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ABSTRACT: Pt/Al,O; catalysts were used to deoxygenate m-cresol, which was used as a bio-oil model compound. The catalysts
were characterized by XRD, TEM, XPS, hydrogen chemisorption, and BET surface analyses. The coke deposits on spent catalysts
were analyzed by TPO. In this work, the catalysts deactivation and regeneration were addressed. Deactivation was caused by
carbonaceous deposits formed mainly by cresol condensation products, in a parallel-type coke formation mechanism. The
amount of carbon formed on the catalyst strongly depends on the metal/acid functions ratio. The gas phase reaction was carried
out in a fixed bed reactor in the presence of H, at 300 °C and atmospheric pressure. The regeneration by coke removal using
hydrogen or air was addressed. It was found that treatments in air at mild temperature led to the recovery of the catalytic activity,
while the effectiveness of the treatment with H, strongly depends on the temperature, not being possible to recover the activity at
400 and 500 °C, while at 450 °C the catalyst was regenerated. This is because at the higher temperature, the coke left on the
support had higher toxicity. The influence of platinum loading on activity and selectivity was also studied, and it was concluded
that the selectivity to the desired deoxygenated product can be regulated by changing the metal content on the catalyst. The
metal/acid sites ratio plays a key role in the coke deposition rate.

1. INTRODUCTION

The liquid bio-oil obtained by biomass fast pyrolysis is a
potential fuel that after upgrading can be mixed with
nonrenewable fuels. These treatments are necessary, since the
high oxygen contents of bio-oil impart negative properties to it
because of its high viscosity, low heating value, corrosiveness,
and instability.' > Moreover, the high reactivity complicates the
use of bio-oil as a fuel and its long-term storage. Catalytic
deoxygenation of bio-oil is one of the possible treatments for
bio-oil upgrading.*~*

The Pt/Al,O; catalyst was previously studied in the
hydrodeoxygenation of m-cresol, which was selected as a
model compound of the bio-oil."*> The main hydrodeoxygena-
tion products were toluene, benzene, and methylcyclohexane,
and the selectivity to these products depended on the reaction
conditions. It was shown that the yield of the desired product
can be regulated by changing the metal loading, the H,/cresol
ratio, and the reaction temperature. The toluene hydrogenation
to methylcyclohexane was favored at low temperature, while
the toluene yield has a maximum at an intermediate
temperature level (around 300 °C), since at high temperatures
toluene was transformed into benzene by demethylation. The
amount of coke deposited during m-cresol deoxygenation on
the Pt/y-AlO; is rather low, about 1 wt %. The initial activity
was high, but deactivation was observed.

It was shown that catalyst deactivation was mainly due to
cresol condensation products, since the coke percentage on
spent catalysts decreased as a function of the contact time (W/
F), suggesting that the main deactivation mechanism was a
parallel coking path,'® being the coke formed mainly from the
reactant. The deactivation and regeneration of metallic catalysts
used in phenolics compounds deoxygenation were scarcely
studied. Ausavasukhi et al.'® studied the deoxygenation of m-
cresol over Ga-modified H-Beta (Ga/HBEA) zeolites and
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proposed that a major fraction of the feed gets strongly
adsorbed inside the zeolite, forming a “surface pool” of
oxygenated species. These authors also observed that the
hydrogenolysis of trapped products as well as of the larger
molecular aggregates that have started to condense was greatly
accelerated in the presence of Ga and H, in the gas phase.

Foster et al.'"” studied the deoxygenation of m-cresol with Pt/
Al,O; and Pt/SiO, at 0.5 atm and observed that the catalysts
deactivated. However, the activity and selectivity toward
toluene were recovered after regeneration of Pt/AL,O; in H,
at 450 °C and 0.5 atm. In contrast to the alumina-supported
sample, postreaction treatment in H, did not restore activity for
the Pt/SiO, catalyst. The treatment in H, caused a decrease in
the conversion of m-cresol and its selectivity toward toluene.
According to Foster et al.'” the Pt metal—support interaction is
much weaker on the SiO, support than on ALO; and
consequently Pt/SiO, is more susceptible to particle sintering.
The presence of hydrogen has been shown to facilitate the
diffusion of Pt, and combined with the weaker interaction
between Pt and SiO,, a faster sintering of the Pt particles
occurred. The study of Foster et al.'” is the only publication
that partially addressed the regeneration of hydrodeoxygenation
(HDO) catalysts but without including a detailed study of the
coke deposits.

H, not only reacts in hydrodeoxygenation but also inhibits
the formation of undesirable heavy products. Thus, the
hydrodeoxygenation of methyloctanoate over Pt/ALO;"® yields
mainly C7 alkanes and alkenes by decarbonylation or
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decarboxylation of the ester, acid, or other oxygenate. When
deoxygenation is carried out under inert gases, heavy products
such as diheptylketone, n-pentadecane, and octyloctanoate are
formed.

In the present work, the catalyst deactivation and
regeneration are addressed, as well as the influence of metal
loading on product distribution and deactivation. A detailed
investigation of the relationship between types of coke and
activity/selectivity of HDO bifunctional catalysts is presented.
The objective is to determine the effect of different operating
variables on the amount of coked formed on Pt/y-Al,O,
catalysts and the nature of the coke deposits and to study the
effect of the regeneration strategy on the activity recovery. The
use of hydrogen to regenerate the catalyst is also investigated,
with the objective of developing a simple process in which the
regeneration is carried out without the need of switching gases
as is the case when air is used.

The effect of the metal loading on the deactivation and coke
formation is also addressed.

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalysts. The catalysts were prepared
by wet impregnation of platinum precursor on y-Al,O; support
(CK-300 from Cyanamid Ketjen). Tetraamineplatinum(II)
nitrate (metal content 50%) was supplied by Alfa Aesar. An
aqueous solution of 1% of Pt(NH;),(NO;), was used to
prepare the catalyst. A suspension of y-Al,O; in the metal
precursor solution was stirred on a hot plate at 110 °C until
complete evaporation. The impregnated catalyst was dried in an
oven at 110 °C for 12 h. The dried sample was calcined in air
flow (Air Liquide >99.99%) in an electric furnace at 350 °C for
2 h. The platinum content was varied between 0.0S and 1.7 wt
%.

2.2. Characterization of Catalysts. The specific surface
area and porosity were determined from nitrogen adsorption—
desorption isotherms, which were recorded at liquid-nitrogen
temperature and relative pressure (P/P,) interval between 6 X
1077 and 0.998 on a Quantachrome equipment. Samples were
evacuated prior to measurements at 523 K for 3 h under a
vacuum of 1 X 107° Pa. The BET model was used in the
relative pressure range 0.01—0.10 to calculate the total surface
area.

Catalyst crystalline structures were characterized by X-ray
diffraction (XRD). The X-ray diffractograms were obtained
with a Shimadzu XD-D1 instrument with monochromator
using Cu Ko radiation at a scanning rate of 4° min~?, from 26 =
5° to 26 = 100°.

Reducibility of metallic catalysts was studied by temperature-
programmed reduction (TPR) analyses. These experiments
were carried out in an OKHURA TP-2002S system, equipped
with a thermal conductivity detector (TCD), heating the
sample at 10 °C'min~"' in 5% H,/Ar (30 mL-min™"). The
temperature was increased from 20 to 900 °C.

Particle size distributions were determined by transmission
electron microscopy (TEM). The reduced samples were placed
in distilled water. One drop of this suspension was then placed
on holey carbon supported on a copper grid. The micrograph
images of the samples were acquired with a JEOL 100 CX
model microscope at 100 kV, and a magnification of 450 000X.
The metallic dispersions were calculated using the following
equations:1 ’

Dy, (1)

where Dp, is the metallic dispersion and dp, is the particle size
(Dy,) in nm. Dy, is a volume—area average size defined as
follows:

nidi3
DVA = Z 2
2 nd; 2)

The amount of carbonaceous materials deposited on the
spent catalysts was determined by temperature-programmed
oxidation (TPO), using a stream of S v/v% O, in N, and a
heating rate of 12 °C:min™". The oxidation products were
detected with a flame ionization detector (FID) after
methanation. Further details can be found elsewhere.”!

The hydrogen chemisorption measurements were made in
volumetric equipment at room temperature. The sample used
in the experiments was previously outgassed under vacuum
(107* Torr). The hydrogen adsorption isotherms were
performed at room temperature between 25 and 100 Torr.
The isotherms were linear in the range of used pressures, and
the hydrogen chemisorption capacity was calculated by
extrapolation of the isotherms to zero pressure,” assuming a
H/Pt = 1 adsorption stoichiometry.

The chemical state of Pt was determined by X-ray
photoelectron spectroscopy (XPS). The XPS analyses were
performed in a multitechnique system (SPECS) equipped with
a dual Mg/Al X-ray source and a hemispherical PHOIBOS 150
analyzer operating in the fixed analyzer transmission (FAT)
mode. The samples were mounted on a sample rod, placed in
the pretreatment chamber of the spectrometer, submitted to a
reduction in H,/Ar during 10 min, and then evacuated at room
temperature. The spectra were obtained with pass energy of 30
eV. The spectra were processed using the software Casa XPS
(Casa Software Ltd., U.K.). The intensities were estimated by
calculating the integral of each peak after subtracting a Shirley-
type background and fitting the experimental curve to a
combination of Lorentzian and Gaussian lines. Binding energy
values were referenced to the C1 peak (284.6 V). For the
quantification of the elements, sensitivity factors provided by
the manufacturers were used.

2.3. Catalytic Activity. The catalytic activity was measured
at atmospheric pressure in a continuous-flow fixed-bed reactor,
made with a quartz tube of S mm internal diameter. The
catalyst was ground and sieved and the 40—80 mesh fraction
used for the catalytic tests. The catalyst bed was supported with
quartz wool. Above the catalytic bed, quartz beads were loaded
in order to improve the heat transfer. The catalyst was
pretreated under flow of H, (Air Liquide, >99.9990%) (30 mL-
min~") by heating at 10 °C min™' from room temperature to
500 °C and maintained at this temperature for 1 h. The catalyst
was then cooled to the reaction temperature (300 °C). The
carrier was bubbled in liquid cresol (Merck, >99%) maintained
at a preselected temperature in the range 40—90 °C, in order to
saturate the gas. The carrier flow rate was 5—S0 mL-min~".
Under these conditions the cresol partial pressure in the gas
stream fed to the reactor was between 0.51 and 107.2 Torr, and
the contact time (W/F) was between 2.5 and 80 g h-
(Zeresol) "'+ After each run, the catalyst bed was purged with H,
at the reaction temperature during 30 min. The gas flow rates
were controlled with mass flow controllers (Aalborg Instru-
ments and Controls, Inc.). The reactor outlet stream was
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analyzed in a GC (SRI 8610) connected online and equipped
with a ZB-$ capillary column (15 m) and FID detector. A split
ratio of 100 was used. Standard samples were used in order to
identify the reaction products. In addition, a GC—MS (Varian
Saturn 2000) equipped with a HP-S capillary column was used
to identify the reaction products collected in a condenser
cooled at 0 °C. The noncondensed gases were analyzed by GC
using a Petrocol (Supelco) capillary column (100 m). The
products were identified by GC analysis using pure chromato-
graphic standards and also by GC—MS.

To determine if there is conversion due to thermal
decomposition, an experiment without catalyst was carried
out at 500 °C. Pure alumina was also tested at 300 °C, W/F =
11.3 gh (geeso) ', and H,/cresol molar ratio of 510.

In order to evaluate catalytic activities at similar conversions,
the W/F was varied using different values for each catalyst,
changing from 79.9 g, h-(geeso) " for the Pt(0.05)/y-AlO; to
2.5 gah(gueso)”! for the Pt(1.7)/y-ALO;. The effect of
contact time on coke deposition was studied with the Pt(1.7)/
7-Al,O; catalyst varying the W/F, between 37 and 0.1 g h-
(geresol) - The different contact times (W/F) were obtained by
changing the catalyst mass loaded in the reactor and the
hydrogen flow rate, maintaining constant the saturator
temperature. The H,/m-cresol molar ratios used were 197
and 510. The time on stream was 6.5 h in both cases.

With the objective of evaluating the effect of the H,/cresol
molar ratio, its value was varied by mixing H, and N, and fixing
the total flow rate (30 mL min™') and the W/F (6.4 and 0.1
Zearh (8eresor) ')- For regeneration experiments the value of W/
F used was 0.08 g .h(g e)”" and the H,/m-cresol molar
ratio was 64 and 111. A reaction test was performed during 140
min, and online samples were analyzed with GC. Afterward, a
treatment was performed. For the case where air is used, a
subsequent in situ activation of the catalyst in H, was necessary.
After each treatment, reaction test was performed at the same
conditions of the first 140 min.

The absence of internal and external mass transfer limitations
was verified using different catalyst particle sizes (40—80 mesh
and a fraction with particles smaller than 200 mesh) at W/F =
0.4 g.h (gueso) ™) and H, flow rates (5.5 and SO cm®/min) at
two different W/F (0.08 and 37 g.,h:(gqeso) ). Under these
conditions, which are the extreme values used in this study for
each variable, similar conversions and product distributions
were obtained. No heat-transfer limitations are expected, since
the heats of reaction are relatively small.

Two sets of experiments corresponding to W/F = 0.48 g_.-h-
(Zereso) " and W/F = 38 g, h-(geeso) ' Were repeated S times.
A good reproducibility was achieved. Relative standard
deviation of product yields was 8%.

Carbon balances after the catalytic tests were calculated. The
number of moles of C fed was considered as the amount of
reactant fed during the reaction time (moles,; ) multiplied by the
number of C per molecule of reactant (1), as indicated in eq 3.
The number of moles of C at the reactor outlet was calculated
as the sum of the moles of C for all the products and the
nonconverted reagent obtained by chromatographic analysis
(eq 4). Since the “light products” were not analyzed in detailed
in all samples and represent a lump of products, the carbon
balance was carried out in two extreme situations. In one case,
it was supposed that the light products were just methane (one
C molecule) and in the other case assuming six C molecules.
The average values of product yields and reactant conversion

during the reaction were considered for the calculation of the
moles at the reactor outlet.

Furthermore, the carbon deposited on the catalyst (eq 5) was
taken into account. It was calculated using the mass of catalyst
used in the experiment (mc,) and the coke content determined
by TPO analysis.

Total moles of C fed to the reactor during the reaction time
was

n°Cp..q = moles; X v (3)
Total moles of C at the reactor outlet during the reaction time

‘was

n

n°Copger = Z (moles; X )
= (4)

where i = 1 is the reactant, i = 2, 3, .., n are products, and v is
the number of C atoms in molecule i.

Total moles of C deposited on the catalyst during the
reaction time was

_ [%C(TPO)]mc,
[12 (g/mol)]100 (s)
where %C(TPO) is the percentage obtained by TPO analysis

and mc, is the catalyst mass used in the experiment.
Finally the recovery percentage was calculated using (eq 6),

o
Cat

n°C + n°C
( Outloet Cat) % 100
n CFeed (6)

% recovery =

2.4. Regeneration. The regeneration experiments were
carried out using a W/F of 0.08 g h'(gueo)” " and H,/m-
cresol molar ratios of 64 and 111. The reaction test was
performed for 140 min, and samples were analyzed online with
a GC. Then the catalyst was regenerated for different times,
using either air ((Air Liquide >99.99%) at 350 °C or hydrogen
(Air Liquide >99.999%) at 500 °C. In the case in which air was
used, prior to the regeneration the reactor was purged with
nitrogen, and after the regeneration a subsequent in situ
activation of the catalyst in H, was necessary. After this
reduction, a new reaction cycle was carried out, as indicated
above.

3. RESULTS AND DISCUSSION

3.1. Characterization of Catalysts. The characterization
results of the catalysts used in this study were recently
reported.'> A summary of the most relevant information is
presented in this section to help in the discussion of the
deactivation and regeneration studies.

The X-ray diffractograms presented the typical signals of the
7-ALO; at 20 = 45901, 67.093, 37.635, 39.524, and 19.466
(JCPDS-ICDD 10-425). No signals corresponding to Pt
crystals were detected in any of the catalysts studied, which
indicates that the metal particles were small.

The histograms of the distribution of particle size obtained
for Pt(1.7)/y-AL,O; and Pt(0.05)/y-Al,O; showed that the Pt
was highly dispersed in all samples, with particle diameter on
the order of 14 A. The dispersion corresponding to this value
was 60%, as calculated with eqs 1 and 2. Nevertheless, even
though the mean particle size was not very different between
the Pt(1.7) and Pt(0.05) catalysts, there was an evident
difference in the amount of smaller particles. The catalyst with
0.05% Pt had an important fraction of particles with diameter
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below 1.2 nm. However, this difference in particle sizes with the
loading of Pt was not significant in order to affect the product
selectivity.

The metallic dispersion obtained by hydrogen chemisorption
with Pt(1.7)/y-ALO; catalyst was 55%, in agreement with the
value obtained by microscopy.

The TPR profile of Pt(1.7) /y-AL,O; displayed two peaks, one
at 240 °C and the second at 414 °C, which can be assigned to
the bulk phase of the PtO, and to highly dispersed particles
with strong interaction with the support, as previously
reported.>*~%*

The surface area, pore volume, and pore diameter were
similar for the catalysts with different Pt loadings, approx-
imately 195 m*g ™", 0.49 mL-g”’, and 88 A, respectively. The y-
AL Oj; catalytic surface area was 200 m*g~'. The preparation
procedure had little effect on the BET area, pore volume, and
pore diameter, and consequently, it can be expected that the
activity results were not influenced by these negligible changes.

The XPS analyses were obtained with the Pt(1.7)/y-ALO;
catalyst after reduction at 500 °C. Although the most intense
photoemission lines of platinum are those arising from the 4f
levels, this energy region is overlapped by the Al 2p line of y-
Al O;. Therefore, the Pt 4d line was used.'® This one is weaker,
but it is not overlapped by spectral lines of other components.
The decomposition of the spectra into individual components
revealed the presence of two platinum states: the reduced state
(Pt°) with a binding energy (Eb) of 314.1 eV and the oxidized
state with a Eb of 317 eV, and the percentages of the different
states of platinum were 59% and 41% for Pt’ and PtO,,
respectively. As stated by Serrano-Ruiz et al, even after
reduction at 500 °C, Pt seems to maintain some & character,
which indicates the presence of a metal—support interaction.>®
However, it has to be noted that the fraction of the platinum
oxidized in the XPS spectrum may not correspond to the real
concentration of oxide. Ivanova et al.*” showed that according
to the HRTEM data, platinum oxide in a sample of Pt/Al,O;
existed as large particles. Thus, the signal intensity is, in
addition to other factors, related to the dispersion. A high
intensity in the XPS spectrum indicates higher dispersion. This
means that in the case of having a low concentration of small
particles, it may display a more intense signal than with larger
particles.” It is also possible that the 5* character is due to the
migration of oxygen from the bulk to the surface of the
particles.

The acid site density on the Pt(1.7)/y-Al,O; determined by
pyridine temperature-programmed desorption was 0.296 ymol
Py-m™2>® The effect of the acid sites density and strength was
analyzed by Zanuttini et al,*® working with eight different
catalysts. It was concluded that a low concentration of acid
sites, such as that displayed by the Pt(1.7)/y-ALO; catalyst
(0.296 umol Py-m~2) or Pt(1.7)/SiO, (0.061 umol Py-m2),
avoids the formation of heavy products that leads to a fast
deactivation. The catalysts that have high acid sites density, e.g,,
Pt(1.7)/H-Beta zeolite (1.545 umol Py-m™?), favor the
condensation of coke precursors adsorbed on adjacent sites.
The effect of acidity on coke formation and gasification was also
addressed in this previous study.*®

Using the dispersion previously determined' and the
number of acid sites measured by pyridine TPD, the metal/
acid sites ratio (M/A) was calculated for all the catalysts. The
values obtained were 0.922, 0.324, 0.065, and 0.035 for the
catalysts containing 1.7, 0.5, 0.1, and 0.05 wt % Pt, respectively.

3.2. Deactivation of Bifunctional Pt/Al,O; Catalyst.
Deactivation Mechanism. The reaction routes for cresol
deoxygenation shown in Scheme 1 involve metallic and acid

Scheme 1. Reaction Routes for m-Cresol Deoxygenation
over Pt/yAl,O,

Light
products
T H H
Condensation +H,
products < _—>
CHy -CH,

m- Cresol Phenol

.HZO\L+H2 -H,0 l/*‘HZ

SR
®
CH;
*H, X -CH,
O\ Toluene Benzene
CH;

s

Methylcyclohexane

functions." Results obtained without catalyst showed that the
thermal conversion of cresol was negligible at 500 °C (results
not shown). In the presence of catalyst, toluene is formed by
dehydroxylation of cresol. It has been proposed that this
reaction occurs on the metal after the aromatic ring is partially
hydrogenated, and then the C—O bond breakage occurs,
followed by dehydrogenation of the ring.***° Phenol is formed
by hydrogenolysis of the cresol methyl group. Two different
routes generate benzene. Hydrogenolysis of toluene methyl
group produces benzene and methane, while dehydroxylation
of phenol forms benzene. Methylcyclohexane was formed by
hydrogenation of toluene. Other products found by GC—MS in
low amounts were dimethyldiphenyl and dimethylbenzophe-
none. Methyl groups from these compounds can be hydro-
cracked, and because of this, the light hydrocarbon fraction
(which contained an important amount of methane) yield was
higher than the benzene yield.

During the reaction of cresol deoxygenation, both the
metallic and the acid functions deactivate by coke formation,
although the amount of coke on the support increases faster
than on the metal, as demonstrated by Zanuttini et al. by TPO
analysis of coked catalysts."®

As a result, the selectivity to “light products”, formed by the
hydrocracking of condensation products over the acid
functions, decreased. On the other hand, since the toluene
formation depends more strongly on the metallic function, its
selectivity increased as catalyst deactivation occurred.

Figure 1 shows the TPO profiles of Pt(1.7)/y-AL,O; catalyst
after reactions carried out at two different H,/m-cresol molar
ratio and at different contact times. The activity data
corresponding to these results have already been presented.'
It can be observed that the contact time used during the
reaction led to important changes in the coke amount and
characteristics. Two regions in the TPO profile can be clearly
distinguished. The first one is related to the coke that is
deposited on the metal particles or in the vicinity of these
particles and is represented by the well-defined peak that
appears in the 200—250 °C range. It has been well established
that for Pt/y-Al,Oj; catalysts, this peak corresponds to the coke
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Figure 1. TPO profiles for different contact times (W/F), with catalyst Pt(1.7)/yALO;, reaction at 300 °C: (A) H,/m-cresol molar ratio of 197; (B)

H,/m-cresol molar ratio of 510. Time on stream is 390 min.

on or near the metal particles.* ~>* The coke that gasified in the
250—500 °C temperature range is deposited on the support.

When pure alumina was tested, the m-cresol conversion was
negligible. The amount of coke deposited was 12%, significantly
higher than on Pt(0.05)/Al,0; under the same conditions, with
a maximum in the TPO profile at 490 °C. The presence of the
metallic function, even at very low concentration, not only
changes the relative rates of the reactions involved in this
system but also generates hydrogen spillover leading to an
important improvement in the catalyst stability."®

As the residence time (W/F) decreased, the conversion also
decreased,'> and consequently there was a higher m-cresol
composition along the catalyst bed. It can be observed in Figure
1 that the lower is the (W/F), the higher is the amount of coke
deposited on the catalyst. Therefore, these results show that the
deactivation occurs by a parallel mechanism, in which the coke
is formed faster from the reactant than from the products.
Similar type of deactivation mechanism, i.e., with a decrease in
coke content as the W/F increases, was observed in the
alkylation of isobutane with butenes,*® in n-heptane re-forming
on nonsulfided Pt—Re/Al,O,>° in the case of methanol to
olefins conversion,*® and in ethanol dehydration on zeolites.>’

According to results shown in Figure 1, there is a strong
effect of the oxygenated compound composition in the rate of
coke formation on the metal particles or close to them. It can
be observed that the first peak in the TPO profiles decreased
very quickly as the W/F increased. Similar results were obtained
using two H,/m-cresol ratios (compare Figure 1A and Figure
1B).

To demonstrate that the coke formation mechanism above
proposed is correct, an additional experiment was performed.
The reactor was prepared in order to have the catalyst
separated in three consecutive beds using quartz wool. The
global W/F used was 0.3 g -h(gqesor) - Hy/cresol molar ratio
was 64, and the reaction duration was 12 h. After reaction, the
TPO profile and %C were obtained for each part of bed. Figure
2 shows the results and a photo of the reactor after the reaction.
The values of %C obtained for the top, middle, and bottom
parts were 10.3%, 7.5%, and 6.9%, respectively. The top part of
the bed, at the beginning of the reactor, with the shorter
residence time and the highest concentration of m-cresol was
the one with the highest coke content, while the bottom part
with the highest concentration of products and the lowest of m-
cresol was the one with the lowest coke value. These results
also indicate that coke formation follows a parallel mechanism,
the m-cresol being the main precursor.

—— Superior
—— Intermediate

—— Inferior

%C

FID signal, ng C (g, s)" x 102

0 T T T T T T
0 100 200 300 400 500 600 700
Temperature, °C

Figure 2. TPO profiles for coked catalysts, at different bed positions:
catalyst, Pt(1.7)/y-Al,Os, reaction at 300 °C; W/F = 03 g h-
(Zereso)”"; Hy/m-cresol molar ratio of 64. Time on stream is 660 min.

After each reaction test a carbon balance was calculated as
described in section 2.3. For instance, assuming that all the
“light products” were represented by methane, in a standard
reaction of 160 min at 300 °C, W/F = 37.7 g..ch-(geeso) ' Ha/
cresol = 510, with 30% of light products, and the C recovery
calculated was 90%. However, since other compounds with
higher number of C atoms were present, the C loss was well
bellow 10%. With the same calculation procedure for a reaction
under the same conditions but using W/F = 0.06 g, h
(Zeresol) " the recovery of C was 97%.

3.3. Effect of the H,/Cresol Ratio on Coke Deposition.
Figure 3 shows the TPO profiles and the amounts of coke
deposited during the m-cresol deoxygenation reaction at
different H,/cresol ratios and two residence times.

Figure 3A shows that at a residence time (W/F) of 6.4 g.,ch-
(Zeresor) " the higher is the H,/cresol ratio, the lower is the total
amount of coke deposited. On the other hand, as the hydrogen
concentration increased, a pronounced effect on the coke
related to the metal particles was observed. At H,/cresol ratios
above 250 the first peak in the TPO profile was hardly
distinguished, while there was a small amount of coke deposited
on the acid function. This means that the hydrogen partial
pressure has a direct effect on the kinetics of the different
reactions involved in the mechanism shown in Scheme 1 and
also an indirect effect due to the different coke deposition rates
on each active function, with a more pronounce effect on the
coke amount formed on the metal particles.

Figure 3 B shows similar results, obtained at a lower
residence time (0.1 g h-(gueo) ') than that used in the
experiments shown in Figure 3A. The lower residence time
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Figure 3. TPO profiles and the amounts of coke on the catalyst for different H,/cresol ratios, with catalyst Pt(1.7)/y-Al,O5, reaction at 300 °C: (A)
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corresponds to reaction conditions that led to lower
conversions, and consequently, there was a higher m-cresol
concentration along the catalyst bed. Under these conditions,
even at high H,/cresol ratios, there was an appreciable amount
of coke deposited on or near the metal particles.

3.4. Effect of Pt Loading on Product Distribution and
Deactivation. The product distribution was studied with
catalysts containing Pt loadings between 0.05 and 1.7 wt %.
Figure 4 shows the product yields for different Pt loadings and

s 100F Pt(0.05) Pt(0.1)
T go  WIF=80h W/F=40 h
°
=
T 60 -
o
5 o ~
]
2 20 !
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Figure 4. m-Cresol conversion and product yields vs time on stream
(TOS) for the different Pt/y-Al,O; catalysts, at 300 °C, H,/m-cresol
molar ratio of 1483. Reference: (A) m-cresol conversion. Yields: (M)
toluene, (X) light products, (V) benzene, ([>) phenol, and (®)
methylcyclohexane.

the same m-cresol conversion, and Table 1 shows the amounts of
coke deposited on each catalyst during these experiments.
Figure 4 shows that the selectivity to different products
changed significantly with the Pt loading, even though the total
m-cresol conversion was the same. The higher Pt loading favors
the deoxygenation reaction giving toluene as the main product.
Although acid sites are required for this reaction, the limiting
step is controlled by the metal function, as indicated by the
results shown in Figure 4 and also as previously proposed."
This means that a high Pt loading, e.g., 1.7 wt % leads to a fast
formation of toluene, which has a low coke-forming tendency.
On the other hand, with low Pt loading, e.g, 0.05 wt %, the
toluene formation is slow, thus favoring the formation of “light
products”, which are formed by cracking of heavy products
formed by condensation on acid sites. These results indicate
that the ratio between the amount of metallic sites and acid
sites strongly affects the products distribution and coke
formation, as shown in Table 1. The m-cresol deoxygenation
is controlled by the metal function, but the mechanism involves
a dehydration step on the acid sites of the partially
hydrogenated phenolic ring. On the other hand, the formation
of light products occurs on the acid sites but requires hydrogen
that reaches the condensation products by spillover after
adsorption on the metallic particle. These bifunctional reactions
compete in this system, the ratio of metal/acid functions being
the parameter that makes it possible to favor one of these
reactions routes. Table 1 shows the residence time referenced
to Pt, calculated as the mass of Pt loaded in the reactor divided
by the m-cresol flow rate. This value was exactly the same,
within experimental errors, for the four catalysts. This means
that the total conversion is controlled by the amount of Pt
loaded in the reactor, and that the product distribution is
controlled by the metal/acid sites ratio, as previously stated.'®

Figure S shows the TPO profiles obtained with catalysts
containing different Pt loadings, from 0.05 to 1.7 wt %,
corresponding to the experiments in which the conversion was
the same for all the catalysts (experiments shown in Figure 4

Table 1. Reaction Conditions Used To Compare the Cataysts with Different Pt Content under Similar Conversion Levels”

Pt, % H,, mL min~" W, mg cresol molar fraction (10%) W/F, gh geeso Wi/F, mgpeh-gereso %C
0.05 7 100.0 4.72 79.9 40.0 1.30
0.10 7 50.0 4.72 40.0 40.0 5.30
0.50 15 20.0 10.11 7.5 37.5 5.47
1.70 30 13.2 20.22 2.5 42.5 2.44

“Partial pressure of cresol: 6.7 X 107* atm. H,/cresol molar ratio of 1483.6. Temperature of 40°C. W: catalyst mass. Wp,: mass of Pt in the catalyst

loaded in the reactor.
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Figure S. TPO profiles for the different Pt/y-Al,O; catalysts after 136
min of reaction at 300 °C, with H,/m-cresol molar ratio of 1483.
Insert: %C vs Pt content.

and Table 1). The amount of coke that corresponds to each of
them is shown in Table 1. As shown in Figures 1, 2, and 3, the
TPO profiles display a peak below 300 °C that is characteristic
of coke deposited on or near the metal particles and was
observed with the four catalysts. The insert in Figure 5 shows
the variation of the coke content on each catalyst as a function
of the Pt content. It can be observed that there is a maximum in
this curve, with a low amount of coke deposited on the catalysts
containing 0.05 and 1.7 wt % Pt and higher amounts of coke for
catalysts with 0.1 and 0.5 wt % Pt These results clearly
demonstrate the strong dependency of the amount of coke on
the metal content. Coke is mostly formed from cresol, as
inferred from the results obtained at different contact times;
however, the other compounds present in the system also form
coke, e.g., toluene and benzene. It is well-known that in the
presence of Pt/y-Al,O; re-forming catalysts, coke formation is
produced by mechanism involving both the metallic and the
acid functions.>®*® According to the results shown in Figure 5
and the products distribution shown in Figure 4, at high Pt
content there is a fast formation of toluene, which is a
compound that has a low tendency to form coke. On the other
hand, at very low Pt content (0.05 wt %) the hydrogenation/
dehydrogenation activity is extremely low. As a consequence,
the first step in the coke formation mechanism, which is a
partial ring hydrogenation,>*” occurs at a low rate and a low
amount of coke is formed on the catalyst.

3.5. Coke Formation Mechanism. Scheme 2 shows a
simplified coke formation mechanism, based on the results
shown in previous sections and in several studies reported by
other research groups. In the case of the Pt(0.05) catalyst that
has the lowest metal/acid sites ratio (M/A = 0.035), the main
reaction path is the formation of a surface pool of condensation
products that are hydrocracked forming hght compounds, as
previously proposed by Ausavasukhi et al.'® In this case, a very
low amount of coke is formed, as shown in Figure 5. In the
presence of metal, the cresol is partially hydrogenated, and then
the OH is eliminated either by dehydration on the acid
sites” or by hydrodeoxygenation on the metal sites,*
forming toluene in both cases. The partially dehydrogenated
compounds, represented in Scheme 2 by a cyclohexadiene
substituted compound, are highly reactive in the presence of
acid sites, forming methylcyclopentenes and methylcyclopenta-
dienes, which by Diels—Alder condensation led to the
formation of coke.>'™* However, these partially dehydro-
genated intermediates can be easily transformed in toluene in
the presence of high Pt loading, competing with the coke
formation reaction, and under this condition, forming lower
amount of coke as shown in Figure 5 for Pt(1.7)/y-ALO;. As
indicated in Scheme 2, the formation of toluene and coke
occurs by parallel reactions, with a faster coke formation as the
cresol concentration in the reaction media increases. Similar
analysis can be done starting from phenol.

Scheme 2 also shows how the metal/acid sites ratio affects
products distribution. At very low M/A ratio such as that of
Pt(0.05)/7-ALO; (M/A = 0.035), the main reaction path is the
formation of light products, while at high M/A ratio the
formation of toluene is largely favored, as shown in Figure 4 for
Pt(1.7)/y-ALO; (M/A = 0.922). Pt(0.5) and Pt(0.1) have
intermediates values of M/A ratios (0.32 and 0.035,
respectively), and in these cases the selectivities to benzene,
phenol, and coke are higher than in the other two cases.

It is a very interesting result, the fact that even with a very
low amount of Pt, e.g,, 0.05 wt %, the catalytic behavior exhibits
a dramatic change, decreasing the coke deposition from 12% in
bare alumina to 1.3 wt % in Pt(0.05). As indicated in Scheme 2,
the formation of light products from the surface pool of
condensation products requires H,, which is provided by
spillover promoted by Pt, even if it is present in low loadings.

Scheme 2. Simplified Deactivation Mechanism
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3.6. Regeneration. Different regeneration treatments,
using H, or air, were performed.

3.6.1. Regeneration with Air. Figure 6 shows the conversion
and products yields before and after the treatment in air at 350
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Figure 6. m-Cresol conversion and product yields vs time on stream
(TOS) before and after regeneration with air at 350 °C, Pt (1.7%)/y-
AL O;, 300 °C, W/F = 0.08 g.,h(eresor) " Hy/m-cresol molar ratio of
64. Reference: (A) m-cresol conversion. Yields: (M) toluene, (X) light
products, (W) benzene, ([>) phenol, and (®) methylcyclohexane.

°C. The catalytic activity was successfully recovered after this
treatment. A TPO profile of the spent catalyst treated with air
at 350 °C during 1 h, i.e,, with the same treatment as that used
during the regeneration, showed that the coke that corresponds
to the low temperature peaks was completely eliminated, as
shown in Figure 7A, but a small amount of coke remained on
the acid sites, as observed by the TPO signals evolved at high
temperatures between 400 and S50 °C. Therefore, the
regeneration treatment used in this experiment led to a change
in the metal/acid sites ratio, since coke was fully removed from
the metal particles, and a small amount was left on the support,
thus increasing the effective M/A sites ratio. This change in the
metal/acid ratio explains the small increase observed in the
selectivity toward toluene formation, as shown in Figure 6. As
the metal/acid ratio increased after the regeneration step, the
toluene/light compounds ratio also increased, as above-
discussed and as experimentally found (Figure 6). A very
important conclusion obtained from this study is that it is not
necessary to completely regenerate both catalytic functions and
that the regeneration of the metallic function is a key factor to
regenerate the catalyst with air. In this way, higher temperature

can be avoided during regeneration, thus preserving the
platinum dispersion.

The particle size distribution was determined after the
treatment with air at 350 °C, and it was found that the mean
size did not change, maintaining the value of 1.5 nm. Figure 7B
shows the histograms of the particle sizes for the fresh catalyst,
the catalyst after treatment with air at 350 °C, and the catalyst
after a treatment with H, at 500 °C. Although the variation in
the average particle size is small, it can be observed that the
distribution is slightly different; there are more particles of
higher diameter and also more particles of smaller diameter,
compared to the fresh catalyst.

XPS results obtained with the fresh Pt(1.7)/y-AL,O; catalyst
and after treatment with air and activation at 500 °C are
presented in Table 2. The decomposition of the spectral region

Table 2. XPS Results Obtained with the Fresh and the
Regenerated Catalyst

catalyst
fresh after regeneration with air
binding energy Pt 4d;,, (eV) 314.1 3142
317.0 317.0
% Pt° 547 552
% PtO, 45.3 44.8

of the Pt 4ds,, line with subtraction of a Shirley background
spectrum of fresh and regenerated Pt(1.7)/y-AlL,O; to
individual components revealed the presence of two platinum
states: the reduced state (Pt’) with a binding energy (Eb) of
314.0—314.2 eV and the oxidized state with a Eb of 316.9—317
eV. Table 2 presents the Pt 4d;,, binding energies and the
percentages of the different states of platinum. These results
show that there were no significant differences between the
fresh and the regenerated catalyst. The signals in the region of
O 1s were also very similar. However, the area under the signal
of C 1s for the used and regenerated catalyst was higher than
the one observed for the fresh catalyst, indicating a higher
amount of C on the surface of the catalyst. These results agree
with those observed by TPO where, after the regeneration
process, the catalyst still showed a certain amount of
carbonaceous deposits.

3.6.2. Regeneration in Hydrogen. It should be recalled that
after treatment of the used catalyst with air, platinum particles
were partially oxidized, so it was necessary to perform activation
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Figure 7. (A) TPO profiles for the Pt(1.7)/y-ALO; after 136 min of reation at 300 °C, H,/m-cresol molar ratio of 64. (B) TEM results of fresh and

regenerated catalysts: histograms of Pt(1.7)/7-ALOs.
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Figure 8. m-Cresol conversion and product yields vs time on stream (TPO) for Pt (1.7%)/y-ALOs, 300 °C, W/F = 0.08 g .ch-(gereso) ™", Ha/m-
cresol molar ratio of 111: (A) before and after treatment for 1 h with H, at 500 °C; (B) after treatment for 2 h with H, at 500 °C; (C) after
treatment for 2 h with H, at 400 °C; (D) after treatment for 1 h with H, at 450 °C; (E) after treatment for 2 h with H, at 450 °C. Reference: (A) m-
cresol conversion. Yields: (M) toluene, (X) light products, (V) benzene, ([>) phenol, and (®) methylcyclohexane.

in H, at 500 °C. In order to simplify the process of
regeneration and to avoid introducing air into the system,
direct regeneration using hydrogen was studied. The idea is to
promote the hydrogenolysis and hydrocracking of condensa-
tion products using hydrogen at a temperature higher than the
reaction temperature.

Figure 8 shows the results obtained before and after H,
treatment at different temperatures and times. It is very
interesting to observe that the regenerability in hydrogen has a
complex dependence with these variables. At a regeneration
temperature of 500 °C it was not possible to recover the initial
catalytic behavior, with a very poor performance when the
regeneration treatment was carried out only for 1 h (Figure
8A). In this case, neither the activity nor the selectivity to
toluene was recovered. At 400 °C, the regeneration was even
better than at S00 °C after 2 h of treatment (Figure 8B and
Figure 8C). Finally, the best result was obtained at 450 °C,
being necessary to maintain this temperature for 2 h in order to
fully recover the activity and selectivity (Figure 8E). Foster et
al."” found that it was possible to regenerate the catalyst with
hydrogen at 450 °C but did not present results obtained at
other regeneration temperatures. Figure 7A shows the TPO
profile obtained after treatment in H, at 500 °C. Although most
of the coke was removed, conversion was not recovered and
phenol was the main product observed after the regeneration,
as shown in Figure 8A. This means that the high temperature
treatment in hydrogen led to the formation of a coke with high
toxicity, decreasing the activity of the acid function in such a
way that the catalyst loses the activity for the dehydration step
that is needed in order to obtain toluene. In addition, the high
selectivity to phenol observed in this case suggests that there
was a drastic decrease in the M/A sites ratio due to the coke left
on the catalyst during this regeneration. In the inset of Figure
7A, it can be observed that the temperature needed to remove
the coke left on the catalyst after the treatment with hydrogen
at 500 °C during 1 h is slightly higher than that needed to
remove the coke left after the treatment with air at 350 °C. This
means that during the treatment at 500 °C, the nonremoved
coke is transformed to a more toxic residue because of
aromatization reactions that occur on the acid sites, as was
observed also in alkylation catalysts.*® According to the activity
results, which show a lower m-cresol conversion and a high
selectivity to phenol indicating a decrease in the availability of
metal sites, the presence of a small amount of coke on the metal
particles is very likely, although not being possible to be
detected by TPO. This indicates that treatment with hydrogen
at high temperature leads to the formation of carbonaceous

deposits with high toxicity, thereby decreasing the activity of
the sites such that the catalyst loses its ability to promote the
dehydration step, necessary for toluene formation.

On the other hand, when a low temperature such as 400 °C
was used for the regeneration in hydrogen for 2 h, a larger
fraction of coke was left on the catalyst as it is observed in
Figure 9 (line b), and because of this, it was not possible to fully
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Figure 9. TPO profiles for the Pt(1.7)/y-ALO; after 136 min of
reation at 300 °C, H,/m-cresol molar ratio of 111: (a) coked catalyst,
without any regeneration treatment; (b) after treatment in H,, 2 h at
400 °C; (c) after treatment in Hy, 2 h at 450 °C; (d) after treatment in
H,, 1 h at 500 °C; (e) after treatment in H,, 2 h at 500 °C.

recover the activity. At an intermediate temperature of 450 °C
and time of 2 h, it is possible to remove most of the coke
without changing the toxicity of the fraction left on the catalyst
(Figure 9, line c).

3.6.3. Combined Regeneration with Hydrogen and Air.
Additional experiments were carried out with the objective of
verifying the reasons for the change of selectivity after hydrogen
treatment at 500 °C. After 136 min of reaction, the spent
catalyst was first treated with H, during 1 h at 500 °C and then
with air at 350 °C. The results are shown in Figure 10A. After
this procedure, the catalyst did not recover the conversion but
the selectivity to toluene was maintained. The TPO profile of
the coke that remained on the catalyst after the combined
treatment of hydrogen and air is shown in Figure 7A. It can be
observed that only a very small amount of coke was left on the
catalyst, mainly on the acid function, but as above-mentioned,
the activity results suggest that a very small amount of coke is
also present on the metal particles. Nevertheless, when a similar
experiment was performed, but treating the deactivated catalyst
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Figure 10. m-Cresol conversion and product yields vs time on stream
(TOS) for Pt (1.7%)/y-ALO;, 300 °C, W/F = 0.08 gerh(geresol)
H,/m-cresol molar ratio of 111: (A) before and after treatment in H,
at 500 °C and air at 350 °C; (B) before and after treatment in H, at
500 °C and air at 500 °C. Reference: (A) m-cresol conversion. Yields:
(M) toluene, (X) light products, (¥) benzene, ([>) phenol, and (®)
methylcyclohexane.

for 1 h in H, at 500 °C and then for 30 min in air at 500 °C,
both the selectivity and the conversion were completely
recovered (Figure 10B). The TPO profile obtained after this
treatment (not shown) indicated that the coke was completely
removed from the catalyst.

This set of experiments makes it possible to conclude that
the deactivation was due mainly to coke deposition and that it
is possible to recover the catalytic activity and selectivity by
removing the coke with air at mild temperatures, such as 350
°C, or with hydrogen at 450 °C. The latter should be the
preferred regeneration treatment, since it does not require
changing gases for each step of the process, ie., reaction and
regeneration.

4. CONCLUSIONS

The Pt/y-Al,O; is an active catalyst for cresol deoxygenation.
The metal loading has a strong influence in the product
distribution because as the ratio of metal/acid sites increases,
the toluene formation is favored. This also has important effects
on the amount of coke deposited on the catalyst. The total
amount of coke shows a maximum as a function of the
platinum content. At low loading, the dehydrogenating activity
is too low, and the coke precursors formation is correspond-
ingly low. At high platinum content, there is a fast formation of
toluene, which has a low tendency to form coke. An important
finding is that in order to obtain similar conversion between
catalysts with different platinum content, the same residence
time referenced to the Pt content must be used. This
demonstrated that the metal is controlling the cresol
conversion, while the metal/acid sites ratio controls the
selectivity and coke formation rate. Coke is deposited on
both functions, a treatment with air at mild temperatures being
necessary in order to remove the coke and recover the activity
and selectivity. The regeneration in hydrogen is possible at 450
°C if enough time is used in this procedure, but it is not
possible at 400 or at 500 °C either because not enough amount
of coke is removed or because the toxicity of the low fraction of
coke left on the catalyst is too high.
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