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ABSTRACT: The selective activation of renewable carboxylic acids could
enable the formation of a variety of highly valuable renewable products,
including surfactants, valuable dienes, and renewable hydrogen carriers. A
kinetic study is performed to enhance understanding of the selective
deoxygenation of carboxylic acid on promoted MoOj; at mild temperatures.
Although several studies indicate that deoxygenation of oxygenated
biomass-derived compounds on MoOj; occurs via a reverse Mars—van
Krevelen mechanism, this study suggests that the deoxygenation of
pentanoic acid (PA) on an oxygen vacancy can also be explained by a
Langmuir—Hinshelwood mechanism. A detailed analysis of the exper-
imental data indicates that the incorporation of Pt on MoO; shifts the
reaction order with respect to hydrogen from 1 to 0.5 at a low partial
pressure of PA. We reveal that the rate-determining step (RDS) shifts upon
the incorporation of Pt from H, dissociation to H addition to adsorbed acid

Ln [intial rate] (mol/ h-g . )

LoW Ppentanoic acid

RDS: First hydrogen addition to
adsorbate PA

Ln Ppentanoicacid (TOI’I‘)

molecules. We further illustrate how the RDS can shift as a function of PA coverage. The inhibition effect of PA and its possible
causes are discussed for both MoOj; and 0.05 wt % Pt/MoOj catalysts. Here, we decouple promoter effects from the creation of
highly active sites located at the Pt/MoQj interface. The nature of the active site involved upon Pt incorporation is also studied by
separating Pt from MoOj; at a controlled distance using carbon nanotubes as hydrogen bridges, confirming that the kinetically

relevant role of Pt is to serve as a promoter of the MoOs.
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1. INTRODUCTION

The selective deoxygenation of carboxylic acids is of

fundamental interest since carboxylic acids derived from loss.

hydrodeoxygenation (HDO) of ketones and alcohols, capable

of selectively breaking C—O bonds while minimizing carbon
16-18

Therefore, MoO; is an attractive catalyst for the

selective deoxygenation (SDO) of carboxylic acids.

biomass have been proposed to serve as precursors to high-
value fuels and chemicals.' ™ Selective conversion of light
carboxylic acids to ethanol,”> C-5 acids to valuable commodity
chemicals,’”® and larger fatty acids to fuels and surfactants’ are
all important chemical transformations that rely on very active
and selective catalysts. The recent emergence of the hydrogen
economy has also identified these molecules as potential
reversible hydrogen carriers if selectively converted to
alcohols.'”"" Selective deoxygenation of carboxylic acids with
highly oxophilic catalysts is a promising approach toward
achieving selective oxygen removal without influencing other
chemical functionalities.'*"*

Metal-supported oxides are known to be active and selective
for the deoxygenation of biomass-derived compounds.'
Pestman et al. showed that metal oxides with intermediate
metal—oxygen bond strength are the most active and selective
catalysts for the deoxygenation of carboxylic acids* without the
need for sulfur addition required by traditional hydrotreating
catalysts.” Prasomsri et al. showed that at low hydrogen
pressures, molybdenum oxide is an effective catalyst for the
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In our recent work, we demonstrated that MoQ; is a very
selective catalyst for the deoxygenation of pentanoic acid (PA)
to pentanal (PAL)" since MoO; promotes C—O breaking
without saturating C=C bonds or breaking C—C bonds."
However, its poor ability to promote H, dissociation limits this
selective deoxygenation.20 To increase MoQj activity, a very
low loading (0.05 wt %) of Pt metal was incorporated to
promote H, dissociation and facilitate the formation of oxygen
vacancies.'” Similarly, several studies have shown that the
incorporation of Pt on different metal oxides (TiO, and
Fe,0,) drastically promotes the deoxygenation rate of acetic
d.""> We showed that the addition of small loadings of Pt
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on MoOj; could increase the SDO rates of PA and reduce the
temperature required by 40 °C to achieve a similar SDO
conversion as MoOj;.

The interaction of a noble metal with a reducible metal
oxide can generate new highly active sites at the interface that,
in some cases, account for most or all of the HDO
activity.”' > In some instances, it can be challenging to
distinguish these highly active sites located at the metal—
support interface from surface-promoted effects created by
hydrogen spillover from the metal.”* To maximize SDO rates
and design a better catalyst system, it is important to identify
the active sites responsible for this chemistry. Therefore, in this
study, we separated Pt from MoO; over a conductive carbon
nanotube support to unravel its synergistic effects under
reaction conditions. By doing so, the role of the oxygen
vacancies can be decoupled from the unique sites created at
the Pt/MoO; interface. Here, we prove that the role of Pt for
this reaction is only to provide a constant supply of H atoms,
used either as a reactant to convert PA into PAL or to
regenerate oxygen vacancies on the surface.

Several studies have proposed that the deoxygenation of
oxygenated compounds on metal oxides occurs via a reverse
Mars—van Krevelen (MvK) mechanism.'”'**7*® However,
our results suggest that the deoxygenation of PA occurs
through a more complex mechanism, highly dependent on the
local surface H concentration. To gain more insight into the
mechanism, a Langmuir—Hinshelwood kinetic model is
developed since it closely describes the dynamic redox
chemistry that occurs at the surface for both MoO; and 0.05
wt % Pt/MoOj;. Herein, we reveal that upon the incorporation
of Pt in MoO;, the rate-limiting step shifts from H,
dissociation to the first H addition to the surface-bound
species. The inhibition effect of both PA and water is also
discussed.

2. EXPERIMENTAL SECTION

2.1. Chemical and Catalyst Materials. All the gases (H,
(99.999%), He (99.999%), N, (99.998%), air (ultra zero), and
ethylene) used for catalyst preparation, reaction, carbon
nanotube synthesis, and characterization were purchased
from Airgas. Commercial molybdenum(VI) oxide, MoO;
(>99.5 wt %), was purchased from Alfa Aesar. Acid-washed
glass beads (50—70 US sieve, Sigma) were mixed with the
catalyst and packed in the reactor. Water (18 MQ) was
obtained from an in-house filtration system and used in this
study.

For the growth of vertical multiwalled carbon nanotubes
(CNTs), iron nitrate nonahydrate, cobalt nitrate hexahydrate,
aluminum nitrate nonahydrate, and 2-hydroxyethyl cellulose
(M,, ~ 1,300,000) were used. Tungsten (1 mm, 99.94%),
molybdenum (0.75 mm, 99.95%), and platinum (0.025 mm,
99.00%) wires were used for metal deposition. Aluminum
conductive tape (single adhesive surface, 12.7 mm W X 16.4 m
L, Ted Pella Inc.) was used to remove CNTs from the silicon
wafers. The silicon wafers used as a base for growing CNTs
were purchased from Wafer World, Inc. (SKU:1186). Cleaning
of these wafers required isopropanol, ethanol, and acetone.

2.2. Catalyst Synthesis. 2.2.1. Supported Pt on MoO:;.
The promoted molybdenum oxide (0.05 wt % Pt/MoO;)
catalysts were prepared by the incipient wetness impregnation
method by using tetraammineplatinum(II) nitrate ([Pt-
(NH;),](NO;),, 99.99%, 50% Pt, Alfa Aesar) as a Pt precursor
solution. For each batch, 10 g of MoO; was used, and 2 mL

8456

aqueous solution with 10 mg of Pt precursor was added
dropwise to the support. Once the impregnation step was
completed, the sample was dried at 80 °C for 12 h and calcined
at 600 °C (ramp rate 10 °C/min) for 3 h by flowing air (100
mL/min). Commercial MoO; was calcined under identical
conditions. Before catalytic testing, the catalyst powders were
pelletized and sieved to yield 90 to 125 pm pellets (120—170
US sieve).

2.2.2. Vertical Multiwalled Carbon Nanotube Growth.
Silicon wafers were cut into 23 mm X 23 mm square pieces
using a diamond scribe. The wafers were calcined in a
horizontal furnace under continuous airflow (150 SCCM) at
600 °C for 2 h. Then, the wafers were ultrasonically washed in
subsequent acetone, ethanol, and isopropanol solutions for 45
min each to ensure a clean surface for spin coating. A catalyst
solution consisting of 1.11 wt % iron nitrate nonahydrate, 0.39
wt % cobalt nitrate hexahydrate, 1.23 wt % aluminum nitrate
nonahydrate, and 0.74 wt % 2-hydroxyethyl cellulose, all with
respect to water, was made. One milliliter of catalyst solution
was spin-coated on each silicon wafer in a two-step process
that consisted of 10 s at 500 rpm followed by 30 s at 2000 rpm.
The silicon wafers were dried overnight and calcined the
following day at 450 °C under continuous air flow (150
SCCM) for 1 h.

To synthesize carbon nanotubes on the silicon wafer
catalyst, the samples were balanced on top of one another in
a 1 inch quartz-diameter tube, ensuring that each catalyst
surface was accessible to flowing gas. The vertical reactor was
heated to 650 °C at 10 °C min~' under hydrogen flow (200
SCCM) and maintained at 650 °C for 30 min to ensure
reduction of the catalyst. Then, nitrogen (370 SCCM) was
flowed through the reactor tube and heated to a reaction
temperature of 675 °C at 10 °C min~". The system was held at
675 °C for 30 min under nitrogen flow. Carbon nanotube
synthesis occurred as ethylene (200 SCCM) was mixed for 20
min with the flowing nitrogen. After CNT synthesis, nitrogen
was fed into the reactor until the system was cooled.

To weaken the interaction between the CNTs and the
silicon wafer, the sample was calcined in air (150 SCCM) at
480 °C for 2 h. This allowed for controllable removal of the
CNTs from the silicon wafer.

2.2.3. Depositing Different Catalysts on Opposite Ends of
CNTs. A custom-built vacuum evaporator was used for
depositing Pt and Mo onto the CNTs. To synthesize CNT's
with Pt and Mo deposited on opposite ends (Pt/CNT/
MoO;), Pt metal was deposited on the exposed end of the
CNTs on the silicon wafer. Aluminum tape was then used to
remove the CNTs from the silicon wafer. This flipped the
orientation of the CNTs, causing the exposed end of the forest
to be free of any Pt. The CNTs on aluminum tape were
returned to the evaporator, and Mo was evaporated on the
other end of the CNTs. The edges of the aluminum tape
containing the CNT samples were removed with a razor blade
to prevent contamination from any excess metal not deposited
on the CNTs. The synthesized (Pt/CNT/MoO;) samples
were submerged in acetone for 45 seconds. This removed
CNTs from the adhesive tape. The solution was then filtered
to obtain the synthesized sample. The sample was calcined in
air (150 SCCM) at 350 °C for 1 h to remove any adhesive
residue from the tape. Weight percentages of all deposited
metals can be found in Table SI.

2.3. Kinetic Measurements. The catalytic testing
occurred in a gas-phase packed bed reactor under atmospheric
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Figure 1. (a) Order of reaction with respect to PA over MoO;. (b) Order of reaction with respect to PA using 0.05 wt % Pt/MoOj; as a catalyst.
Reaction conditions: Flow of H, = 30 mL/min, Te,cion = 350 °C, Py = 760 Torr, and TOS = 0 min. The flow of PA varied from 0.03 to 0.3 mol/
h. The catalyst was previously reduced under H, flow (100 mL/min) at 400 °C for 1 h for all cases.

pressure conditions using H, or H,/He as a carrier gas.
Catalyst particles were mixed with glass beads (Sigma Aldrich,
212—-300 ym) and packed between two layers of quartz wool
inside a quartz reactor (0.25” OD). The reactor tube was
placed in the center of a vertical furnace (Thermcraft Inc.,
1200 W/11S V). All catalysts were pretreated in situ in
hydrogen (100 SCCM) at 400 °C for 1 h. After reduction, the
samples were cooled to the reaction temperature (300—400
°C). Pentanoic acid, mixed with heptane to prevent corrosion,
was used as a feed. The reactants were injected using a syringe
pump (KD Scientific) and vaporized (at 92—100 °C) before
entering the reactor. The outlet stream was kept at 250 °C to
prevent any product condensation. A gas chromatograph
(GC), equipped with a flame ionization detector (FID) and an
HP-INNOWAX column (Agilent, 60 m X 0.32 mm ID X 0.5
um), was connected to the reactor for product quantification.
The same conditions mentioned above were used for
experiments with the carbon nanotube samples, Pt/CNT/
MoO; and Pt/MoO,;/CNT.

2.4. Catalyst Characterization. 2.4.1. Scanning Electron
Microscopy. The samples were analyzed using a Thermo
Quattro S field-emission environmental scanning electron
microscope (FE-ESEM) with an accelerating voltage of 10 kV
for imaging and 15 kV when performing energy-dispersive X-
ray spectroscopy.

2.4.2. X-ray Photoelectron Spectroscopy. The AXIS-supra
with a dual anode Al/Ag (2984.2 eV) monochromatic X-ray
source was used to perform XPS analysis on the carbon
nanotube samples.

2.4.3. Inductively Coupled Plasma Mass Spectrometry. A
PerkinElmer NexION2000 inductively coupled plasma (ICP)-
MS with laser ablation was used to analyze the Pt content on
the synthesized CNT catalysts. The appropriate internal
standards and dilution factors were selected based on a
preliminary semiquantitative analysis. The samples were
digested using the dry ashing method combined with acid
extraction.”” Because multiwalled carbon nanotubes decom-
pose above 500 °C, the catalyst samples (10—20 mg) were
placed in a furnace at 700 °C for 2 h. The ashes from each
sample were diluted with 2% HCI solution at room
temperature and further diluted with ionized water before
ICP-MS analysis.
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3. RESULTS

3.1. Inhibition Effect of Pentanoic Acid. An inhibition
effect is observed in the deoxygenation of PA over MoOj at a
high partial pressure of PA (>3.0 Torr)."” To investigate
whether this effect is also observed at a lower partial pressure
of PA, the pressure was reduced (<3.0 Torr) at 350 °C, as
shown in Figure la. Notably, reducing the partial pressure of
PA changed the reaction order from inhibition (—0.24) to a
zero-order (Oth) regime with respect to PA. For 0.05 wt % Pt/
MoO;, the reaction order of PA shows a shift to zero-order
dependence at a lower partial pressure of PA, as indicated in
Figure 1b. This could lead to the interpretation that the surface
is saturated with PA or that the rate is independent of PA at
lower PA partial pressures. The mechanistic implications will
be explained below.

To confirm that this zeroth order-dependence observed at
low partial pressures of PA is not an artifact of the reaction
products that are present at various conversion levels, the
catalyst mass was decreased by 50%, and the rates were again
measured at low partial pressures of PA (2.5 to 7.5 Torr). As a
result, Figure S1 shows that the reaction rate is unchanged,
while the conversion is reduced by 50%, as expected. Thus,
these constant rates observed at a low PA partial pressure
confirm the true zeroth order regime.

The reaction order with respect to PA was also investigated
on the 0.05 wt % Pt/MoOj; catalyst. Figure la,b indicates
higher reaction rates for the conversion of PA over 0.05 wt %
Pt/MoO; than MoO; under similar conditions. Although 0.05
wt % Pt/MoOj initially showed a higher conversion rate, this
catalyst appears to be less resistant to inhibition by carboxylic
acid. We hypothesize that this fast inhibition is due to the
strong adsorption of the carboxylic acids onto the metal sites
(Pt), rapidly decreasing the hydrogen coverage while hindering
the regeneration of oxygen vacancies and conversion of PA.
Thus, the catalyst surface of 0.05 wt % Pt/MoO; at high
coverage of PA resembles the surface dynamics of MoOj,
where H, dissociation would likely be the rate-limiting step. In
all cases, the rates were found by extrapolating to the initial
time of stream (TOS) to eliminate the influence of catalyst
deactivation.

The strong adsorption of PA over an oxygen vacancy might
cause the inhibition effect observed at high partial pressures of
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PA over both MoO; and 0.05 wt % Pt/MoO;. As previously
reported, DFT calculations of the PA adsorption over MoOj;
indicate that the adsorption of PA through the carbonyl-group
oxygen (C=O0) at a defect site is 57 kJ/mol stronger than the
adsorption through the hydroxyl group (-OH)."” Although the
adsorption through the C=0 group is stronger, the activation
energy required to produce the aldehyde is significantly higher
compared to the activation energy through the hydroxyl group,
suggesting that the carboxylic acids adsorbed via the C=0
group are only present as spectator species.19 Hence, we
hypothesize that these strongly binding species are responsible
for the inhibition behavior observed at 350 °C.

Consistent with this inhibiting behavior of acid is the
increase in activation energy observed as the PA partial
pressure increases. As shown in Figure 2, an increase in the

Low Ppa: 9.5 Torr
E,: 67 kJ/mol

Ln [initial rate] (mol/h-g .

High Ppa: 19 Torr
E.: 87 kJ/mol

-6.5

i.75E—01 1.85E-01 1.95E-01

1/RT [mol/kJ]

2.05E-01 2.15E-01

Figure 2. Activation energy comparison at a different partial pressure
of PA over MoOj. Reaction conditions: P, = 760 Torr, Flow of H,
=30 mL/min, and TOS = 0 min. The catalyst was previously reduced
under H, flow (100 mL/min) at 400 °C.

partial pressure of PA by a factor of 2 results in a 20 kJ/mol
increase in the activation energy. This result supports the
hypothesis that H, dissociation is rate-limiting at a high partial
pressure of PA due to the strong inhibition by PA. Previously,
diminished activation barriers have been reported when
comparing the Pt/MoOj catalyst to MoO; alone.'” Comparing

the activation barrier for Pt/MoOj at higher partial pressures
of acid co-fed reveals an identical activation barrier, as shown
in Figure S2, indicating that the Pt sites still influence the
chemistry at high PA partial pressures.

Figure 3 illustrates three possible explanations for the
inhibition behavior observed at a high partial pressure of PA.
Here, we hypothesize that the strong adsorption of carboxylic
acids suppresses the surface reaction as one of the following:

(i) Site competition over Pt metal sites between carboxylic
acid (PA) and H, hinders H, dissociation.

(ii) Site competition between PA and H, on oxygen
vacancies hinders H, dissociation over these uncoordi-
nated Mo species.”’

(iii) Hindrance of hydrogen dissociation and spillover due to
the high coverage of carboxylic acids.

For all three cases, H, dissociation and spillover are limited
due to the high partial pressures of PA. Consequently, the
limitations of hydrogen dissociation/spillover decrease the rate
of formation and generation of oxygen vacancies, which
explains the decrease in the rate of conversion of PA even in
the presence of Pt clusters. In contrast, at lower coverage of
PA, the surface reaction seems less limited by H, dissociation
and spillover, as indicated by the shift in reaction order regime;
more details will be discussed in Sections 3.2 and 3.5.

The selectivity toward pentanal is significantly affected by
the concentrations of PA and hydrogen on the catalyst surface,
particularly with regard to the 0.0S wt % Pt/MoOj; catalyst.
Figures S3 and S4 illustrate the selectivity profiles of both
catalysts at 350 °C under low and high partial pressures of PA,
respectively. At this temperature, it is anticipated that the
presence of Pt as a promoter would lead to a reduction in
selectivity toward PAL, as we have previously reported.'” This
reduction in selectivity can be attributed to the occurrence of
side reactions facilitated by the presence of the Pt metal,
leading to a shift in the overall selectivity. In contrast, as
mentioned earlier, when MoO; is used alone as a catalyst, the
selectivity toward PAL remains consistently high across all
investigated partial pressures of PA.

When operating with a low partial pressure of PA over a 0.05
wt % Pt/MoO; catalyst, it is observed that the selectivity
toward deoxygenated C-S compounds decreases as the partial
pressure of H, is reduced. Similarly, the production of the

Site competition for
adsorbates R

HO

Hinder H, dissociation over
uncoordinated Mo species

e H, spillover inhibition

R
ey

—F

Figure 3. Possible causes of inhibition at a high partial pressure of PA: (i) Site competition for adsorbates over metallic Pt cluster on MoO; (ii)
hindered H, dissociation at oxygen vacancies on MoO;, and (iii) H, spillover inhibition on MoO;.
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Figure 4. (a) Order of reaction with respect to H, using MoOj as a catalyst at low Ppy. (b) Order of reaction with respect to H, using MoO; as a
catalyst at high Pp,. (c) Order of reaction with respect to H, over 0.05 wt % Pt/MoOj at low P, (d) Order of reaction with respect to H, over
0.05 wt % Pt/MoOj at high P,,. Reaction conditions: Py, = 760 Torr (H, pressure was varied and balanced with He to maintain the same total
pressure), Tyecion = 350 °C, and TOS = 0 min. Low Py, = 4.75 Torr, and high Py, = 9.5 Torr. The catalyst was previously reduced under H, flow

(100 mL/min) at 400 °C for 1 h for all cases.

symmetrical ketone S5-nonanone increases as the H, pressure is
reduced. This reveals that under conditions such as these,
where H addition to the adsorbed acid may be kinetically
relevant, diminished H concentrations on the surface will
modify the lifetime of adsorbed acid species and thus influence
the concentration of adsorbed acid species on the surface.
Longer lifetimes of adsorbed acids on the surface in the
absence of nearby H atoms should result in an increased
prevalence of acid-coupling reactions. Further, these longer
lifetimes will diminish the concentration of available oxygen
vacancies, thereby decreasing the probability of produced
aldehydes from readsorbing on the catalyst surface and
undergoing sequential deoxygenation chemistry to produce
deoxygenated C-S species. These results can be observed in
Figure S3.

In contrast, at a moderate partial pressure of PA over 0.05 wt
% Pt/MoO; catalysts, the selectivity toward pentanal decreases
as hydrogen pressure decreases. Under these conditions, one
may hypothesize that the high coverage of acid species hinders
H, dissociation sufficiently such that it becomes the rate-
determining step. Selectivity toward acid deoxygenation under
these conditions decreases, while the formation of undesired
C-4 compounds through decarbonylation/decarboxylation
reactions over the metal sites decreases to a lesser extent,
increasing product selectivity, as illustrated in Figure S4.

3.2. H, Effect on Reaction Order. Hydrogen plays an
important role in HDO since it helps to form oxygen
vacancies, enabling the catalyst surface to continually perform
redox chemistry. To further investigate the kinetic relevance of
hydrogen in this chemistry, the reaction order with respect to
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H, was studied at both low and high partial pressures of PA for
MoO; at 350 °C. Figure 4a,b shows that regardless of the
partial pressure of PA, the reaction order with respect to H,
remains first-order. As shown in Figure S5, the same first-order
dependence in H, is observed at a lower temperature (320
°C).

Moreover, the reaction order with respect to H, was also
investigated over 0.05 wt % Pt/MoOj; catalyst. As shown in
Figure 4c,d, we observed a change in the H, reaction order
from 0.5 to 1.0 as the partial pressure of PA increased. This
shift in the H, reaction order caused by the changes in the
surface coverage of PA suggests that either hydrogen and PA
compete for the same sites or that hydrogen is involved in the
rate-limiting step. While catalysts deactivate as a function of
time on stream, it is important to contrast the mechanistic
implications from initial rate extrapolations from those
observed during a longer time on stream. Figure S6 reveals
that the shift in apparent reaction order holds for Pt/MoOj; at
low acid partial pressures when contrasted with MoOj; alone
after 2.5 hours of reaction. Therefore, we hypothesize that at
high partial pressures of PA, the surface dynamics of 0.05 wt %
Pt/MoO; behaves similarly to MoO; since the strong
inhibition effect of PA hinders the H, dissociation, as described
above in Section 3.1.

3.3. Water Inhibition. Water is a by-product of oxygen
vacancy formation. Similarly, the reverse reaction may also
occur where water strongly adsorbs on an existing oxygen
vacancy. Hence, the presence of water molecules occupying
these sites can potentially impede the reaction rate of both
catalysts. Similar observations were reported by Prasomsri et al.
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Figure S. Dependence of reaction rate on the partial pressure of water over (a) MoOj and (b) 0.0S wt % Pt/MoO;. Reaction conditions: Flow of
H, = 30 mL/min, Py = 760 Tort, Trepetion = 350 °C, TOS = 0 min, and W/F = 0.11 g.,./mL h. The catalyst was previously reduced under H, flow

(100 mL/min) at 400 °C for 1 h for all cases.

in the conversion of acetone over MoO; where water was
found to cause site blocking, negatively impacting the overall
HDO activity without accelerating catalyst deactivation.'®

In a detailed computational study, Head et al. investigated
water interaction with MoOj. Their study showed that water
exhibits weak adsorption on a stoichiometric surface with an
adsorption energy (E,q) of —30 kJ/mol. However, when an
oxygen vacancy is present on the surface, water shows stronger
adsorption with an E_ 4, of —130 kJ/mol. Furthermore, it was
observed that water could undergo dissociative adsorption on a
surface featuring an oxygen vacancy, with an E,4 of =77 KkJ/
mol. They have also shown that dissociated water occurs on an
O vacancy, forming two hydroxyl groups. However, these
hydroxyl groups are less stable than the water molecule that is
intact and adsorbed in an oxygen vacancy.’’ Therefore, the
significant heat of adsorption exhibited by water over surface
defects can potentially explain the inhibitory behavior observed
when water is co-fed with acid, as depicted in Figure 5. A
similar inhibiting effect is observed in both catalysts, MoO,
and 0.05 wt % Pt/MoO;.

The findings presented in this study differ significantly from
other reported efforts for selective deoxygenation in the
presence of water. First, the presence of water in the study
conducted by Kammert et al. reveals enhanced rates of
deoxygenated product formation, which the authors attribute
to facilitated desorption of reactive intermediates. Similar
behavior has been observed with other forms of deoxygenation
chemistry when active metal—support interfacial sites are
known to be kinetically relevant. We have revealed similar
chemistry upon cresol deoxygenation upon water incorpo-
ration at a Ru—TiO, interface, for example, where enhanced
rates were attributed to proton-assisted C—O cleavage.’*
These events occurring either through Bronsted acid site-
assisted cleavage or selective binding of reactive intermediates
to interfacial sites lead to the rapid sequential conversion of
aldehyde products to form alcohols and further products.
Water incorporation in this case, both for MoO; and Pt/
MoO; reveals significant reductions in reaction rates, as shown
in Figure S, further emphasizing the important role of
undercoordinated sites in this case without the necessity for
direct binding to Pt metal sites to carry out deoxygenation
chemistry. This further supports a distinct mechanism for acid
deoxygenation chemistry from those reported in prior efforts.
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3.4. Site Requirement for the Deoxygenation of
Carboxylic Acids. Oxygen vacancies have been proposed as
the active sites for the HDO of several biomass-derived
compounds over MoQ;.'” Roman-Leshkov and co-workers
have provided insights into the state of the surface during the
deoxygenation of anisole over MoO; from NAP-XPS data,
which indicate that the undercoordinated species are
responsible for C—O bond activation.”’ Their study suggests
that Mo®>* species are active in this chemistry, while Mo**
species do not seem to be involved in the deoxygenation of
anisole.’”

To assess the importance of oxygen vacancies on the
deoxygenation of PA to PAL, we used a micropulse reactor to
study the initial interaction of reactants with the surface prior
to surface modification (e.g., phase changes, overreduction,
carbon deposition, and carboxylic acid saturation/inhibition).
Figure S7 shows that pentanal formation is suppressed without
the initial formation of oxygen vacancies formed during the
reduction pretreatment. This was found to be the case even if
hydrogen was added to each pulse. Thus, this confirms that the
initial presence of oxygen vacancies formed during the
reduction pretreatment prior to introducing PA is essential
for the deoxygenation of PA.

Metal dopants are frequently incorporated to facilitate the
formation of oxygen vacancies over metal oxides and increase
rates. Using high-dispersion Ni metal deposition into MoO;/
SiO,, Yang et al. showed an enhancement of m-cresol HDO
selectivity. Their study suggests that the synergistic coopera-
tion between Ni and MoO, species is important to achieve
high activity and selectivity.” Similar findings were reported by
Rachmady et al. in the conversion of acetic acid in Pt/FeQ;,
where the promoted catalyst showed improved activity and
selectivity toward acetaldehyde.'” However, the interaction of
a reducible metal oxide with a hydrogen promoter metal can be
complex due to the formation of multiple surface features that
one might designate as active sites.” "> These prospective
active sites can be categorized as short- and long-range
interactions. Short-range interactions involve the active sites
located in close proximity to the metal particle and its
modifications around the interface. Long-range interactions,
often referred to as promoter effects, are the active sites found
on the support itself (surface defects, subsurface defects, or
surface OH groups) that are created by the hydrogen spillover

https://doi.org/10.1021/acscatal.3c01053
ACS Catal. 2023, 13, 8455-8466


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01053/suppl_file/cs3c01053_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01053?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01053?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01053?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01053?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

Figure 6. Carbon nanotube with metal and metal oxide deposited at opposite ends. (a) Illustration of a metal (red) capable of dissociating H,
(yellow) onto a carbon nanotube where H atoms can travel across to a metal oxide (blue). (b) SEM image of a nanotube forest with Pt and MoO,
deposited on opposite ends via metal evaporation. (c—e) Magnified portions of the top, middle, and bottom of the forest, respectively (scale bar
indicates 1 ym). (f—h) EDS results corresponding to the locations in (c) to (e).
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Figure 7. Pentanoic conversion over Pt and MoQj catalysts supported on CNTs. Reaction conditions: Flow of H, = 30 mL/min, Py, = 760 Torr,

T reaction = 330 °C, TOS = 0 min, and W/F = 0.3 g.,./mL h. The catalyst was previously calcined in situ for 1 h at 400 °C and reduced under H, flow

(100 mL/min) at 400 °C for 1 h.
from the hydrogen promoter metal to the reducible oxide (CNT) as hydrogen highways to evaluate the kinetic relevance
support.36’37 of short- and long-range interactions. A similar approach has
To determine the role of Pt on MoOQ;, a technique recently been used to discern the active site for the furfural conversion
developed in our research group utilizes carbon nanotubes to methyl furan on Pd/TiO, and anisole deoxygenation on
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Cu/TiO,.”" To achieve this, Pt and MoO, were deposited on
opposing ends of carbon nanotube forests of a controlled
length. This allowed H atoms to migrate from Pt metal clusters
to the MoOj surface and partially reduce the surface of MoOj,
without being in physical contact, as illustrated in Figure 6a.

The detailed synthesis preparation technique and character-
ization confirming their separation and their ability for
hydrogen spillover is described in our published work®" and
briefly discussed in the Experimental Section. Figure 6f—h
shows EDS results along the nanotube forests with Pt and
MoO; deposited on opposite ends, which confirms that Pt and
MoOj are not in direct contact after reduction. Since a high
loading of Pt can promote side reactions, the low ratio of Pt/
Mo was maintained for all these samples. The weight loadings
of Mo were determined through a quartz crystal microbalance.
Due to the low amount of Pt present among the CNTs, the
weight loadings of Pt were determined with ICP-MS. Catalyst
weight loadings can be found in Table S1. The oxidation states
for these samples were evaluated via XPS in order to verify that
the calcination process was sufficient to convert metallic Mo®*
into Mo®". XPS results reported in Figure S8 indicate that the
Mo species were fully oxidized after moderate calcination (400
°C) for 1 h.

Here, two different Pt/MoOQ; catalysts were prepared, one
with the metals subsequently deposited on the same side of the
nanotube forest (Pt/MoO;/CNT) and another with the two
catalytic materials deposited on the opposite ends of the
nanotube forests (Pt/CNT/MoO;). Figure 7 shows the results
for the two catalysts in the deoxygenation of PA. As can be
seen, there is no significant difference in the measured rates for
the two catalysts. As these rates are very similar, we can infer
that the role of Pt is to promote H, dissociation, leading to the
formation of oxygen vacancies to sustain SDO activity over the
catalyst surface. To further clarify the impact of incorporating
Pt into MoO;, we compared our findings for Pt/CNT/MoO;
with the rate obtained when only MoOQj is present on CNTs.
The results indicate that MoO3;/CNT exhibits a significantly
lower rate of pentanal production in the absence of Pt clusters.
This can be attributed to the limited ability of MoO; to
promote H, dissociation at 330 °C, thereby hindering the
catalytic activity. Therefore, these results provide compelling
evidence that Pt clusters are essential for facilitating hydrogen
dissociation, thereby significantly enhancing catalytic activity
and leading to noticeably higher reaction rates, as clearly
illustrated in Figure 7.

To investigate the possibility of Pt and MoO; species
coming into contact through sintering or Ostwald ripening
during the reaction, SEM analysis was conducted on the spent
catalyst. Figure S9 reveals that a small fraction of Mo species
migrate across the CNTs during the reduction or reaction step.
This indicates that a minor portion of Mo may be in direct
contact with Pt species. However, the amount of interfacial
area for the samples where Pt was introduced on opposing
ends of the nanotube should be much lower than the sample
where Pt was deposited directly on the MoOj;. Thus, this small
fraction alone is highly unlikely to be responsible for the
observed rate in Pt/CNT/MoO;. Thus, we conclude that the
sites at the metal/support interface are neither kinetically
relevant nor responsible for the selective deoxygenation of PA
to PAL when noble metals are incorporated at these low
loadings; otherwise, the rate for SDO would be higher when Pt
and MoOj are in direct contact. This technique confirms our
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hypothesis about the promoter effect of Pt clusters over MoOj;
on this chemistry.

3.5. Elementary Steps and Reaction Mechanism. It
has been proposed that the deoxygenation of ketones and
alcohols over MoO; occurs via a reverse Mars—van Krevelen
mechanism, wherein an oxygen atom from the oxygenated
compound is removed by an oxygen vacancy, re-establishing
the initial surface structure.’® Similar and related proposals
have been made for other redox catalysts as well, with varying
claims regarding the importance of co-fed hydrogen in the
process. Thibodeau et al. have also proposed a closely related
deoxygenation mechanism upon the conversion of acrolein
over tungsten oxide bronzes.”” A radical reverse Mars—van
Krevelen mechanism type was proposed by Mironenko and
Vlachos for the conversion of furfural to 2-methyl furan over
Ru/RuO, using 2-propanol as both a solvent and hydrogen
donor.*

The deoxygenation of carboxylic acids over bifunctional
catalysts has prompted the proposal of various mechanism
types. Pestman et al. have observed that the conversion of
acetic acid over Pt/TiO, follows a Mars—van Krevelen
mechanism.'**” In contrast, Rachmady and Vannice have
explored the conversion of acetic acid to acetaldehyde using a
Langmuir—Hinshelwood kinetic model, suggesting that active
sites at the Pt/TiO, interface play a crucial role in this
reaction.'”"* Similarly, Kammert et al. have investigated the
conversion of propionic acid over Pd—ReO,—TiO,. Their
findings indicate that Pd, serving as a metal promoter,
facilitates H, dissociation, leading to the formation of surface
hydrides essential for C—H bond formation. Furthermore, the
acidic properties of the ReO,-supported catalyst, particularly
Bronsted sites, play a significant role in the dehydration
process, leading to the production of propanal. Computational
studies further highlight the importance of the proximity
between Pd and ReO,, which promotes the addition of hydride
to the carbon of adsorbed species, forming diol-like
intermediates. This intermediate further reacts with a surface
proton and undergoes dehydration to produce propanal, which
is readily hydrogenated to form propanol, given the
importance of proximity to the Pd metal sites.*! However, as
discussed above in Sections 3.3 and 3.4, the active sites for this
catalyst involve undercoordinated Mo sites, not only interfacial
sites, and the impact of water hinders rates at an initial time on
stream, where deoxygenation rates are enhanced over the
PdReO, system, indicating distinct elementary steps for
selective deoxygenation chemistry over the two catalysts.

Sections 3.1 and 3.2 show that the persistent presence of
hydrogen on the catalyst surface is required to maintain high
SDO rates. In this chemistry, hydrogen is typically involved in
the formation/regeneration of oxygen vacancies and in the
hydrogenation of PA to yield PAL. Our study suggests that
complicating factors beyond a simplified MvK-type mecha-
nism, such as the persistent surface coverage of neighboring
dissociated H atoms, must be considered. Often, MvK-type
mechanisms are modeled as Langmuir—Hinshelwood (LH)-
type mechanisms when additional complications such as those
described above are present.”””” Utilizing a Langmuir—
Hinshelwood framework, it is possible to account for the
oxidant and reductant adsorption and dissociation on surface
sites as well as adsorption competition with other reactants and
products that could be present in the reaction mixture.”>”’
Although a MvK model can describe the redox chemistry at the
surface of the MoOj catalyst, cases such as this one, where
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local H coverage and site competition strongly influence
reaction rates, are better approximated by a Langmuir—
Hinshelwood (LH)-type modeling framework for the cases
outlined here.

To develop a mathematical expression that describes the
mechanism of the deoxygenation of PA, we will consider two
different active sites, an oxygen vacancy, and a metallic active
site. The active metal sites include undercoordinated Mo
species created during the reduction process and Pt clusters
present on the 0.05 wt % Pt/MoO; catalyst. No other active
sites were considered since the presence of a significant kinetic
contribution due to distinct active sites located in the metal—
support interface was ruled out.

The sequence of elementary steps proposed for this
chemistry involves H, dissociation on the metal site [1],
followed by H migration from metal sites to the MoOj; surface
[2]. When H spills over onto reducible oxides, it migrates as a
proton/electron pair, following parallel but different paths.”*
Oxygen vacancy formation/regeneration is considered by
combining two OH groups to yield one water molecule on
the oxygen vacancy and an oxidized vacancy site, as described
in step [3]. PA is assumed to adsorb dissociatively over metal
sites and oxygen vacancies, as described in steps [4] and [S].
After PA is strongly adsorbed on an oxygen vacancy without H
abstraction, as shown in step [6],"* the adsorbed PA species
undergoes the addition of one H atom [7]. These steps are
highly dependent on H coverage.'” To yield pentanal, the first
hydrogenation is followed by a second H addition to the
adsorbed species to produce pentanal in the gas phase and an
adsorbed water molecule [8]. As described in steps [9] and
[10], water and pentanal may compete for oxygen vacancies,
modifying the surface coverage of kinetically relevant
intermediates. The sequence of proposed elementary steps is
described in Scheme 1. The apparent activation energy
required for this chemistry is affected by both PA and H,
partial pressure, as described above in Sections 3.1 and 3.2.

Several elementary steps were considered as potentially rate-
limiting for this chemistry. The rate expression for each

Scheme 1. Proposed Elementary Steps for the
Hydrogenation of PA over Promoted Pt/MoO,”

[1] Hyg + 2° < 2H®
[21H +® «Tz)HG) +o
[3] H® + H® - H,02 + ®
[4] C4HCOOHg) + 2° - C4HoCOO0* +H*
[5] C4H,COOH? + ® - C4HoC00? + H®
[6] C4HoCOOH + @ - C4HyCOOH?
[7] C4H,COOH? + H® - C4HoCOHOH? + ®
[8] C4HoCOHOH®? + H® - C4HoCHO + H,02 +®
[9] Ho0® —— H0() + @

[10] C,H,CHO? - CsHi00() + @

“(e) denotes the metal site, (®) denotes oxidized or healed oxygen
vacancies, and (@) denotes reduced or empty oxygen vacancies. All
rates are represented as quasi-equilibrated steps, which will be
decoupled with varying hypothesized kinetically relevant steps below.
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possible rate-determining step considered for the deoxygena-
tion of PA is shown in Table 1. Detailed mathematical

Table 1. Rate Expression for each Potential Rate-
Determined Step

RDS rate expression

r = kiPp[e]?

ry = kK KGPp[0]

r, = kK, KKy Pop By [2][0]
rs = ksKKOKeK;PpaPrin [ 0] [2]

H, dissociation
oxygen vacancy formation/regeneration
first H addition to PA species

second H addition to PA species

expressions for each case are shown in the Supplementary
Information. In eqs 7 and 8, k; is the intrinsic rate constant for
the corresponding elementary step described in Scheme 1; K;
represents the equilibrium constant for step i; [@], is the total
number of oxygen vacancies; [®], is the total number of
metallic sites available at the surface, and [®] are the oxidized
oxygen vacancy sites, which are considered as a constant.

Here, [®] corresponds to metal balance sites. [®], represents
the number density of all adsorption sites (vacant and
occupied) on a catalyst surface.

[e]y = [¢] + [H'] + [C,H,COO"] (1)
[o] = LoJo
(1 + K2PE + K, Py /K P )

The expression for [@] can be obtained by site balance of
the oxygen vacancies as follows:

[2] + [C4H9COOZ] + [C4H9COOHQ]

+ [C,H,COHOH"] + [H,0°] + [C,H,CHO"]
3)

Since [C,HyCOOH®] is the only significant surface

intermediate species on the oxygen vacancies, the following
expression gives a balance of [&] sites:

[e], = [#] + [C,H,COOH?]

(2],

(4)

[C,H,COOH?] is obtained by the adsorption constant
related to step S:

[2], = [2] + K¢Ppy[o] (5)
o] = —12h
(1 + KeBpy) (6)

In a computational study, Shetty et al. reported that H,
dissociation shows the highest barrier for the overall reaction in
the HDO of acetone to propylene over a pristine MoOj,
catalyst (164 kJ/mol).”® Typically, H, dissociation takes place
through a homolytic bond breaking without prior surface
activation, which explains this high barrier value for H,
dissociation on MoQ;."* Although a real catalyst contains
defects (including oxygen vacancies) at the catalyst surface that
can lower the activation energy for H, dissociation, the
deoxygenation of PA on MoOj; could still be limited by this
step. In fact, the rate expression depicted in eq 7 was
determined by considering H, dissociation as the rate-limiting
step (RDS], step 1), which shows a first-order dependence on
H, pressure, consistent with the experimental results for MoO;
in Figure 4ab. Here, we consider other potential rate-
determining steps in addition to H, dissociation that also
exhibit a first-order dependence with respect to H, pressure,
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adsorbate PA

Figure 8. Proposed mechanism for the deoxygenation of carboxylic acid over Pt/MoOs.

such as oxygen vacancy formation, which we have previously
indicated as a possibility,"” or the second H atom addition to
the adsorbed PA species, as shown in Table 1. Due to the
strong dependence of this reaction on the persistent presence
of hydrogen on the catalyst surface, and not simply defects, we
had previously speculated that H addition to the carbonyl
carbon could be an important rate-determining step over
promoted Mo catalysts. We had also proposed that vacancy
creation may be important for unpromoted catalysts."’
However, the reaction order suggests that the prior step of
H, dissociation is the more likely the RDS over-unpromoted
MoOj catalyst and over-promoted Pt/MoOj; catalysts at high
acid partial pressures. The lack of kinetic relevance associated
with the formation of oxygen vacancies over MoOs; lies in DFT
calculations that suggest that once the H atoms form, they can
diffuse over the surface easily (~38—60 kJ/mol) and form an
oxygen vacancy with a total activation energy of 22 kJ/mol,**
which is far lower than the barriers we observed exper-
imentally.

.= kP (@],
Y1+ KPR 4 Koy /KPP

)

Since the presence of the Pt cluster promotes H,
dissociation, a different rate-limiting step is considered for
0.05 wt % Pt/MoO;. Figure 4c shows that the reaction order
with respect to H, is between 0.5 and 0.6. Two rate-
determining steps could result in a 0.5 dependence on
hydrogen: the addition of the first H atom to the adsorbed
PA species or hydrogen spillover on MoO; according to Table
1. As H, is dissociative over the Pt cluster, H atoms tend to
form -OH groups at the surface with low energy barriers
(~38—60 kJ/mol),”” favoring hydrogen spillover along the
MoO; surface. In Section 3.4, we show that hydrogen spillover
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is not likely to be the rate-determining step of this reaction
since Pt/MoOQ; that are in direct contact (Pt/MoO;/CNT)
show similar rates as Pt/MoO; separated by carbon nanotubes
(Pt/CNT/MoOs;). Therefore, the rate expression described by
eq 8 assumes that the H addition to an adsorbed PA is the rate-
limiting step (RDS2, step 7). Our experimental results are in
agreement with the experimental data at low partial pressures
of PA for 0.05 wt % Pt/MoO; shown in Figure 4c. Thus, the
presence of Pt in this catalyst serves as a source for accelerating
hydrogen activation to maintain the constant hydrogen supply
at the surface, lowering the energy barrier and enhancing the
rate of conversion of PA, as described in Section 3.2.
Rachmady et al. have shown similar H, dependence on the
hydro%enation of acetic acid at the interfacial sites of Pt/
TiOz.l 14

L = k7K11/2K6K2PPAPH21/2[ o llzl
7 (1 +KP,,)

(8)

Our experimental results reveal that upon the incorporation
of Pt, the reaction order with respect to H, shifted from 1 to
0.5 at a low partial pressure of PA, as shown in Figure 4a,c.
This change in reaction order is due to the change in hydrogen
coverage at the surface. Therefore, this reaction is highly
dependent on the local hydrogen concentration since more H
atoms will participate in the hydrogenation of the carboxylic
acid. Furthermore, the incorporation of Pt clusters on MoO;
not only increases rates of H, dissociation but may also
facilitate the formation of hydrogen bronzes (H,M0O;), which
are H species that diffuse into the support and intercalate into
the structure by forming -OH bonds with the oxide.*’ The
formation of these hydrogen bronzes on 0.0S wt % Pt/MoO;
could contribute to maintaining the local hydrogen concen-
tration at the surface, enhancing hydrogenation reactions.
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Kosydar et al. have also reported that Pt/H,MoO; showed
higher selectivity towards C=O hydr0§enation in the
conversion of cinnamaldehyde and furfural.™ This is also in
agreement with the selective hydrogenation of acrolein to allyl
alcohol, where Pt/H,MoQ; can easily activate aldehyde oxygen
atoms and promote hydrogen addition.*’

Overall, the kinetic model framework presented here
demonstrates that a Langmuir—Hinshelwood-type reaction
mechanism describes the deoxygenation of PA over promoted
Pt/MoO;, with orders matching those observed experimen-
tally. As the concentration of PA increases over the catalyst, the
results suggest that the RDS shifts from r7 at low PA
concentrations in the presence of a metal capable of
maintaining a high H coverage on the surface. At high
concentrations of PA, the RDS shifts to rl, with a negative
order-dependence on increasing PA at significant PA cover-
ages. This suggests that the concentration of PA not only
influences hydrogen coverage but also modifies the RDS.
Figure 8 shows the mechanism proposed for the deoxygenation
of carboxylic acid over promoted Pt/MoO; A similar
mechanism has previously been used to explain the hydro-
genation of acetic acid in the interfacial region of Pt/TiOz,
although in that case, spillover to carry out this chemistry on O
vacancies far from the Pt metal particle is unlikely, as we
propose in the current study.'”'*

4. CONCLUSIONS

The mechanistic details of pentanoic acid conversion on
promoted Pt/MoOj; give evidence that the deoxygenation of
PA takes place primarily at the metal oxide surface (ie. on
oxygen vacancies) rather than on highly active sites located at
the interface, which is ruled out by an experiment using carbon
nanotubes as hydrogen bridges between the two catalytic
functionalities (Pt and MoO,). Our results suggest that the
role of Pt is to maintain a high hydrogen concentration at the
surface. This study shows that a Langmuir—Hinshelwood-type
mechanism can describe the conversion of pentanoic acid over
both MoOj; and 0.05 wt % Pt/MoO;, assuming two types of
active sites: metal sites that activate H, and oxygen vacancies
that enable the deoxygenation of PA. The RDS of the reaction
shifts with the partial pressure of acid and H, coverage from H
addition to the adsorbed acid species to H, dissociation.
Overall, this study provides a mechanistic understanding of the
deoxygenation of PA on dynamic MoO; catalysts in the
presence and absence of small amounts of metal promoters.
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