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ABSTRACT: Direct vapor-phase upgrading of biomass pyrolysis products requires a catalytic reactor able to treat high reactant flow
rates without generating a large pressure drop, because conventional pyrolysis reactors operate near atmospheric pressure.
Monolithic catalysts exhibit important advantages that make them good candidates for this purpose. In this paper, low-surface-area
Inconel monoliths were coated with in-situ-grown carbon nanofibers (CNFs), which were subsequently impregnated with catalytic
species (Pt, Sn, and bimetallic Pt—Sn). These monoliths were tested for the deoxygenation of guaiacol and anisole (products of
lignin pyrolysis), two of the most deactivating compounds present in pyrolysis oil. The main products obtained from these feeds on
the monolithic catalysts were phenol and benzene. Coating with CNFs provides increased surface area and anchoring sites for the
active species (Pt and Sn), thus increasing the yield of desired products. The bimetallic Pt—Sn catalysts showed higher activity and
stability than monometallic Pt and Sn catalysts. These tests indicate that monoliths of Pt—Sn/CNF/Inconel are potentially effective
catalysts for the vapor-phase upgrading of lignin fractions present in bio-oil.

1. INTRODUCTION

Among the different processes being investigated for the
conversion of biomass to transportation fuels, fast pyrolysis
appears as an attractive alternative because it results in a high
liquid/feed ratio and does not require extensive capital
investments." A recent techno-economical analysis suggests that
pyrolysis-derived biofuels are competitive with other alternative
fuels, but the technology is relatively immature, which causes
uncertainty in some of the estimates.” Bio-oil obtained from fast
pyrolysis has a high oxygen content, which makes the product
unsuitable for transportation fuels. This inadequacy of bio-oil
creates the need for novel catalytic processes to upgrade the
pyrolysis ;)roducts with the required stability and fuel
properties.”* The compounds present in bio-oil (besides water)
can be grouped into five families: hydroxyaldehydes, hydroxyke-
tones, sugars and dehydrosugars, carboxylic acids, and phenolic
compounds.® Upgrading of this oxygenated mixture has been
carried over different types of catalysts. Several studies during the
1990s used zeolites to convert oxygenated model compounds as
well as whole bio-0il.°® At the same time, motivated by the
obvious advantage of co-processing bio-oil in existing refinery
operations, deoxygenation studies of bio-oil model compounds
over conventional hydrotreating (HDT) catalysts have been
conducted.” '" More recently, supported platinum catalysts
have been investigated in the upgrading of model bio-oil
mixtures.'> It has been recognized that these catalysts face the
challenge of a fast deactivation in the presence of phenolic
compounds, which can only be slowed using high hydrogen
pressures.

High-pressure post-pyrolysis HDT processes cannot be easily
integrated with conventional pyrolysis reactors, because the
latter operate at near atmospheric pressure. The only option is
therefore to condense the pyrolysis vapors and feed the liquid
bio-oil to the HDT units. The great challenge in doing this in
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large scale is the low chemical and thermal stability of bio-oil. A
more desirable option would be to directly feed the vapors
coming out of the pyrolysis unit into an upgrading reactor or a
cascade of reactors. Therefore, it is highly advantageous to find a
catalyst system that can work efficiently in the presence of bio-oil
vapors, particularly the severely deactivating phenolic com-
pounds, at atmospheric pressure. An aspect that must be taken
into account is the unwanted effect of pressure buildup in the
upgrading reactor that might upset the stable operation of the
pyrolysis reactor. In this regard, monolithic supports appear as an
attractive option because they typically generate minimum
pressure drops during operation, even at high flow rates."® Thus,
we have focused on using monolithic catalyst supports for the
proposed upgrading cascade of pyrolysis vapors.

It is well-known that monolithic catalyst supports can be
synthesized with low or high surface areas. High-surface-area
monoliths are a better choice for catalytic reactions because
they allow for higher dispersion of the active material and
provide a higher contact area between the catalyst and the gas.
However, the synthesis of high-surface-area monoliths is rather
expensive, and their mechanical resistance is much lower than
that of low-surface-area monoliths.'* The disadvantages of a
low-surface-area monolith can be overcome by coating the
substrate with an overlayer of high surface area. For example,
washcoating is a widely used method for increasing the surface
area of monoliths. Silica and alumina have been commonly used
for this purpose by the formation of a thin oxide layer onto the
monolith walls, providing a suitable, high-surface-area material
for the incorporation of the active phase. Carbon has also been
used as a high-surface-area coating for monoliths, and it
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presents good advantages because it is generally inactive for
most secondary reactions that may occur on other catalyst
supports.'® For example, the behavior of platinum and palla-
dium catalysts supported on carbon nanofiber (CNF)-coated
cordierite monoliths has been recently compared to that of
catalysts supported on alumina washcoated monoliths.' It was
found that the surface area was doubled when CNFs were
grown. Also, the adsorption of water on the support (and
catalyst deactivation) was reduced because of the higher
hydrophobicity of carbon when compared to alumina.

In the area of biomass conversion, monolithic catalyst sup-
ports have been used in the production of hydrogen gas from
pyrolysis oil,'”” ' and in the cleaning of syngas from biomass
gasification.””*' However, they have not been used yet in the
upgrading of pyrolysis vapors. In this paper, we have investigated
Pt—Sn catalysts on CNF-coated monoliths as a novel catalytic
upgrading system for the deoxygenation of anisole and guaiacol,
chosen as model molecules because they are among the most
abundant phenolic compounds derived from lignin pyrolysis.**

2. EXPERIMENTAL SECTION

2.1. Materials. The monoliths used in this study were Inconel
Metpore exhaust filtration/catalyst support (EFCS), with a relative
density of 4.3% and 100 pores per inch. Catalyst metal precursors for
nanofiber growth (Cu) and deoxygenation reactions (Pt and Sn) were
copper(II) nitrate pentahemihydrate (99%, Riedel-De-Haen), dihydro-
gen hexachloroplatinate(IV) hexahydrate (99.9%, Alfa Aesar), and tin-
(1) chloride dihydrate (reagent grade, Alfa Aesar), respectively.
Guaiacol (2-methoxyphenol) and anisole (methoxybenzene) were
99% from Sigma Aldrich. Standards for product identification were
benzene (99.9%, Sigma Aldrich), toluene (99.7, Alfa Aesar), phenol
(99%, Sigma Aldrich), and o-cresol (98%, Alfa Aesar). Gases were
hydrogen [ultra-high purity (UHP)], nitrogen [high purity (HP)], and
ethylene (UHP), all from Airgas.

2.2. Catalyst Synthesis. The Inconel material was shaped into
cylinders of diameter equal to the reactor tube diameter and '/, in.
length. The resulting monoliths were treated with nitric acid solution to
remove impurities from the surface and enhance the anchoring of the
precursors. After this treatment, the monoliths were washed in deionized
(DI) water and dried overnight. These monoliths are referred to as
blank/Inconel in the text. Impregnation of single metals (copper for
nanofiber growth and platinum and tin for reaction) was performed by
sonication for 3 h in a precursor solution that contained 3 wt % of the
active metal, followed by room temperature drying for 5 h and overnight
drying at 110 °C. This procedure was performed twice. Then, calcina-
tion was carried out under flow of air for 2 h at 400 °C for the platinum
catalyst and 600 °C for the tin catalyst. Samples impregnated with
platinum and tin are referred to as Pt/Inconel and Sn/Inconel,
respectively. Platinum and tin co-impregnation was performed following
the same procedure used for the individual metals but using a precursor
solution containing 1.5 wt % of each metal (3 wt % total metal, Sn/Pt
molar ratio of 1.6), and carrying out calcination at 450 °C. This catalyst is
referred to as Pt—Sn/Inconel in the text. Catalysts were reduced in situ
for 2 h under 200 mL/min flow of hydrogen at various temperatures: Pt/
Inconel at 330 °C, Sn/Inconel at 600 °C, and Pt—Sn/Inconel at 400 °C.
Copper-impregnated Inconel (i.e., Cu/Inconel) was further treated in a
continuous flow reactor for growing CNFs on the monolith surface. In
situ reduction of Cu/Inconel monoliths was carried out under hydrogen
flow at 600 °C, and subsequent treatment with ethylene took place at
700 °C for half an hour. Monoliths resulting from this treatment are
called CNF/Inconel. The CNF-coated monoliths were co-impregnated
with Pt and Sn by the same procedure as described above, calcined at
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Figure 1. (a) Cylindrical shape of the Inconel monolith and (b) SEM
picture showing the monolith structure.

450 °C, and reduced in situ at 400 °C. This catalyst is called Pt—Sn/
CNEF/Inconel.

2.3. Catalyst Characterization. The Brunauer—Emmett—Teller
(BET) surface area of the catalysts was measured on a Micromeritics
ASAP 2000 physisorption apparatus, using N, as the probe molecule.
The carbon content in the CNF/Inconel sample was determined by two
methods, which gave almost identical results. The first method was a
direct measurement of the weight difference before and after the CNF
growth. The second was thermogravimetric analysis (TGA) on a TGMS
Netzsch unit combined with STA 449 Jupiter TG and QMS 403 C
Aeolos MS, with a temperature ramp of 10 °C/min, in air. The
topography of the catalyst surface was imaged on a Zeiss DSM 960A
scanning electron microscope (SEM). The morphology and size of the
CNFs and metal particles were investigated on a JEOL 2000-FX
transmission electron microscope (TEM).

The metal loading on the monoliths was estimated by assuming that,
after the impregnation and calcination steps, the metals were in the form
of PtO, and SnO, respectively. The weight gained during calcination was
used for the estimation of the total metal present in the monolith.

Thermal-programmed reduction (TPR) experiments were per-
formed ina '/, in. outer diameter quartz tube. After the catalyst particles
were ground and sieved to the size range of 250—425 um, 30 mg of the
monolithic catalyst was treated under 30 mL/min flow of 5% H, in Ar,
using a temperature ramp of 10 °C/min. Hydrogen consumption was
monitored on a thermal conductivity detector (TCD), using Ar as the
reference gas.

2.4. Catalytic Reaction. Deoxygenation of anisole and guaiacol
was carried out at atmospheric pressure and 400 °C in a quartz tube of
®/s in. outer diameter and 12.5 in. length. In a typical experiment, the
liquid reactant (guaiacol or anisole) was injected from a syringe pump
(0.1 mL/h) to a heated stainless-steel tube, where it was mixed with a gas
mixture (S0 mL/min) stream of N, (83%) and H, (17%) and vaporized
before entering the reactor. The hydrogen/phenolic compound molar
feed ratio was 30:1. Products were analyzed online using a Varian 3800
gas chromatograph (GC) equipped with a Rxi-SSil mass spectrometry
(MS) column and flame ionization detector (FID). Liquid products
were condensed in an acetone/ice trap. Identification of products in the
collected liquid was performed with a GCMS-QP2010S system
equipped with a HP-S column and confirmed by injection of standards
to the GC—FID.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. Figure la shows a photo-
graph of the Inconel monolith used as a catalyst support, while
the low-magnification SEM picture in Figure 1b illustrates the
geometry of the monolith openings. The random nature of the
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Figure 2. SEM pictures of monolithic catalysts: (a) blank/Inconel,
(b and c) CNF/Inconel, and (d) high magnification image to show
the CNF.
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Figure 3. CNFs burn off profile in the CNF/Inconel catalyst.

channels is favorable for the reaction because it provides im-
proved contact between the gas and the catalyst surface. A closer
look at the blank/Inconel and CNF/Inconel in Figure 2 reveals
the surface of the metal monolith before and after treatment with
ethylene at high temperatures. The higher magnification images
in panels ¢ and d of Figure 2 show more details of the
morphology of the surface covered by CNFs. In addition to
the images, energy-dispersive X-ray spectroscopy (EDS) anal-
ysis, performed on the same SEM, gave evidence for the high
carbon coverage of the surface.

Because the main purpose for growing CNFs on the mono-
lith was to increase the support surface area, the BET surface
area of the CNF-coated monolith was comgared to that of the
bare monolith. The results were 14 &= 1 m”/g of monolith for
CNEF/Inconel and less than 1 mz/g of monolith for the blank/
Inconel sample.

Figure 4. TEM pictures of CNFs (a) before impregnation with Pt—Sn
and (b) after impregnation with Pt—Sn and calcination.

The carbon content of CNF/Inconel measured by two
different methods gave practically the same result. The weight
difference after CNF growth was 17.0 wt %, while TGA by
oxidation of the CNF between 30 and 800 °C indicated a weight
loss of 16.7 wt % (see Figure 3). On the basis of this carbon
content and surface area measurements, the support surface area
was estimated to be 82 4 1 m?/ g of CNF. This value is in good
agreement with previous reports for the specific surface area of
CNFs.> Figure 3 shows the weight loss (carbon burn off) of
CNF/Inconel as a function of the temperature. Combustion of
the CNFs starts taking place at above 500 °C (see Figure 3).
Therefore, it is expected that, after calcination in air at 450 °C,
consumption of the support because of combustion of the fibers
should not be significant.

Sonication experiments of a CNF/Inconel sample were per-
formed to evaluate the mechanical integrity of the carbon coating
during the incorporation of the metal and handling of the
monoliths. In this test, an as-prepared monolithic catalyst was
dipped in water/acetone solution and placed in a sonication bath
under the same conditions used for the impregnation of the
active phase. A total weight loss of less than 1 wt % was observed,
which indicates that the carbonaceous support is strongly bound
to the Inconel surface.

The TEM images in Figure 4 illustrate the morphology of the
CNFs present on the monoliths (50—200 nm in diameter), both
before and after the Pt—Sn impregnation/calcination steps,
giving additional evidence to the mechanical integrity preserved
during the process. Figure 4b shows the presence of metal
particles anchored on the CNF surface with sizes around
50 nm and above.

TPR experiments were conducted to investigate the formation
of Pt—Sn alloys. Figure S shows the TPR profiles of the supports
before metal impregnation (i.e., blank/Inconel and CNF/Inconel),
monometallic catalysts (Pt/Inconel and Sn/Inconel), and bime-
tallic catalysts (Pt—Sn/Inconel and Pt—Sn/CNF/Inconel). As
expected, blank/Inconel shows very low hydrogen consumption;
two small peaks are observed, one at 400 °C and one at 510 °C.
This small hydrogen consumption can be ascribed to the
reduction of some of the constituents of the Inconel alloy. As
described below, these reduced metal species do not generate any
significant catalytic activity for the reactions of interest. CNF/
Inconel does not show any consumption of hydrogen, which
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Figure 5. TPR profiles for catalyst supports, monometallic catalysts, and bimetallic catalysts.

Table 1. Catalyst Metal Loading and Initial Activity

initial benzene

yield [mol h™"

initial conversion

[molh™!

estimated

metal loading

catalyst (wt %) (g of metal) '] (g of metal) ']
Sn/Inconel 8.01 0.008 0
Pt/Inconel 3.38 0.024 0.001
Pt—Sn/Inconel 7.25 0.034 0.012
Pt—Sn/CNF/Inconel 16.21 0.020

suggests that the Inconel surface and the copper particles used for
the CNF growth are fully covered by the fibers, so that the metal
sites are not able to react with hydrogen.

For the Pt/Inconel catalyst, two hydrogen consumption peaks
are observed, one at 300 °C and another at 400 °C. The latter can
be attributed to the partial reduction of the Inconel support,
because it appears at the same temperature as one of the peaks
identified in the blank/Inconel sample. Therefore, the peak at
300 °C is assigned to the reduction of Pt. Sn/Inconel shows a
main reduction peak at 450 °C accompanied by a smaller peak at
around 550 °C. Previous TPR studies®* of Pt—Sn/Al,O; cata-
lysts have shown the existence of reduction peaks at 250 °C for Pt
and 400 °C for Sn (including a shoulder near 500 °C). Taking
into account the difference in the type of support (Inconel versus
AlL,O3) and the differences in the metal particle size (greater in
our case), our results are in good agreement with previous
experiments. The reduction profile for Pt—Sn/Inconel exhibits
a single peak centered around 300 °C, and shows no hydrogen
consumption in the region where unalloyed Sn is not present,
whereas Pt—Sn/CNF/Inconel presents multiple reduction
peaks ranging from 160 to 600 °C. Excess Pt is present and a
fraction of it may not be forming the Pt—Sn complex in
solution. Therefore, unalloyed Pt is expected on the surface
of Pt—Sn/Inconel. The appearance of multiple peaks in the
reduction of Pt—Sn/CNF/Inconel can be attributed to a wide
distribution in the metal particle size, as observed with TEM,
causing the reduction of the alloy to occur in several steps.
Furthermore, carboxyl and carbonyl groups are present on the
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support surface as a result of the oxidation of the fibers.”®
These oxidized species act as anchoring sites for the metal
species,”® which may provide a different degree of interaction
between the metal precursors and the supports. This interac-
tion may hinder the mobility of the impregnated species on the
surface and may result in the formation of non-uniform alloy
particles, which would result in many reduction peaks in the
TPR profile.

To investigate whether during the catalyst impregnation there
is selective adsorption of the metal precursors, the solutions were
analyzed by ultraviolet—visible (UV—vis) spectroscopy before
and after being in contact with the substrate. No significant
changes in the concentration were observed in the solutions after
two consecutive impregnation steps, while progressive weight
gains were observed in the monoliths. That is, the metal
incorporation onto the monolith is a direct impregnation rather
than adsorption of precursor molecules from solution. The
precursor solution wets the high-area surface of the monolith,
and as the solvent evaporates, the active species remain occluded
on the surface. Metal loadings for both mono- and bimetallic
catalysts are reported in Table 1.

3.2. Guaiacol Deoxygenation on Mono- and Bimetallic
Catalysts. Table 1 reports the initial activity and benzene yield
(5 min on stream) on a metal weight basis for mono- and
bimetallic catalysts. The blank/Inconel monolith without any
metal impregnation showed low conversion, i.e., less than about
3% (not shown). Traces of phenol were observed as the main
product. When either Pt or Sn was incorporated onto the
monoliths, the guaiacol conversion increased.

The variation of guaiacol conversion, at 1 atm and 400 °C, as a
function of time on stream (TOS) is compared in Figure 6 for
mono- and bimetallic catalysts. The Pt/Inconel monolith had
higher initial activity (see Table 1), but it rapidly deactivated;
after 3 h on stream, its activity was that of the blank/Inconel
monolith. While the initial activity of Sn/Inconel was lower than
that of Pt/Inconel, the deactivation was less severe and, after 3 h
on stream, was able to maintain about half of its initial activity.
When Pt and Sn were co-impregnated on the bare Inconel
surface, the initial activity showed a significant improvement with
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Figure 6. Guaiacol conversion and product yields over different catalysts as a function of TOS at 1 atm and 400 °C: (a) Sn/Inconel, (b) Pt/Inconel,
(c) Pt—Sn/Inconel, and (d) Pt—Sn/CNF/Inconel. W/F is 3.2 g of catalyst (g of reactant) ' h™".

respect to the Pt/Inconel monolith (see Table 1). Both Pt—Sn/
Inconel and Pt—Sn/CNEF/Inconel catalysts reached 100% con-
version of guaiacol initially.

The product distribution as a function of TOS is also shown in
Figure 6. Phenol is the main product for both Sn/Inconel and Pt/
Inconel, accompanied by a smaller amount of o-cresol. Several
studies have reported phenol to be an important compound in
guaiacol deoxygenation, as either a main product or an inter-
mediate to further deoxygenation.”” >' Other products included
di- and trimethyl phenols, while only traces of anisole and
catechol were observed. In the reaction on Pt/Inconel, a small
amount of benzene was observed at short TOS but, after the
catalyst deactivated, benzene was not longer produced.

While complete hydrodeoxygenation of guaiacol on conven-
tional hydrotreating metal catalysts only occurs at high hydrogen
pressures,””** the bimetallic Pt—Sn monolithic catalysts de-
scribed here are able to fully deoxygenate guaiacol at atmospheric
pressure. In contrast, on the monometallic monoliths (either Pt
or Sn), full deoxygenation was either not achieved or it occurred
to a very small extent. The fast deactivation that occurs in the
absence of the alloy is responsible for the rapid loss of deox-
ygenation activity.

Not only the metallic composition but also the nature of the
substrate seems to have an important impact on the perfor-
mance of the monolith. For instance, Figure 6¢c summarizes the
product yields over the Pt—Sn/Inconel monolith as a function
of TOS. Phenol, o-cresol, toluene, and benzene were observed
in the products. Initially, the C6 products (phenol and
benzene) were obtained in about the same proportion, while
the C7 products were present in smaller amounts. At longer
TOS, the catalyst deactivates and the product distribution
showed a lower concentration of fully deoxygenated products,
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which dropped to almost zero after 3 h on stream, with the
concomitant increase in the yield of mono-oxygenated phenol
and cresols.

For comparison, Figure 6d shows that the Pt—Sn bimetallic
catalysts supported on the CNF-coated monolith displayed a
much improved performance (see the initial benzene yield in
Table 1). In this case, at the beginning of the run, the yield of
benzene was higher than that of phenol and, while the product
distribution still changed as a function of TOS, the yield of fully
deoxygenated products was still significant after 2 h on stream. It
is evident that the complete deoxygenation of guaiacol is a
sequential reaction that has the mono-oxygenated compounds
as intermediate products. Therefore, while the feed conversion is
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Figure 8. Product yields over the Pt—Sn/CNF/Inconel catalyst for different reactants: (a) anisole with TOS of 45 min, (b) anisole with TOS of 125 min,
(c) guaiacol with TOS of 45 min, and (d) guaiacol with TOS of 125 min. W/F is g of catalyst (g of reactant) " h™". T = 400 °C, and P = 1 atm.

close to 100% in all cases, when the catalyst is less active or
deactivates faster, the selectivity to fully deoxygenated products
decreases.

In this comparison, a relatively low initial activity is observed
with the Sn/Inconel and Pt/Inconel monoliths (Figure 6). When
platinum and tin were co-impregnated on the monolith surface,
the initial activity of the catalyst significantly increased (100%
conversion), as observed in Table 1. This difference is a good
indication of the superior properties of the bimetallic catalyst,
most likely because of the formation of the Pt—Sn alloys
identified by TPR. In fact, Pt—Sn alloys are widely recognized
as stable and selective catalysts for a number of reactions,
including some related to biofuel upgrading.**

‘When CNFs were grown on the Inconel monolith surface, the
performance of the resulting Pt—Sn catalyst was even better.
While the initial guaiacol conversion was already 100% on the
Pt—Sn/Inconel monolith, the CNF/Inconel monolith not only
had a 100% conversion but also a higher benzene yield (see
Table 1). The enhanced surface area generated by the CNFs can
clearly improve the uptake of metal (as shown in Table 1) and
possibly increases the metal surface that is available for the
reaction to take place. A similar positive effect has been reported
with other CNF catalysts."®

3.3. Comparison of Guaiacol and Anisole Deoxygenation
on the Bimetallic Catalyst. On the basis of the superior
performance displayed by the Pt—Sn/CNF/Inconel monolith,
the rest of the studies were conducted on this catalytic material.
For instance, a comparison was made on this monolith for the
deoxygenation reactions of guaiacol and anisole. The overall feed
conversion at different contact times and space times (W/F) is
compared in Figure 7. It is obvious that guaiacol is much more
reactive than anisole; only at the lowest W/F investigated, the
reactant disappearance was less than 100%. However, despite a
higher reactivity, guaiacol shows a higher rate of catalyst deacti-
vation that is only apparent in the distribution of products
because the total conversion is 100% and obviously deactivation
cannot be measured.

As illustrated in panels a—d of Figure 8, the difference in
reactivity and degree of deactivation causes some important
differences in the distribution of products obtained from anisole
and guaiacol as a function of W/F at different TOS. For instance,
the conversion of anisole yields benzene as the main end product,

with phenol as the major intermediate, while o-cresol and toluene
appear as minor products. Other products, such as methylanisole,
were observed only in traces. A comparison between panels a and
b of Figure 8 shows that, with anisole feed, benzene remains as
the main product, even after 125 min on stream. That is, while
some degree of catalyst deactivation is apparent, full deoxygena-
tion is still possible. In the case of the guaiacol feed, after the same
TOS as those used for anisole (45 and 125 min), phenol
dominates over benzene at almost every W/F investigated, with
the latter becoming more important only at the highest W/F. As
in the case of anisole, toluene and o-cresol are observed only as
minor products. Catechol (obviously not observed from anisole)
appears as a minor product from guaiacol. Dimethoxybenzene
and polymethyl phenols are also observed in low concentrations
(panels ¢ and d of Figure 8). Analysis of noncondensable gases
from the reaction of guaiacol and anisole showed the presence of
methane, which can be expected from the hydrogenolysis of the
methoxy group.

A series of pulse experiments with anisole and guaiacol were
performed to identify the different interactions of these mol-
ecules with the catalyst surface. In each experiment, 61 mg of the
catalyst was heated up to 400 °C and, subsequently, two 9.5 X
10~® mol pulses were injected 5 min apart onto the catalyst bed
in a 100 mL/min He carrier flow. A significant fraction of the
injected feed was captured by the catalyst. With anisole, 74% of
the first pulse and 39% of the second pulse were retained. With
guaiacol, 90% of the pulse was retained in both pulses. It is clear
that both molecules adsorb strongly on the catalyst, but some
differences are apparent. Anisole preferentially adsorbs on the
strongest sites, and a significant fraction of them are occupied
during the first pulse, causing the observed decrease in anisole
retention during the second pulse. In contrast, guaiacol seems to
adsorb on a broader range of sites (strong and weak). As a
consequence, the amount of guaiacol retained by the catalyst is
the same during both pulses (and higher than anisole). The
observed stronger adsorption of guaiacol compared to anisole
agrees with the higher reactivity observed with this feed, but at
the same time, also agrees with the more severe deactivation
observed with guaiacol compared to anisole.

The different extent of catalyst deactivation caused by the two
different feeds can be best evaluated by analyzing the yield of fully
deoxygenated products as a function of TOS. For instance,
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Figure 9. Reaction steps for guaiacol deoxygenation on the Pt—Sn/
CNF/Inconel catalyst.

TRANSALKYLATION/DEOXYGENATION

Figure 8 shows that, while benzene remains as the most abundant
product from the deoxygenation of anisole for at least the first
2 h, it is only most abundant at the very beginning of the run
when using guaiacol as a feed. Clearly, the catalyst is more
severely deactivated by guaiacol (or its products) than by anisole
(or its products). As mentioned above, guaiacol first produces
catechol, followed by deoxygenation to phenol and finally
benzene. In turn, anisole first produces phenol, which is then
deoxygenated to benzene. Other studies currently taking place in
our group showed that catechol adsorbs more strongly than
phenol on different catalyst surfaces (metals, acids, and oxides);
in parallel, the pulse experiments reported here give evidence for
the stronger adsorption of guaiacol compared to anisole. That is,
the double-functionalized guaiacol and catechol are more likely
to remain on the surface, blocking deoxygenation sites of phenol
to benzene than the single functionalized ones, anisole and
phenol.

The observed variation of product distribution with W/F and
TOS in the conversion of guaiacol and anisole is consistent with
the mmghﬁed reaction pathways previously proposed by us and
others?* 27323536 (gee Figures 9 and 10). The deoxygenation
path starts with decomposition of the methoxy group. Both
metals and acids can catalyze this reaction. In this case, the metal
function dominates, and it is expected that this step occurs via
hydrogenolysis of the C—O bond, producing methane as the
gaseous product, experimentally observed. At the same time, the
decomposition of the methoxy group results in catechol or
phenol from guaiacol and anisole, respectively. Thermodynami-
cally, this C—O bond is weaker than the C—O bond connecting
methoxyl to the aromatlc ring and weaker than the C—O bond of
the hydroxyl group.>* Therefore, producing catechol from guaia-
col is more favorable than directly producing anisole or phenol.
However, only traces of catechol are observed in the product
from guaiacol, which suggests that catechol is rapidly converted
to phenol, perhaps before it desorbs from the metal surface. In
contrast, on acid catalysts,®® catechol is a major product because
it is much less reactive. We have also recently shown that another
route for the conversion of phenolics is transalkylation, in which
the methyl group from methoxyl is transferred to another
aromatic molecule. Through this transalkylation path, catalyzed
by acid sites,”***° two anisole molecules can form phenol and
methylanisole and later cresol. The subsequent metal-catalyzed
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Figure 10. Reaction steps for anisole deoxygenation on the Pt—Sn/
CNF/Inconel catalyst.

deoxygenation of these compounds will produce benzene, phe-
nol, and toluene, respectively. In a similar way, guaiacol can
undergo transalkylation and deoxygenation to produce benzene
and toluene.

The very low yields of toluene and mono-oxygenated alkylated
phenolics (cresol, methylanisole, etc.), together with the signifi-
cant amounts of methane observed in this case, are consistent
with the low acidity of the substrate used in these monoliths,
Inconel alloy (support) and CNFs (coating), and show that the
main catalytic function for the methoxyl decomposition on these
monoliths is metallic. However, the mechanism for hydrodeox-
ygenation of catechol and phenol may involve some weak acid
sites. It is possible that, in addition to a direct C—O cleavage,
deoxygenation occurs via (partial) hydrogenation of the aromatic
ring followed by dehydration.***” At the low pressures and rather
high temperatures used in this study, no ring hydrogenated
products are expected to be present in the vapor phase, however,
considering the presence of a partlally hydrogenated surface
intermediate is not unjustified.*®

4. CONCLUSION

Mono- and bimetallic (Pt—Sn alloy) monoliths were synthe-
tized and tested for the deoxygenation of guaiacol and anisole.
Both Pt—Sn/Inconel and Pt—Sn/CNEF/Inconel are able to fully
deoxygenate guaiacol and anisole. Coating with CNFs increased
the surface area of the monoliths more than 10 times, allowing for
a higher metal uptake during the active-phase incorporation,
when compared to monoliths without coating. Deactivation of
the catalyst still needs to be improved; however, the Pt—Sn/
CNF/Inconel monolith is a promising catalyst for the upgrading
of pyrolysis bio-oil.
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