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Hydrogenolysis of esters to fatty alcohols (FA) investigated using Re catalysts with different
supports. First, the catalysts were prepared through incipient wetness impregnation and
characterized. The catalysts were tested at different temperatures and pressure. The catalysts
supported on Al,O;, Nb,Os showed faster conversion rates. However, the selectivity to FA
decreases during the reaction favoring hydrocarbons (HC) production, especially at higher
temperatures. The Re/TiO, catalyst obtained a higher selectivity of 93.8% in FA and a conversion
of 92% at 280 °C. The Re/Nb,Os catalyst obtained excellent yield with 99.7% conversion and
86.7% selectivity in AF at a temperature of 250 °C and 70 bar.
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INTRODUCTION

The development of new technologies devoted to biomass
conversion into high added-value products or renewable
energy has been a challenge in recent years. Among these
applications, the synthesis of fatty alcohols stands out through
esters or fatty acids hydrogenolysis using catalysts under
certain specific conditions. The use of vegetable oils or their
derivatives (esters or fatty acids) in the industry as a natural
input for obtaining several products with high added value has
been shown to be a reality today. The conventional process of
producing copper-based fatty alcohols and using chromium
from an environmental and energy efficiency point of view is
not feasible; operational conditions of severe temperature and
pressure, 250-300°C, and 2000-3000 psi are applied,
respectively  (Thakur and Kundu 2016) [Thakur, 2016 #1].
For these reasons, in recent years, both mild operating
conditions and other types of catalysts have been developed
for converting triglycerides and their derivatives into fatty
alcohols or other bioproducts, in particular hydrocarbons
(Miyake, Makino et al. 2009). Some of the catalysts and mild
conditions that have stood out in new processes are, for

example, Rh-Sn-B (Benitez et al. 2019); Ni/ZrO, (Ni et al.
2019); Cu-Fe (Hattori ef al. 2000); Cu-Zn (Huang ef al. 2009)
and ReOx/TiO, (Rozmystowicz, et al. 2015). The application
of noble metal catalysts would be useful because they
generally have more excellent hydrogenation reactions.
However, it is necessary to control the operational conditions
to avoid the transformation of fatty alcohol (product of
interest) into hydrocarbons (Carnahan et al. 1955, Cui et al.
2015, Rozmystowicz et al. 2015). In addition to the different
metals tested in the formulation of catalysts, several supports
are also being tested, such as ZrO,, SiO, (Ali et al. 2019), TiO,
(Rozmystowicz et al. 2015, Ali et al. 2019), Al,O; (Huang, et
al. 2009, Miyake et al. 2009, Ali et al. 2019). A number of
studies have recently shown that niobium is a reducible oxide
that has been widely applied successfully in several processes
(Masuda et al. 1985, Zhao et al. 2012, Zhou et al. 2013, Shao
et al. 2017). These various niobium oxide applications were
crucial in choosing niobium oxide to support the production of
fatty alcohols in the present study based on rhenium. In some
studies, rthenium has shown promising activity in
hydrogenation reactions and selectivity in fatty alcohols
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(Mendes et al. 2001, Manyar et al. 2010, Rozmystowicz et al.
2015). The research also aims to compare rhenium catalysts
catalytic activity supported on different supports (Al203,
Nb20S5, and TiO2). The hydrogenation of fatty acid esters of
fatty acids to obtain fatty alcohols can be carried out in a
multiphase system (van den Hark and Hérrdd 2001, Zhilong
2011), which is characterized by low hydrogen solubility in the
substrate and high resistance to the transport of pasta.
Alternatively, in a homogeneous system with the aid of solvent
to overcome these limitations of the multiphase system
(Manyar et al. 2010, Rozmystowicz, et al. 2015). In this work,
heptane was used as an organic solvent in the reactions.
According to Manyar et al. (2010), Zhilong (2011) organic
solvents help control the concentration of hydrogen on the
catalyst surface without depending on the other factors
involved, thus reducing the heterogencity between the
reactants and the catalyst under mild conditions of temperature
and pressure.

MATERIALS AND METHODS

Reagents and Equipment: The reagents used in this work
were palm ester (Agropalma S.A.), Perrenic Acid (HReO,,
Sigma-Aldrich), Hydrogen 99.99 % (Linde Gases) gamma-
alumina (y-AlL,O3;, SASOL), Aeroxide TiO, P90 (Degussa)
and niobium oxide (Nb,Os, CBMM). The experiments were
carried out in a Parr reactor of 300 mL volume, model 4848
with stainless steel beaker, automatic temperature, and
pressure control. The equipment has a gas supply system and
is equipped with a stirring and speed regulation shaft.

Catalysts preparation: The addition of rhenium was carried
out through incipient wetness impregnation. In this case, the
amount of water used to dilute perrenic acid for each support
varied based on pores volume. It was determined according to
the pore volume obtained in Nitrogen Physisorption analysis
for each support. After the rhenium salt was impregnated in
supports, catalysts were placed oven for 12 h at a temperature
of 100 °C. Then they were calcined at 500 °C, for four (4h),
with a heating rate of 5°C/min, except for the catalysts
supported on Nb,Os, which, calcined at 400 °C.

Characterization of catalysts: The determination of the
catalysts textural properties and supports in terms of specific
surface area, pore-volume, and average pore diameter were
obtained through adsorption isotherms and nitrogen desorption
at -196 °C in a TriStar II 3020 V1.03 equipment. Initially,
0.3 g of catalyst or support weighed as appropriate. The
samples were pre-treated at 300 °C for 12 h under vacuum to
remove water and compounds possibly adsorbed on the
samples surface. Finally, the materials textural properties were
determined: the superficial area (BET method) and the pore
volume. Analyses by temperature-programmed reduction of
the catalysts were carried out in Micromeritics Autochem
TPR-2920 Crycooler II model equipment. First, about 30 mg
of the catalyst sample was weighed, then the samples were
inserted in a quartz reactor coupled to a unit equipped with a
temperature-controlled oven, thermal conductivity detector
(TCD), micrometric valves for controlling the gas flow rates of
both H,/Ar and nitrogen reducer and pretreatment,
respectively. The gas flow was 50 mL/min. First, the sample
was pre-treated at 150 °C for 30 min. Then it was cooled to
room temperature (between 25-30 °C), then reduced at a rate
of 10 °C/min to 1000 °C. The reduction data were collected on
a computer coupled to the equipment in real-time analysis. The

X-ray diffraction analyses were performed to study the
crystallinity of the catalysts and supports. For the analysis, a
certain amount of the sample was placed in a small specific
glass plate.

A Rigaku transmission diffractometer, Miniflex II, with a
monochromator and Cu tube was used, under an angular scan
that varied between 5 to 90°, the increment of 0.05, counting
time of 1 s/step and without a knife. The analyzes TPD of the
ammonia were carried out in a mass spectrometer QMS-200
(Balzers), with the ratio m/z=15, used to quantify the
ammonia. Adsorption of ammonia was carried out at a
temperature of 70 °C using a mixture of 4 % NH;/He with a
flow rate of 30 mL/min for 30 min; after this period, a purge
with pure He performed for 60 min. The desorption of the
chemisorbed ammonia was carried out by heating the samples
to 800°C at 20 °C/min. Quantification of the desorbed
ammonia from the catalysts was performed by integrating the
area under the intensity versus time curve.

The analyses performed using an X-ray photoelectron
spectroscopy (XPS) model ESCALAB 250Xi. The equipment
is coupled to the XPS spectrometer with high sensitivity with
high-resolution quantitative images and equipped with multi-
techniques to analyze the electronic characteristics and
chemical composition of the surfaces. The infrared
spectroscopy with Fourier transformation (IFTR) of pyridine
technique was applied to determine the Lewis and Bronsted
acid sites in the catalysts. For this, the Shimadzu IRPrestige-21
equipment was used. 0.1 g of catalyst was weighed in a flask,
and then 1 ml of pyridine in the liquid phase was added and
manually stirred. Then the flask was placed in the oven at
100 °C to evaporate the pyridine. After drying, the sample was
analyzed with IFTR in the range of 1400-1580 cm™, with a
resolution of 2 cm™ and one (1) sweep. The background was
made with the samples calcined without adsorption of pyridine
( Menezes et al. 2020).

Kinetic of hydrogenation reactions: The kinetic study of the
catalysts was carried out under temperature conditions ranging
between 250 and 280 °C, and the pressure was set at the 70 and
40 bar. Heptane was used as a solvent in all reactions in the
ratio in relation 1:3 to the fatty acid ester (ester: heptane).
Sampling was performed in the following reaction times: 5,
10, 30 min, 1, 2, 3, 4, 5, 6, 7, and 8 h to construct the kinetic
curve. The reactions were carried out at constant hydrogen
pressure of 70 or 40 bar. The supply of hydrogen in the reactor
was a semi-batch operation. Hydrogen pressure was added to
the reactor for maintaining the reaction pressure, whereas
hydrogen is consumed or in each aliquot that was removed.
The chemical reactions in the hydrogenation of these fatty acid
esters can vary depending on the reaction conditions.

RESULTS AND DISCUSSION

Characterization of the catalysts

Textural properties: Table 2 shows the textural properties
(surface areas and BJH pore volume) of supports and catalysts.
Based on those in Table 2, the change in textural properties
(surface area and pore volume) was evident about their
respective supports' textural properties. The surface areas and
the pore volume decreased. This modification of the porous
structure and the substrates surface areca may be related to
some factors, such as sintering during calcinations (Schifer et
al. 1966, Viet et al. 2010, Massa et al. 2013). The second
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factor linked to the slight modifications in reducing pore
volume and pore size is phase alter of the samples and the
sintering between the crystallites. On the other hand, it can be
caused by the superficial diffusion mechanism. The
synthesized monometallic catalysts suffered a decrease in their
surface areas and porous structure compared to their respective
supports structural properties. However, surface areas of
Re/Nb,Os and Re/TiO, suffered a sharp decline compared to
those of Nb,Os and TiO,. Similar results were obtained by
Paulis ef al. (1999), where they demonstrate that the increase
in the calcination temperature reduced the surface area, both of
the catalysts and the supports.

Table 2. Textural properties of supports and catalysts

Catalysts Surface area -BET  Pore volume (cm?/g)
(cm?/g)
AlLOs 161 0.38
Nb,Os 207 0.31
TiO, 103 0.17
Re/ALOs 140 0.39
Re/TiO, 43 0.17
Re/Nb,Os 79 0.13

X-Ray Diffraction: Figure 1 shows the results of the supports
crystallinity. While in Figure 2 illustrates the results of the
catalysts the crystallinity. Figure 1 illustrates that the alumina
support (y-Al,O;) has an amorphous structure, with three
peaks of the X-ray diffractogram found at 37.5, 45.8, and
67.0°. These peaks are characteristic of y-Al,O;; this result is
in accordance with the literature (Augustine and Sachtler
1989, Miyake et al. 2009). Niobium oxide (Nb,Os) also had
an amorphous structure that peaked at 26.5 and 53.6°. Griffith
et al. (2016), in their work calcined Nb,Os at 600 °C, found a
diffractogram of a crystalline structure.

—Tio,
—ALO,
——Nb,0,

Intensity (a.u)

20

Figure 1: X-ray diffractogram of the supports

These authors characterized this crystalline structure of T-
Nb,Os as topology in the form of crack that oxide suffers from
increased temperature. Titanium oxide (TiO,) has a crystalline
structure with several peaks. Its characteristic peaks 20 = 25.5,
37.9, 48.1, 54.6, 62.8, 70.0, and 75.2°. According to Ohama
and Van Gemert (2011), TiO, change its crystalline structure
depending on the phase in which it was obtained. This result
contributes to TiO, to be applied in several areas due to its
crystallographic properties. Figure 2 shows the diffractograms
of monometallic catalysts, where these present only peaks that
correspond to the supports used in Figure 3; that is, it was not
possible to detect the peaks that correspond to rhenium.
Similar results were observed for Re/TiO, catalyst (Di et al.
2019, Ting et al. 2019) and Re/Al,O; catalyst (Ma ef al. 2018).

Re/Al,O4
——Re/TiO,
Re/Nb,Og

Intensity (a.u)

20

Figure 2. X-ray diffractogram of catalysts

The absence of rhenium peaks in the diffractogram maybe
because the rhenium content is minimal or that was more
excellent dispersion of the metal on the surface of the supports
(Di et al. 2019). According to Di ef al. (2019), the peaks of
the Re/TiO, catalyst are attributed to the support phases of
TiO, (anatase and rutile). The other aspect is that the catalysts
supported on Al,O; and Nb,Os, showed no difference in their
crystallinity from their peaks, having shown amorphous
structures. As for the catalysts prepared in TiO,, there was not
much difference in the crystallinity peaks in calcined and non-
calcined supports. The main difference found is the difference
in peak intensity between the catalysts. This difference in
peaks is related to the difference in the calcination
temperature.

Temperature Programmed Desorption of Ammonia: The
total acidity profiles of TPD-NHj; of the catalysts are shown in
Figure 3 and Table 3.

Table 1: Amount of NH3 desorbed

Catalyst NH; (umolnms/ge)  Ratio acid site (%)
Weak Strong
Re/Nb,Os 499.1 433 56.7
Re/TiO, 203.3 36.4 63.6
Re/ALOs 575.9 12.0 88.0

The deconvolution areas values and the temperature ranges in
which the ammonia desorption occurred are shown in the
table. TPD-NH; results showed similar profile of the
adsorption graphs for catalysts Re/TiO, and Re/Nb,Os, except
the catalyst Re/Al,O3, which has greater width.

Re/Nb,O,

N

Re/TiO,

T I T I T | T I T | T I T
100 200 300 400 500 600 700 800
Temperature (°C)

3

NH, desorption (u.a)

Figure 3. TPD-NH3 acidity profiles of catalysts at different
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One of the main differences is related to the amount of
dissolved ammonia and the desorption temperature, as shown
in Figure 3 and Table 3. Table 3 shows that the catalysts acid
strength increases in the order Re/Al,O3> Re/Ti0,>Re/Nb,Os.
Therefore, the catalyst supported on alumina had a more
significant amount of adsorbed ammonia. Similar results were
found in the literature that shows the NH; desorption profile
for Re/TiO, and Re/AL,O5 catalysts (Kirilin 2013, Ma, et al.
2018, Zhou et al. 2020). TPD-NH; results of catalysts
supported on alumina show a higher amount of dissolved NH;
than in catalysts supported on titania and niobia, corroborating
the Kirilin (2013).

According to Ma ef al. (2018), the ammonia desorption
temperature in Re/Al,Oz catalyst peaked at 170 °C, which
increased to 225 °C, indicating that the presence of Re
increased the acid resistance of the AL,O; support. In a
comparative analysis of acidity and basicity of the Re/TiO,
and Pt/TiO, catalysts, it was observed that the addition of any
metal on TiO, always increases the acidity of the catalyst, even
if not significantly. However, ammonia adsorption is always
greater for the Pt/TiO, catalyst than in the Re/TiO, catalyst
(Rozmystowicz et al. 2015).

Re/ALO |

| T | T I T I T T T

RV

| I | I I I I I I | 1
Re/TiO,

1608L (1537B) (1446 L)

(1490 L,B)
e
1650 1600 1550 1500 1450 1400 1350
Wavenumber (cm™)

Transmission (%,

(%)
bbb L L e bl L

Figure 4. Comparison of spectra of catalysts produced from IFTR
transmission (pyridine: (a) Re/AlL,O3; (b) Re/Nb,Os; and (¢)
Re/TiO,

Infrared Spectroscopy with Fourier Transformation:
Figure 4 shows the results of the IFTR of pyridine of the
qualitative nature of the acidic sites present in each of the three
catalysts. According to the profile of the graphs in Figure 4,
there are bands at 1445, 1490, 1609, 1537, and 1640 cm™ for
all catalysts.

According toLeal ef al. (2019), da SQ Menezes et al. (2020),
bands corresponding to Bronsted acidic sites are found at
1445, 1609 cm'l, while bands referring to Lewis acidic sites
are found at 1537 and 1640 cm™'. As for the band at 1490 cm'l,
it refers to both Lewis and Bronsted sites.

The distribution of acidic sites, the Re/Al,O5 catalyst, showed
only Lewis acidic sites, coinciding with Ma et al. (2018),
which means that the greatest acidic force was observed in the
ammonia desorption in the TPD results corresponded to the
Lewis sites. Ma et al. (2018) found that results through IFTR
that -Al,O5 is characterized mainly by Lewis acidic sites. On
the other hand, the IFTR and CO,-TPD showed that the

impregnation of rhenium in alumina does not affect the type of
acidic sites and has little impact on the base character of the
catalyst, respectively (Ma et al. 2018).

As for the Re/Nb,Os catalyst, it presented both Lewis and
Bronsted acid sites. However, it was evident through the
bands' intensity that has more Bronsted acid sites than Lewis.
According to the literature, catalysts supported on Nb,Os have
both Lewis and Bronsted acids. Bronsted's acidic sites
availability in rhenium-containing catalysts increases with the
increase in rhenium content in the catalyst; however, Lewis's
acidic sites do generally not vary (Zhang et al. 2012).
According to Chia ef al. (2013), the NH; TPD results used to
quantify the acidic sites showed the presence of Brensted
acidic sites of the RhRe/C catalyst. The authors believe that
these acidic sites' formation may have been due to the
deprotonation of hydroxyl groups in rhenium atoms associated
with rhodium.

However, for nickel catalysts supported on niobia, the
availability of these acidic sites in the catalysts may vary with
the content of the supported metal; that is, Bronsted acidity
decreases as the Ni charge has been increased, but Lewis
acidity seems to be preserved mainly even with such a high Ni
load on Nb,Os (Leal et al. 2019). The Re/TiO, catalyst profile
also showed Bronsted and Lewis acidic sites. However, in this
case, there seems to be a balance of acidic forces; that is, there
does not seem to be one type of acidic site that is larger than
the other. The literature has shown IFTR analyzes for pyridine
adsorbed in both Re/TiO, and TiO, have a higher amount of
Lewis acid sites and some traces of Bronsted acid sites
(Augustine and Sachtler 1989, Malinowski et al. 1998).

X-Ray Photoelectron Spectrometer: Figure 5 illustrates the
XPS graphics profile of the Rhenium (Re) catalysts on the
different supports. The fitting of the spectra curves revealed a
doublet for all catalysts with a more intense Re 4f7/2 reference
peak and the second Re 4f5/2 peak. Figure 5 shows the
adjustment curves of the XPS spectra of the three (3) rhenium
catalysts. Based on the profile of the graphs, it can be seen that
the rhenium has a doublet. The doublet corresponds to Re
4f7/2 and Re 4f5/2, which indicates a single Re species'
presence. Similar observations have already been reported in
the literature (Escalona et al. 2007). The binding energies of
the catalysts and the respective atomic ratios of the rhenium on
the supports are shown in Table 4.

Table 4 confirms the results shown in Figure 5 that in all
catalysts, a single species of rhenium was observed in the
catalysts, which is Re’". On the other hand, in Table 4, the
spectrum of the binding energies for the Re/Nb,Os, Re/TiO,,
and Re/Al,O5 catalysts are not very wide. This may indicate
that there are only Re’" species present on the surface of the
catalysts that are in a homogeneous dispersion on the surface
of the supports.

The use of different supports did not influence the variation of
rhenium species that are present in the catalysts. Probably
because it is the same rhenium charge in the three catalysts.
Although some have found similar results, in which only a
single species of rhenium Re”” was found, in the literature,
there are works in which they found more than one species of
rhenium in the catalysts (Ly et al. 2015, Toyao et al. 2017).
According to Ly et al. 2015), the variation in the content of
rhenium in the catalysts can lead to a tendency to distribute the
species of this metal in the catalyst.
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Figure 4. Rhenium XPS spectra in monometallic catalysts: (a)
Re/TiO;,, (b) Re/Nb,Os and (c) Re/AlLO;

That is, that the Rhenium species, depending on the load,
change to more oxidized species as their content in the catalyst
increases. The XPS results of the Re/TiO, catalyst showed that
the catalyst had two species of rhenium Re4f7/2 and Re4f5/2
with atomic concentrations of 56 and 44 %, respectively
(Malinowski et al. 1998). After the reduction, the authors
found that the catalysts may present species with less oxidized
Re oxidation, such as Re™ and Re™ (Isaacs and Petersen
1982, Toyao et al. 2017). Results show metallic dispersion of
rhenium on the supports (Nb,Os, Al,O3, and TiO,), based on
the atomic ratio that the dispersion increases in the following
order: Re/Nb,Os;>Re/TiO, > Re/Al,0;. According to the
result of XPS with loading completely oxidized samples, the
greater the atomic ratio of one metal to another or the support
suggests the presence of well-dispersed surface species of the
metal (Kerkhof and Moulijn 1979). Therefore, the Re/Nb,Os
catalyst with an atomic ratio of Re/Nb is 3.1 showed excellent
dispersion. The literature indicates two reasons that may be
determinant for the metallic dispersion of rhenium on the
supports surface: the calcination temperature determines one
reason. According to Okal ef al. (2004), when studying the
Re/y-Al,O5 catalyst, they observed that the Re/Al rhenium
metallic dispersion increased with increasing temperature.

The increase in temperature also favors the formation of Re’"
species. The metal charge is also a determining factor in its
dispersion on the surface of the support. According to the Yide
et al. (1986), Bare et al. (2011), Re/Al,O5 catalyst, observed
that the smaller the amount of the metal (Re) in the
impregnated in the catalyst, the greater the dispersion of this
metal on the support surface. The Re/Nb,Os catalyst, calcined
at a temperature of 400 °C, lower calcination temperature than
the Re/TiO, and Re/Al,O; catalysts, showed more excellent
metallic dispersion. This dispersion may have been because
Nb,Os is a reducible oxide. This would justify that the two
reducible oxides (Re/Nb and Re/Ti) had more excellent
metallic dispersion than Re/Al.

According to Massa et al. (2013), the catalysts supported on
TiO, usually show greater metals dispersion on the support
surface. These authors believe that the excellent dispersion of
metals on the TiO, surface can be obtained because titania
appears to be highly dehydroxylated after metal oxide
deposition. However, Rozmystowicz et al. (2015) believes

that the greatest dispersion is because it is a reducible metal.
Reducible transition metal oxides represent an attractive
alternative to other catalytic systems. Its reactivity is
essentially linked to the partial reduction of surface metal
oxide species under reaction conditions (Ghampson et al.
2016).

Temperature Programmed Reduction (TPR): Figure 6
shows the following peaks of reduction temperatures for the
catalysts: Re/Al,O3 catalyst (375.5 and 393.6 °C); Re/TiO,
catalyst (251.2 °C) and Re/Nb,Os catalyst (398.2 °C). Some
studies corroborate the reduction profile of the Re/TiO,
catalyst (Azzam et al. 2007, Di et al. 2019, Zhou et al. 2020)
and Re/Al,O3 (Okal et al. 2004, Okal 2005, Bare et al. 2011,
Thompson and Lamb 2016). In all the catalysts, there was a
reduction of a single species of rhenium; that is, the peaks
obtained were attributed to reducing the species from Re'’ to
Re’ without necessarily having passed through the
intermediate species (Re™®, Re™, and Re+4), as noted earlier in
the XPS results. The reduction of partially dispersed and
oxidized Re species is more complicated than the direct
reduction of Re’" to Re’ (Ly et al. 2015). Kirilin (2013)
(Kirilin 2013) obtained a peak reduction of the Re/TiO,
catalyst at 250 °C, which was the same temperature as found in
our work. However, Burch et al. (2011) (Burch et al. 2011)
obtained two (2) reduction peaks at elevated temperature, 315
and 380 °C. The authors justify that a reduction in elevated
temperature may have been due to a reduction in ReOx
(Azzam et al. 2007, Burch et al. 2011) or a reduction in bulk
titanium support (Burch ez al. 2011, Kirilin 2013).

Re/ALO,
T
S
z Re/TiO,
[
c
g
£
Re/Nb,0,

[zt fusielen el o] aad
200 250 300 350 400 450 500 550
Temperature "C

Figure 5: TPR of different Re catalysts

Even for the Re/Al,O; catalyst that showed two peaks, both
were attributed to the same species. The second peak at
393.6 °C in temperature corresponded to the same species with
a strong connection with the support. Similar studies that
showed two peaks in the reduction of rhenium catalysts were
found (Bare ef al. 2011). However, also, some studies showed
a single peak reduction (Hilmen et al. 1996). However, all of
these studies indicate that only Re’" species were identified in
these catalysts.

Re/y-AlLO; catalysts pre-treated at a temperature of 500 °C
present species of rhenium oxide firmly attached to the
alumina support (Okal et al. 2004, Okal 2005).
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Table 2. Summary of the binding energies of the components of rhenium and niobium, their relative properties, and their atomic
relationship of the surface between Re and the supports

Catalysts Peaks BE (Re4f7) FWHM eV (Re4f) Oxidation states of Re’" ions (%)  The atomic ratio (Re4f)
Re/Nb,0s 46.58 4914 100.0 3.11
Re/TiO, 46.55 4.853 100.0 2.69
Re/ALO; 47.19 4.944 100.0 0.93

Therefore, this result explains and corroborates that the
Re/Al,O; catalyst has been reduced to a higher temperature
than the Re/Ti0O, catalyst.

Kinetic of Palm Esters Hydrogenation: The experimental
data show that the process of converting unsaturated esters
(methyl linoleate and methyl oleate) into saturated (methyl
stearate) through hydrogenation is a step that occurs in a short
time. Similar results were obtained in some studies (Van Den
Hark et al 1999, Thakur and Kundu 2016) when
hydrogenating unsaturated substrates. VAN and collaborators
(Van Den Hark et al. 1999) stated that in the hydrogenation of
FAME, the C-C double bonds undergo saturation first. This
finding can support the fact that up to 5 min of reaction,
regardless of the catalyst, did not exist among the esters
carbon-carbon double bonds; there were only traces of esters
with a double bond (methyl oleate). At the same time, fatty
alcohol formation reactions occur. It can be observed the
formation of wax esters, which are more stable intermediates
in the process so that they can be considered as being
transformed into fatty alcohols through the hydrogenation
reaction, a determining step of the reaction (slower stage).

Conversion of palm esters: Based on the results presented in
Figure 7, the conversion rate of palm esters is faster at
temperatures of 280 °C-70bar (Figure 7b) compared to the
reactions carried out at 250 °C-70bar (Figure 7a). The same
conversion profile is observed for reactions performed at a
pressure of 40 bar: at 280 °C (Figure 7c) and 250 °C (Figure
7d). Similar results have already been reported in the literature
(Haidegger and Hodossy 1962, Rozmystowicz et al. 2015).
These and other researchers mentioned above have pointed out
the most significant influence that temperature has on the
process. A comparative analysis of the three catalysts at the
applied temperatures that the Re/Nb,Os catalyst presented a
higher reaction rate in the batch reactor than the other two
catalysts (Re/TiO, and Re/Al,O;). However, the greatest
evidence that the catalyst supported on niobium has the fastest
reaction rate is illustrated in the reaction at 250 °C.

This is because, in reactions at 280 °C, the Re/Al,O; catalyst's
conversion rates are closer to the conversion rate of the
Re/Nb,Os catalyst. After five (5h) of reaction, these two
catalysts have practically the same conversion above 95 %
until the end of the reaction. In this context, the conversion
rate of palm esters is: Re/Nb,Os; > Re/Al,O; > Re/Ti0,. This
difference in catalytic activity in conversion can be related
both to the metal-support interactions according to TPR
results. The more difficult reduction is associated with a
greater interaction of the rhenium particles with alumina and
with niobium showed higher conversion rates. Meanwhile, for
the titanium catalyst with easier reduction (lower
temperatures), it had the lowest reaction rates. The reactions
carried out at 40 bar pressure show low conversion compared
to the reactions carried out at 70 bar, both for the reactions at
250°C and 280°C. Therefore, this result indicates that pressure
is also an essential factor in the conversion of esters.

Products formation of palm esters hydrogenation reaction:
Figure 8 and Figure 9 shows a product formation profile (fatty
alcohols and hydrocarbons) similar to the three catalysts. The
difference consists of the rate of formation depending on the
variation of pressure and temperature. Reactions carried out at
280 °C, Figure 8 [Graph (a), Graph (c)] regardless of pressure
(70 or 40 bar) show a higher rate of formation of fatty alcohols
when compared to reactions carried out at 250 °C, Figure 9
[Graph (a), Graph (c)]. However, the low temperatures 250
°C-70 bar, [Figure 9, Graph (a)] (Re/Nb,Os and Re/Al,O3)
favored the formation of more fatty alcohols about the
temperature of 280 °C for the same catalysts. At a temperature
of 280 °C, [Figure 8, Graph (a)] although they had a high rate
of formation of fatty alcohols, they underwent dehydration and
hydrogenation, forming more hydrocarbons (C;s, C;6, Cy7, and
Cyg) [Figure 8, Graph (b)]. The Re/TiO, catalyst was efficient
in the formation of fatty alcohols at a temperature of 280 °C-70
bar since it presented a low conversion of these into
hydrocarbons. The reactions performed at 40 bar showed low
formation of fatty alcohols and a 70 bar ratio. However, all
catalysts have a similar degree of fatty alcohol formation for
reactions carried out at 280 °C-40 bar and 250 °C-40 bar.
However, the highest formation of fatty alcohols is always at
280 °C. As for the formation of hydrocarbons Figure 8 [Graph
(b), Graph (d)], it was also evident that high temperatures
(280 °C) favored the production of hydrocarbons more due to
the reactions of dehydration, decarboxylation, and
decarbonylation, at both pressures (40 and 70bar). On the
other hand, the results show that high pressure (70 bar)
favored hydrocarbons' formation more through hydrogenation
reactions. In all reactions, regardless of temperature and
pressure, the catalysts that produced the most hydrocarbons are
(Re/Nb,O5 and Re/Al,03).

Influence of Temperature and Pressure on Conversion and
Selectivity

Re/Nb,O; catalyst: Figure 10 shows the conversion and
selectivity of products using the catalyst supported on niobia;
it is observed that the product formation increases
simultaneously, depending on the selectivity, fatty alcohol,
wax ester, and hydrocarbon more excellent selectivity towards
fatty alcohols. The description of the reactions involved in the
reaction mechanisms proposed in Table 1. Observing, in
Figure 10, the selectivity curves of wax esters and
hydrocarbons affect the decrease in the selectivity of fatty
alcohols; that is, as shown in Table 1 of the reaction equations,
it is noticed that the wax esters are formed by the reaction of
fatty acid esters and fatty alcohols. On the other hand, one of
the main stages of the formation of fatty alcohols is the
dehydration of fatty alcohols; that is, when one compound is
consumed, the other produced, and vice versa.

Re/Al,0; catalyst: 1t is also noted that the temperature is one
of the determining factors in the selectivity of the products, at
low temperatures, 250 °C “Graph (a), and Graph (c)” the
selectivity of fatty alcohols is right. The fatty alcohol produced
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was not suffered from greater dehydration and conversion to
hydrocarbons. This fact was observed in "Graph (b), and
Graph (d)” of the same Figure 9; that is, it is possible to
observe that the decrease in the selectivity of fatty alcohols is
inversely proportional to the selectivity in hydrocarbons. The
temperature also affects the conversion rate; in 4 h of reaction,
at 250 °C, the conversion was reached 85 %, while at 280 °C,
the conversion was above 95 %. Figure 11, referring to the use
of the Re/Al,O; catalyst, the esters and product selectivity
curves present a profile similar to that shown in Figure 10,
which used the Re/Nb,Os catalyst since there is the evolution
of compounds simultaneously. Both catalysts showed good
catalytic activity; however, the conversion rate was faster in
catalyst supported on Nb,Os than Al,Os;. Another aspect to
highlight is the wax esters production in reactions at 250 °C-
70bar.

The Re/Nb,Os catalyst is began formed from 2h of reaction
until 7h, despite being in selectivity below 10%. In contrast,
with the Re/Al,O; catalyst, traces of wax esters appear at the
beginning of the reaction but are quickly consumed. At
280 °C-70bar, the two catalysts showed greater selectivity in
hydrocarbons, which increases the longer the reaction time.
Similar as what was observed with temperature, pressure plays
an essential role in converting and selecting products. Higher
pressure obtained better yield both in the conversion of esters
and in the selectivity of fatty alcohols. Low pressures (40 bar)
in addition to low conversion, obtained low selectivity in fatty
alcohols and increased selectivity in wax esters. This can
indicate that pressure is fundamental in the conversion of the
intermediate; that is, the higher the reaction pressure, the
higher the conversion rate of wax esters to fatty alcohols. The
reaction pressure evaluation for the Re/Al,O; catalyst suggests
a profile similar to that presented in the Re/Nb,Os catalyst.
High pressures favored a higher reaction rate, having obtained
high ester conversions and greater selectivity in fatty alcohols
than at pressures of 40 bar of hydrogen.

Re/TiO; catalyst: Figure 12 shows the results of selectivity
and conversion using the Re/Ti0, catalyst. It can be seen that
the reaction carried out at 250 °C-70bar presents a profile
similar to that of the other reactions carried out at the same
temperature, but with other catalysts. While the reaction
performed at 280 °C-70bar shows at the beginning (in 1 h)
that there was only the production of fatty alcohols, but after
that time, it is possible to see a series reaction mechanism, at
the beginning of the reaction, since the fatty alcohols are
formed first, up to a reaction time of 1 h. From this moment
on, a simultaneous evolution of the compounds is perceived. In
this case, the fatty alcohol formation curve is the inverse of the
hydrocarbon curve, which suggests a dominance of alcohol
dehydration following hydrocarbons formation.

However, the yield of fatty alcohols is higher for longer
residence times; this scenario works for both low (Graph (a) at
Figure 12) and high (Graph (b) at Figure 12) temperatures.
Thus, presenting conversions of 71.8 and 93.8 %, and
selectivity is 85.6 and 92.1 % for low and high temperatures.
The formation of wax esters at a temperature of 280 °C-70 bar
with the Re/TiO, catalyst was not significant since the wax
ester does not appear as a reaction product. In general, the
three catalysts behave similarly concerning the influence of
pressure on hydrogenation reactions. Reactions performed at
70 bar achieved better performance than reactions performed
at 40 bar. Another aspect is that low pressures have been

shown to favor wax esters (reaction intermediates) than in
reactions at 70 bar. In any case, the pressure variation
decreases a pig's selectivity in unwanted products
(hydrocarbons).

DISCUSSION OF KINETIC TEST RESULTS

The highest yield was obtained with the Re/Nb,Os and
Re/Al,O5 catalysts, which had the fastest reaction rate than the
Re/TiO, catalyst activity. The higher conversion rate of the
two catalysts can be attributed to a stronger interaction of
rhenium precursor with the supports, and they probably
present greater metallic dispersion. Re/TiO, catalyst showed
greater selectivity of fatty alcohols both at 250, and 280 °C
than the Re/Nb,Os and Re/Al,O; catalysts, mainly in the
reactions carried out at 280 °C, regardless of the reaction
pressure (40 or 70 bar) (Rozmystowicz et al. 2015, Oi, Choo
et al. 2016). The difference in the activity promoted by the
catalysts can be related mainly to the supports' nature and
properties. For the case of the Re/Nb,Os catalyst, its support
for being an acid oxide presented strong Bronsted acid sites,
which promoted a rapid dehydration reaction of alcohol and
tended to follow the hydrocarbon route, mainly the
hydrodeoxygenation, which explains the greater selectivity in
even hydrocarbons (C;4 and Cg). Similar results were obtained
in the work of (Kumar et al. 2014). The Re/Al,O; catalyst,
because it is supported by a refractory oxide and has a higher
volume of pores, justifies the higher rate of conversions of the
substrates and selectivity of fatty alcohols then convert to
hydrocarbons, mainly at a temperature of 280 °C. According to
Kent ef al. (2014), refractory oxide-supported catalysts are
usually characterized by decarboxylation, decarbonylation, and
hydrodeoxygenation reactions, preferably decarboxylation and
decarbonylation.

In general, the distribution of products and their selectivity
were influenced by temperature and the type of catalyst used.
Low temperatures show low conversion rates and selectivity
towards fatty alcohols. The correlation between temperature,
pressure, and residence time is that the residence time
influences the process yield. The longer the residence time, the
greater the substrate's gradual conversion and the formation of
fatty alcohols. Actually, the most significant advantage of
reactions at low temperatures is the reduced possibility of
converting fatty alcohols into hydrocarbons. When
hydrogenating fatty acid esters, C=C unsaturated bonds first
undergo saturation before hydrogenating the functional groups
(fatty acids, esters, fatty alcohols, and aldehydes). According
to Van Den Hark et al. (1999), this saturation occurs at
temperatures below 200 °C. The increase in the reaction rate
can serve as a stepping stone to reduce secondary products'
formation since this will decrease the accumulation of products
on the catalyst surface. This act can considerably improve the
selectivity of fatty alcohols, as illustrated in graphs (b) in
Figures 7, 8 and 9. These graphs indicate a high reaction rate
for the production of fatty alcohols. However, after Sh of
reaction, the conversion of fatty alcohols drastically changes,
favoring hydrocarbons formation. This aspect was also
observed by several studies, for example (Zhilong 2011,
Rozmystowicz et al. 2015).

Our results show that the Re/TiO, catalyst, despite the slow
conversion rate when compared to the conversion of Re/Al,O;
and Re/Nb,Os catalysts, the Re/TiO, catalyst had better
selectivity in fatty alcohols at 280 °C. Similar results have
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been obtained in the literature (Toyao, Siddiki et al. 2017, Di
et al. 2019, Lawal 2019). The catalytic performance of
catalysts is analyzed in detail. The Re/Nb,Os catalyst showed a
higher conversion rate and selectivity of fatty alcohols, mainly
in all reactions except the reaction of 280°C at 70 bar, because
there was the conversion of fatty alcohols into hydrocarbons,
as previously presented. This result may be related to factors:
greater metallic dispersion of Re/Nb, according to the XPS
results, and because this catalyst is the only one that presented
a greater amount of Bronsted acid sites, although it also has
Lewis acids, as they presented IFTR results. According to the
literature (Foo et al. 2014, Leal et al. 2019), using Ni/Nb,Os
catalysts found that the decrease in Bronsted acids is
detrimental to alcohol dehydration performance.

According to Foo et al. (2014), Bronsted acidic sites are more
active for alcohol dehydration than Lewis acidic sites, so
greater dehydration and hydrogenation of fatty alcohols. Leal
et al. (2019) used Ni/Nb,Os catalyst with different levels.
They observed that catalysts with a lower nickel content
showed a greater amount of Bronsted sites, consequently
greater conversion of cyclohexanol. In comparison, catalysts
with a higher nickel content decreased conversion of
cyclohexanol due to fewer Bronsted acid sites and more Lewis
acid sites. Therefore, this result may indicate that the 4% Re in
the catalyst contributes to a greater amount of Bronsted acid
sites, favoring the dehydration of fatty alcohols to the
Re/Nb,Os catalyst. As for the Re/Al,O; catalyst, which also
performed well in converting esters and in the formation of
fatty alcohols. Therefore, with a performance profile similar to
that obtained with Re/Nb,Os catalyst, some factors can be
pointed out. This yield may be mainly related to the fact that
Re/Al,O; has a larger surface area and a greater pore volume
than Re/Nb,Os and Re/TiO, catalysts (Miyake et al. 2009).
However, it presents low metallic dispersion and practically
Lewis acidic sites. The greater performance of this can be
attributed to the use of solvent, taking into account that this
catalyst has a higher pore volume, as observed by the material
textural properties. Therefore, even if it presented more Lewis
acid sites in the IFTR results and less metal dispersion in the
XPS results, the solvent (heptane) increases the solubility of
hydrogen in the substrate and decreases the resistance to mass
transport (van den Hark and Hérrod 2001, Zhilong 2011,
Rozmystowicz et al. 2015).

Our results show that the Re/TiO, catalyst, despite a slow
conversion rate compared to the conversion of Re/Al,O; and
Re/Nb,Os catalysts, the Re/TiO, catalyst better selectivity in
fatty alcohols at a temperature of 280°C. Similar results have
been obtained in the literature (Toyao et al. 2017, Di et al.
2019, Lawal 2019). The Re/TiO, catalyst performed well in
the conversion, but with a somewhat slow conversion rate.
However, it was excellent in the selectivity of fatty alcohols. It
was the only catalyst that fatty alcohols did not undergo much
dehydration or hydrogenation, thus reducing the formation of
hydrocarbons. The good performance may be related to the
metallic dispersion of rhenium on titania. But, the preservation
of hydroxyl and reduction of decarbonylation and
decarboxylation reactions may be due to the balanced amount
between the Bronsted and Lewis acidic sites. In the study of
the conversion of acetic acid into ethanol and methane, the
Re/Ti0, catalyst showed more efficiency in converting acetic
and selective acid in the formation of ethanol, compared to the
catalyst supported on alumina and silica (Lawal 2019). In a
study Toyao et al. (2017), fatty alcohols' good selectivity was

also obtained using Re/TiO, catalysts. Di et al. (2019), the
low conversion obtained using the Re/TiO, catalyst was
attributed to the high state of rhenium oxidation in the
catalysts, which is neither favorable dehydrogenation nor to
hydrogenolysis of cyclohexane. , for catalysts supported by
titania. Some authors believe that the Re/TiO2 catalyst's
greater activity may be due to carbonyl species' adsorption
through interaction with the Ti"" cations (Lewis acid sites) or
oxygen waves created in the reducible oxide after reduction at
200 °C. These sites can activate the carboxyl acid group for
hydrogenation (He and Wang 2012, Lawal 2019).

Influence of temperature and hydrogen pressure: The
temperature was a very important factor in conversion and
selectivity. The increase in temperature from 250 to 280 °C
played a fundamental role in the production of fatty alcohols;
that is, the higher the system temperature, the greater the
conversion achieved. However, on the other hand, the
temperature influences the dehydration of fatty alcohol to
hydrocarbons (unwanted products). The products obtained in
all reactions were the same. The difference consists of
selectivity and conversion, depending on the type of catalyst
used. In general, the catalysts showed a statistically equal
conversion when comparing the results in the best conditions
(280 °C and 70 bar) obtained in the three catalysts Re/Nb,Os,
Re/Al O3, and Re/TiO,. The low temperature (250 °C) shows
excellent yield in fatty alcohols because, after 8h of reaction,
the conversion of esters achieved, and the selectivity of fatty
alcohols is very high. Due to low temperatures, the fatty
alcohols produced did not undergo high dehydration. In this
case, selectivity favors the formation of wax esters, which are
the fact that they are very stable intermediates in the reaction
since their hydrogenation is slow. The increase in residence
time was fundamental to increase conversion and selectivity,
consequently yielding the reaction temperature. However, Van
Den Hark et al. (1999) found that it was possible to obtain the
extract's conversion into fatty alcohols in shorter residence
time and at lower temperatures. Another aspect of being
highlighted is the formation of intermediates, wax esters. It
was evident that the production of these depends on both the
temperature and the type of catalyst. However, some studies
have obtained the aldehydes as intermediates for the reaction
(Van Den Hark, Harrod et al. 1999, Rozmystowicz et al.
2015). However, some researchers have obtained similar
intermediates, wax esters (Hattori et al. 2000, van den Hark
and Harrod 2001, Brands et al. 2002, Thakur and Kundu
2016).

The correlation between high temperature (280 °C) and longer
residence times indicates a favorable conversion rate of esters.
However, the severe temperature conditions, 280 °C, and
pressure, 70 bar, decreased the selectivity in fatty alcohols,
increasing the hydrocarbon yield. Similar results have been
reported elsewhere (Van Den Hark, Hérrod et al. 1999,
Rozmystowicz et al. 2015, Thakur and Kundu 2016). The
increase in hydrocarbons' selectivity in those reaction
conditions may be due to the dehydration of fatty alcohols by
temperature or by their hydrogenation by hydrogen pressure.
Because of this, some works suggest the application of mild
conditions of temperature and pressure. An example of the
reactions carried out at a temperature of 250 °C that converted
fatty alcohols to hydrocarbons was minimal. In this context,
the reactions carried out at temperatures of 250 °C using the
Re/ALO; and Re/Nb,Os catalysts had better yield in the
production of fatty alcohols since they presented greater
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selectivity, although the same catalysts at 280 °C have shown
greater conversion, the selectivity of fatty alcohols decreased,
favoring the formation of hydrocarbons. Hattori et al. (2000)
in their study found that catalysts supported on alumina play a
vital role in the durability of catalysts. Alumina, in addition to
increasing the life of catalysts, alumina ensures good activity
and selectivity. Contrary to the work by BASSM et al. (2016),
the ReS/TiO, catalyst was obtained in the production of fatty
alcohols than with the ReS/Al,O; catalyst. The authors believe
that the Re/Ti02 catalyst's greater activity was correlated with
the Re dispersion and ReS, species formation. This may be
obvious since, in this work, the Re/TiO, dispersion may be
greater than that of Re/Al,O;, but the Re/Al,O; catalyst
showed good activity. Perhaps the greatest -catalytic
performance obtained in the work of BASSM et al. (2016) of
Re/Ti0O, that the catalysts' sulfide may have also influenced
re/A1203. The Re/TiO, catalyst, at both temperatures, 250 and
280 °C, showed better selectivity. According to van den Hark
and Harrod (2001), the process viability is determined by
conversion and economic viability. However, it is also
determined by the product's selectivity of interest to achieve
the best possible yield. In this perspective, the formation of
secondary products such as hydrocarbons, aldehydes, and wax
esters must be reduced.

According to Rozmystowicz et al. (2015), the use of TiO, as
support gave good results up to 93 % selectivity in fatty
alcohols, at 180-220°C, and 20-40 bar due to the greater
interaction between support and metal. The authors believe
that the yield obtained was due to TiO, as a support because it
is a reducible oxide allowing greater interaction between the
catalyst components. The shorter the residence time at lower
temperatures, the lower the substrate conversion and wax
esters' higher selectivity. Van Den Hark ef al. (1999) obtained
similar results, where at low temperatures, they observed the
highest selectivity in aldehydes (intermediates). On the other
hand, to improve the yield of fatty alcohols, hydrogen pressure
and low temperatures have been applied using an organic
solvent to improve the extract's selectivity and solubility (ester
or fatty acid) since the hydrogen is anti-solvent in the substrate
(van den Hark and Hérréd 2001). In monophasic reactions, the
substrate has been a limiting factor due to difficulties
maintaining the invariant conditions. Also, due to hydrogen's
action, this is anti-solvent in the reaction, which reduces the
solubility of the substrate and product in the reaction medium.
However, to maintain homogeneous conditions and ensure
good selectivity and conversion, the hydrogen pressure must
be low.

Frequently in processes where there are low conversion and
selectivity of fatty alcohols, there is a higher production of
wax esters or aldehydes. Usually, these intermediates'
formation is fast, but their conversion into fatty alcohols or
hydrocarbons is not very flexible under certain operating
conditions. Van den Hark and Hérrod (2001) found a total
conversion of esters and intermediates' formation. However,
the reaction continues to take longer for these to be converted
into the final product. In general, the highest conversions of
esters and alcohol yields were achieved in reactions with 70
bar pressures compared to 40 bar pressures, regardless of the
reaction temperature. That is means that the higher the system
pressure, the greater the conversion of esters and the more
excellent selectivity of fatty alcohols. Similar results have been
reported in the literature (Toba et al. 1999, Rozmystowicz et
al. 2015). Reactions performed at a 40 bar pressure were

selective in forming the intermediate (wax esters). However,
high pressures increase the hydrogenation rate of these in fatty
alcohols, as already been demonstrated in the literature (van
de Scheur and Staal 1994, Huang et al. 2009).

Conclusion

The results show that the catalysts presented a good
performance regarding the conversion of palm esters and
product selectivity to fatty alcohols. It was evident that
temperature and residence time are fundamental parameters for
product conversion and selectivity. The higher the
temperature, the higher the conversion rate of esters. But lower
was the fatty alcohol yield due to dehydration throughout the
reaction, except for Re/Ti0, catalyst. The increase in residence
time was fundamental to increase conversion selectivity and,
consequently, the yield, regardless of the reaction temperature.
Different support types were essential to evaluate their
catalytic activity; therefore, the Re/Al,O; and Re/Nb,Os
catalysts showed a higher reaction rate but less selectivity in
fatty alcohols in longer periods due to preferential reactions to
dehydration, decarboxylation, and decarbonylation. While
Re/TiO, catalyst, despite the low reaction rate, showed greater
selectivity to fatty alcohols. The results show that the
Re/Nb,Os catalyst showed excellent catalytic activity at 250 °C
and 70 bar. The metallic dispersion, types of acidic sites, the
interaction between rhenium with the different supports, pore-
volume, surface area, and the solvent (heptane) were decisive
to explain the difference in the catalytic performance of the
catalysts. Greater selectivity in the Re/TiO, catalyst's fatty
alcohols at 280°C-70bar than the Re/Nb,Os and Re/Al,O3
catalysts may have been because the Re/TiO, catalyst has a
balanced amount of Bronsted and Lewis acid sites, and
probably because TiO, is a reducible oxide.
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