.2% selectivity of methyl
acetate could be found when the temperature was 593 K,
which succeeded in obtaining methyl acetate from ethyl acetate
for the overall reaction. The formation rate of methyl acetate
did not depend on the partial pressure of acetic acid, as
presented in Figure 3b, which implies that strong adsorption of
acetic acid took place. Formation rates of both methyl acetate
and methanol (DME was counted as double methanol) were
linearly (R* = 0.99) suppressed by CO (Figure 3c). The active
sites for decarbonylation of acetic acid over py-H-MOR were
the acids located in the 8M.R. side pocket of H-MOR, which
was also selective for carbonylation of DME and methanol.””*"
Previous studies have also demonstrated that increasing partial
pressure of CO linearly increases the formation of methyl
acetate” and also increases the selectivity ratio of acetic acid to
methyl acetate.'” Therefore, the negative kinetic relevance of
CO partial pressure indicated that decarbonylation of acetic
acid could be a reversible reaction and the CO was produced
by the direct cleavage of carbonyl C=0O from acetic acid.

The effect of contact time was studied to investigate the
change of product distribution on the catalyst by adjusting the
amount of catalysts. The formation rates of methyl acetate and
methanol on different contact times are shown in Figure 3d
(DME was counted as double methanol). The formation rate
of methanol increases about linearly (R* = 0.98) with the
contact time, suggesting that methanol is involved neither with
carbonylation nor esterification reaction and acted as a final
product. However, most of the methanol participates in
esterification, leading to the formation rate of methyl acetate at
least ~25 times higher than that of methanol. The formation
rate of methyl acetate can be fitted into the exponential
function of the contact time (y = 0.63—0.69exp(—1.39t), R* =
0.99), inferring the reversibility of the decarbonylation. The
derivation of the reversibility is presented in Supporting
Information.

To study the migration of CH;— of acetic acid during the
reaction, methyl acetate derived from decarbonylation of fully
deuterated acetic acid (CD;COOD) was analyzed, and the
GC-MS spectrum is compared with that of commercially
obtained methyl acetate. Commercially obtained methyl
acetate is used to represent the methyl acetate that generated
from decarbonylation of acetic acid (CH;COOH). As
presented in Figure 4, the GC-MS spectrum of methyl acetate
contains signals at m/e = 15, 43, 59, and 74, and they are the
moiety of methoxy (CHj), acetyl (CH;CO), carboxyl
(CH;CO0), and the molecule of methyl acetate itself,
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Figure 4. GC-MS spectrum of commercially obtained methyl acetate,
and methyl acetate derived from decarbonylation of CD;COOD. 603
K, 1 bar, P, oia = 6 kPa, total GHSV = 1500 h™!, py-H-MOR was
the catalyst, and Ar was used as balancing gas.

respectively. For methyl acetate that is derived from
CD;COOD, there are signals at m/e = 18, 46, 62, and 80,
correspondingly, and they are the deuterated methoxy (CD5),
acetyl (CD,CO), carboxyl (CD;COO), and fully deuterated
methyl acetate (CD;COOCD;). These results illustrate that
one of participated acetic acids breaks itself into CO and
methanol, and the latter undergoes esterification with another
acetic acid to form methyl acetate.

The decarbonylation of acetic acid was also studied by in
situ reflectance infrared Fourier transform (DRIFT) spectros-
copy. As shown in Figure S, after the adsorption of acetic acid
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Figure 5. In situ DRIFT spectra of acetic acid on the Py-H-MOR
sample from 373 to 623 K.

upon py-H-MOR, several new peaks appeared. The peak at
1800 cm ™" is assigned to the weakly adsorped acetic acid,”” the
band at ~1730 cm™' is assigned to C=O stretching of
hydrogen-bonded acetic acid,”"*” and the bands at 1760 and
1710 cm™ are assigned to surface acetyl species.””*” All these
peaks decline upon heating. However, it can be found that
acetyl species weaken easier than the hydrogen-bonded acetic
acid, which is evidenced by the disappearance of peaks at 1760
and 1710 cm™!, while those at 1730 cm ™" still partly remained
at 573 K. Acetic acid primarily undergoes decarbonylation over
py-H-MOR at such temperature, and it was pointed out that
the surface acetyl species are found on zeolite and are
responsible for ketone formation.”*”**7*° Therefore, the
selective formation of methyl acetate instead of acetone over
py-H-MOR should be attributed to the hydrogen-bonded
acetic acid rather than acetyl species. Previous literature
pointed out that the stable methoxy group can be formed
within the 8M.R. side pocket of H-MOR, where the attack of
CO to methoxy group is also favored by the unique
orientation.”” Consequently, it could be possible that the
cleavage of CO from acetic acid is also favored in the same
location; whether CO attacks the methoxy group or leaves
from acetic acid depends on the CO partial pressure.

To further investigate the role of acids in the 8M.R. side
pocket of H-MOR for this reaction, several NaH-MOR
samples with different Na* content were used to adjust the
H" concentration, and their IR spectra were recorded
(Figure.S7). Because of the replacement of Na*, the intensity
of the peaks at 3610 and 3589 cm™', which are assigned to
—OH stretching in the 12M.R. main channel and the 8M.R.
side pocket, respectively,'™*" declines with increasing Na*
content. Na* ion-exchange effects neither the MOR framework
(Figure.S8) nor the surface area (Table.S2). The trans-
formation of integrated peak area into the amount of
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corresponding acids follows the reported research.*® For
pyridine-modified NaH-MOR samples, only acids in the
8M.R. side pocket are available for the reaction, and as
shown in Figure 6, a quadratic correlation (y = 34.3x* — 1.8x +
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Figure 6. Methyl acetate formation rate per unit mass plotted against
the number of acid sites per unit mass of pyridine-modified NaH-
MOR (Py-NaH-MOR) and NaH-MOR. 593 K, 1 bar, P, s sua = 6
kPa, total GHSV = 3000 h™’, and Ar was used as balancing gas.

0.04, R* = 0.99) could be found. Meanwhile, the formation rate
of methyl acetate was also measured using NaH-MOR samples
without pyridine treatment, where the acids in the 8M.R. side
pocket and the 12M.R. main channel are both active. However,
the formation rate of methyl acetate cannot establish a
correlation with the number of acids in the 12M.R. main
channel. Additionally it can be noticed that the formation of
methyl acetate over Py-NaH-MOR increases more sharply
than NaH-MOR; therefore, the conversion to coke from
generated methyl acetate catalyzed by acids in the 12M.R.
channel can be anticipated. These results further illustrate that
the conversion of acetic acid to methyl acetate is catalyzed by
acids in the 8M.R. side pocket of H-MOR, and pyridine acted
as an acidity-modifier to avoid the consumption of methyl
acetate.

Herein, by the above results, the equation of methyl acetate
generation is composed of decarbonylation of acetic acid to
methanol (eq 1) and the subsequent esterification of methanol
with acetic acid (eq 2):

CH,COOH = CH,0H + CO (1)

CH,0H + CH,COOH = CH,COOCH; + H,0 (2)
and the overall reaction (eq 3):

2CH,COOH = CH,;COOCH; + CO + H,0 (3)

H-Mordenite catalyzed decarbonylation is also applicable to
propionic acid. As shown in Figure 7, 3-pentone is found to be
the major product over H-ZSMS, H-Beta, and H-Y, indicating
that propionic acid undergoes ketonization and the subsequent
conversion of 3-pentone to hydrocarbons. Contrarily, a
considerable amount of ethylene was found with a selectivity
of about 40% and 60% over H-MOR and H-ZSM35,
respectively, and particularly 70% over py-H-MOR. The
catalytic performance of py-H-MOR indicates that decarbon-
ylation of propionic acid is catalyzed by acids within the 8M.R.
side pocket of H-MOR, which can also be evidenced by the
linear correlation (y = 2.7x + 0.07, R* 0.97) between
ethylene formation rate and the number of acids in the 8M.R.
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Figure 7. Decarbonylation of propionic acid over different H-zeolites
at 180 min. 613 K, 1 bar, P, pionic aa = 3 kPa, total GHSV = 3000 h™",
and Ar was used as balancing gas.

side pocket (Figure.S9). Similar to the decarbonylation of
acetic acid over py-H-MOR, CO was found in the effluent, and
the flow rate of CO and ethylene was measured. The flow rates
of CO and ethylene are very close, and the rate over py-H-
MOR is much higher than over H-MOR (Figure.S10). The
ratios of flow rates of CO to ethylene over H-MOR and py-H-
MOR are ~1.3 and ~1.04, respectively (Figure.S11), which
shows that propionic acid breaks into equal amounts of
ethylene and CO. The CO/ethylene ratio over H-MOR is
much higher than on py-H-MOR, which is caused by
polymerization of ethylene into coke in the 12M.R. main
channel of H-MOR.

As shown in Figure 7, ethylene can be also found over H-
ZSMS, H-ZSM3S5, H-Beta, and H-Y, and their ratios of
formation rate of CO to ethylene are 1.5, 1.1, 4, and 3
(Figure.S12), respectively. The ethylene formation over H-
ZSMS, H-Beta, and H-Y is not associated with propionic acid
decarbonylation because the ratio is much higher than 1. The
significant ethylene selectivity over H-ZSM35 could be
possibly due to the decarbonylation of propionic acid, because
H-ZSM35 has FER cavities at the intersection of the 8 and
1OM.R. channels,'* and the similar size of the pore opening of
the 8M.R. channel (3.5 X 4.8 A) with the side pocket of H-
MOR (3.4 x 4.8 A); however, the exact reason for ethylene
formation from propionic acid over H-ZSM3S deserves further
study.

Decarbonylation of propionic acid was also studied in a
similar way to acetic acid. Both propionic acid conversion and
ethylene selectivity increased with temperature (Figure 8a).
The effect of partial pressure of CO is shown in Figure 8b, and
ethylene formation rate remains constant at different CO
partial pressures. Neither the carbonylation of ethanol nor the
Reppe reaction of ethylene takes place, and currently, the
examples of these two reactions over H-MOR have not been
reported. As shown in Figure 8¢, increasing partial pressure of
propionic acid promotes the formation of ethylene. The
relation between formation rate and partial pressure agrees
with the Langmuir isotherm (y = 0.057x/(1 + 0.032x), R* =
0.98), indicating that there is an equilibrium between gaseous
and adsorped propionic acid and the latter results in ethylene.
Additionally, as presented in Figure 8d, the relation between
ethylene formation and contact time is about linear (R* =
0.98), and ethanol was not found in the effluent because of the
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dehydration of ethanol. The measured capacity of ethanol
dehydration to ethylene under the same reaction condition is
at least 100 mmol h™!, because both ethanol conversion and
ethylene selectivity are >99.9% (Figure.S13). However, the
ethylene formation in propionic acid decarbonylation is about
1.2 mmol h™! at most in this study, and therefore, ethanol is
too short-lived to be observed. Similar to the decarbonylation
of acetic acid to methyl acetate, the overall equation for the
decarbonylation of propionic acid to ethylene is as follows (eq
4):

CH,CH,COOH = C,H, + CO + H,0 (4)

Butanoic acid also undergoes decarbonylation reaction over
py-H-MOR. As shown in Figure 9, propylene is found with a
selectivity of about 70%, accompanied by ketonization to 4-
heptanone with a selectivity of about 22%. Similar to the
decarbonylation of acetic and propionic acid, CO was detected

120 120
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Figure 9. Decarbonylation of butanoic acid over py-H-MOR at TOS
= 180 min. 1 bar, Pyyanoic acia = 6 kPa, total GHSV = 1875 h™/, and Ar
was used as balancing gas.
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in the effluent, and the flow rate ratio of CO to propylene
shows an average of about 1 (Figure.S14). Therefore,
decarbonylation of butanoic acid is similar to the reaction of
propionic acid. The overall equation (eq 5) could be written as

CH,CH,CH,COOH = C;H, + CO + H,H (5)
On the basis of the results of decarbonylation of acetic,

propionic, and butanoic acid, a mechanism is proposed. As
shown in Scheme 1, decarbonylation of carboxylic acid

Scheme 1. Proposed Mechanism of Decarbonylation of
Carboxylic Acid

co n>1
:i o > CoHan
C.H;n,1COOH CiH20s1OH —
n=1
+CH,COOH CH;COOCH;

provides CO and one-carbon-less alkanol. Decarbonylation of
acetic acid (n = 1) provides carbon monoxide and methanol,
which consequently undergoes esterification to methyl acetate
in the presence of acetic acid, while ethanol and propanol
generated by decarbonylation of propionic and butanoic acid
(n > 1), respectively, would dehydrate quickly to correspond-
ing ethylene and propylene. Dehydration of methanol cannot
provide alkene, and therefore, methyl acetate is produced.
Contrarily, dehydration is very easy for ethanol and propanol,
leading to the formation of alkenes instead of ester.

In conclusion, decarbonylation of carboxylic acids is
achieved over H-MOR without any involvement of transitional
metal, organic ligand, or stoichiometric additives. Decarbon-
ylation of acetic acid provides methyl acetate at 593 K, and
higher conversion of acetic acid can be obtained over pyridine-
treated H-MOR. As an acidity modifier, pyridine deactivates
acids in the 12M.R. main channel and consequently suppresses
the coke formation. Studies including spectral and isotopic
methods show that, catalyzed by acids within the 8M.R. side
pocket of H-MOR, methanol is generated by direct and
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reversible CO cleavage of a hydrogen-bonded acetic acid and
quickly undergoes esterification with another adsorped acetic
acid, which results in equal amounts of CO and methyl acetate.
Similar to acetic acid, decarbonylation of propionic acid is also
catalyzed by acids located in the 8M.R. side pocket of H-MOR,
where the irreversible cleavage of CO from propionic acid
provides ethanol followed by quick dehydration of ethanol to
ethylene, and eventually, an equal amount of CO and ethylene
is obtained. Decarbonylation of butanoic occurs in the same
manner as propionic acid, and equal amounts of propylene and
CO are found. Decarbonylation of C,—C, carboxylic acids
over H-MOR provides an additional catalytic perspective for
carboxylic acid removal and renewable alkene synthesis.
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