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Abstract

Catalyst preparation, reaction process conditions and kinetics of the selective hydro-
genation of fatty acid methyl esters (FAME) over a noble metal catalyst were stud-
ied. Two catalysts were prepared by impregnation of y-Al,O; with Ru (1% mass
content) as active metal and Sn and B as modifiers (2% mass content), and with
different Sn/Ru ratios of 2 and 4. FAME derived from biomass, an environment
friendly raw material, was used for the preparation of fatty alcohols by selective
hydrogenolysis of the ester group to an alcohol group. The results were analyzed
with a simple kinetic model using lumped pseudocomponents. When comparing the
two catalysts it was found that the most effective catalyst for producing oleyl alco-
hol was the one with a Sn/Ru ratio of 2, RuSn2-B. The maximum production of
alcohols and alkanes was achieved with this catalyst at 290 °C. At 270 °C a lower
production of alkanes was obtained but with a similar yield of alcohols. Both reac-
tion conditions and catalyst composition were found to be important factors influ-
encing alcohol production. Two types of active sites were identified on the stud-
ied catalysts: the unmodified Ru® metal for dissociating hydrogen and the modified
metal, (Ru’~(Sn0,),, for adsorbing the C=C carbons. RuSn2-B seemingly exhibited
an appropriate balance of these sites. The kinetic model included the reactions of
esters, hydrogen, alcohols and deoxygenated hydrocarbons. These were studied with
lumped variables with no distinction of individual specific molecules. In spite of
this, the model provided a very good fit of the experimental data indicating that the
reaction is rather insensitive to secondary features like carbon chain length or group
positions.
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Introduction

The goal of the green oleochemical industry is to obtain products with proper-
ties resembling those of petrochemical products. The development of green oleo-
chemical processes has recently been intensified due to the advantages environ-
ment friendliness of biodegradable and bioavailable precursors and products
[1]. Fatty alcohols find applications in the manufacture of detergents, cosmetic
emulsions (such as creams and lotions) to enhance consistency, and in industrial
emulsions as co-surfactants or solubilizers [2]. Previous reports indicate that the
global fatty alcohol market was valued at $5.08 billion in 2019 and is projected
to reach $7.40 billion by 2027 [3]. Fatty alcohols are produced on an industrial
scale by catalytic hydrogenation of fatty acids or their esters from vegetable oils
at high pressure and temperature. Commercial processes for the synthesis of fatty
alcohols typically use Cu—Cr-based catalysts under severe reaction conditions
(250-350 °C and 10-20 MPa) [4, 5]. Recent studies have focused on replacing
Cu—Cr-based catalysts with noble metal-supported catalysts [6, 7]. Supported
RuSn-B catalysts have demonstrated activity and selectivity in producing fatty
alcohols from esters or fatty acids [§—10]. In our previous research, we examined
RuSn-B catalysts supported on Al,O;, SiO,, and TiO, for the selective hydro-
genation of methyl oleate and oleic acid to oleyl alcohol [11-16]. The supported
catalysts demonstrated good activity, with a conversion rate between 80 and 90%,
resulting in a yield of up to 45% for oleyl alcohol and 11% for stearyl alcohol
[16]. We also analyzed the kinetics of the reaction using pure methyl oleate and
oleic acid [11, 12].

Using oleyl and stearyl acid methyl esters as individual precursors yields valu-
able oleic and stearic fatty alcohols but the raw materials are expensive. In this
sense it is convenient to explore the hydrogenation of alternative fatty feedstocks
of lower cost. Biodiesel is a complex mixture of FAMEs, with methyl linoleate
and methyl oleate being the major components. Methyl linoleate can be hydro-
genated to methyl oleate by hydrogenation of the double bond, as a secondary
reaction of the system. Unsaturated and saturated fatty alcohols of biodiesel can
be selectively hydrogenated to a mixture of fatty alcohols with oleic acid as one
of the main products. Stearyl alcohol can also be produced in great yield due to
the hydrogenation of stearic acid methyl ester originally present in the mixture,
or the saturation of the double bonds of other esters of equal chain length. Then
biodiesel can therefore be a convenient raw material for fatty alcohol production.
Nowadays the biodiesel market faces some instability due to strict regulations and
tariffs that limit access to certain countries, especially the European ones. Con-
sequently, low price unsold biodiesel could be conveniently converted into fatty
alcohols of good value and no market restrictions.

Given the complex composition of biodiesel, a selective catalyst is required
to hydrogenate the double bonds and carbonyl group, obtaining monounsatu-
rated (oleic alcohol) and saturated (stearyl alcohol) fatty alcohols of commercial
value. The overreduction of alcohols to alkanes should be minimal. Supported
pure noble metals with high activity for hydrogenolysis of the ester group are also
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active for hydrogenation of the alcohol. Tuning the selectivity of the catalyst to
restrict secondary undesirable reactions requires modification of the metal func-
tion by addition of promoters. Such promotion has been extensively studied for
some applications, e.g. the naphtha reforming on Pt and Re catalysts, for which
some useful promoters are found to be Sn, Ge, Mg [17-19], that reduce the selec-
tivity to cracking and coking reactions. The same and some other promoters (Sn,
Ge, Fe, Cd, B) have been used to modify the activity of noble metals for the
transformation of fatty acids and fatty acid methyl esters to fatty alcohols [14],
Ru-Sn-B being one of the best combinations found [20].

The aim of this work was to evaluate two ruthenium—tin—boride catalysts, RuSn2-B/
v-Al,O; and RuSn4-B/y-Al,O;, previously studied for the selective hydrogenation of
oleic acid and methyl oleate [15], under different experimental conditions (tempera-
ture and pressure) using biodiesel as raw material. Additionally, surface active sites
were studied for identifying those participating in the working reaction mechanism. A
kinetic model was written using pseudo-components, and rate equations for fatty alco-
hols production were obtained. Despite of its simplicity this model was able to fit the
experimental data very well.

Experimental
Catalyst Preparation

The support used was y-Al,O; (Cyanamid Ketjen CK-300, pore volume=0.5 em® g7,
Sg (BET)=180 m? g_l, 35-80 mesh), which underwent calcination for 4 h at 500 °C in
an air environment before use. The preparation of the catalyst followed the co-impreg-
nation method described by Shoenmaker-Stolk et al. [21]. After impregnation, metal
precursors (RuCly and SnCl,) underwent reduction with a sodium borohydride solu-
tion and were left overnight. The catalysts were rinsed repeatedly with distilled water
until the solution reached a pH of approximately 7. Finally, activation of the catalysts
occurred through hydrogen flow reduction at 300 °C for 2 h. The catalysts were desig-
nated as RuSnx-B, where x represents the percentage of Sn (2 and 4 wt%). The percent-
age of Ru was 1 wt%.

Inductively coupled plasma atomic emission spectroscopy (ICP/OES)

The metallic phase content (Ru, Sn, B) in the catalysts was analyzed using an ICP/OES
ARL Model 3410. The composition of the metallic phase was assessed through induc-
tively coupled plasma-optical emission spectroscopy (ICP-OES, PerkinElmer, Optima
2100 DV) following acid digestion and subsequent dilution.
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Specific surface area (BET)

The specific surface area of all solids was measured using the BET method [22] at
— 196 °C on a Micromeritics ASAP-2000 automatic instrument, covering a range of
0.05 <P/P’<0.27.

Temperature-programmed reduction (TPR)

Analyses were carried out using equipment equipped with a thermal conductivity
detector. The reduction process involved heating from room temperature to 700 °C
at a rate of 10 °C min~! in a gaseous stream containing 5.0% H, in Ar. Prior to this,
the samples underwent calcination at 400 °C for 1 h in an air atmosphere.

Fourier transform infrared absorption spectroscopy (FTIR) of chemisorbed CO

All experiments were conducted within a quartz IR cell fitted with CaF, windows,
connected to vacuum and atmospheric systems, and situated in a temperature-con-
trolled oven. Prior to analysis, the catalyst was compressed into a self-supported
wafer measuring 2 cm? (0.5-2 ton) and weighing between 10 and 20 mg. After plac-
ing the sample in the IR cell, it underwent overnight reduction at 450 °C in a hydro-
gen flow (60 mL min~!). Then it was outgassed (10-5 bar) for 2 h and cooled to
room temperature. The reference spectrum was captured at room temperature under
vacuum (prior to introducing CO into the chamber). All spectra were recorded in
the 10004000 cm™' range using a Nicolet 5700 apparatus (resolution: 2 cm™!, 64
analyses per spectrum). Precise volumes of CO were then introduced into the IR cell
using a calibrated volume (V=0.984 mL) until saturation of the sample occurred.
After each CO injection, an IR spectrum was recorded, and the spectrum of the
adsorbed CO molecules was obtained by subtracting the reference spectra.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were conducted using a SPECS multitechnique apparatus fea-
turing a dual Mg/Al X-ray source and a hemispherical PHOIBOS 150 analyzer oper-
ating in the fixed analyzer transmission (FAT) mode. Spectra were acquired with
a pass energy of 30 eV, employing an Mg Ka X-ray source at 200 W and 12 kV.
The working pressure in the analyzing chamber remained below 5.90x 10~ mPa.
Solid samples underwent XPS analyses after treatment with hydrogen/argon at
300 °C within the spectrometer’s reaction chamber. Spectral regions correspond-
ing to Ru 3ds,, and Sn 3ds,, core levels were recorded for each sample. Calibration
of the spectra utilized the Al 2p line (74.4 eV) from an Al,O; support. Casa XPS
software (Casa Software Ltd., UK) was employed for data processing. Peak areas
were determined through integration after filtering out a Shirley-type background,
considering peaks as a combination of Gaussian and Lorentzian functions in a 70/30
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ratio. Manufacturer-provided sensitivity factors were used for the quantification of
elements.

Transmission electron microscopy (TEM)

The analyses were performed using a JEOL JEM 2100 high-resolution microscope.
Sample preparation involved placing the samples in ethanol without prior grind-
ing and subjecting them to an ultrasonic bath. The measurement of particle sizes
for histograms was performed using IMAGE.J software. Approximately 200 metal
particles were observed for each catalyst, and the distribution of particle sizes was
quantified.

Hydrogenation of FAME

The experiments were performed in a stainless steel autoclave reactor with a capac-
ity of 280 cm®. Reaction conditions were adjusted depending on the variable under
analysis, while all other parameters remained constant for a duration of 300 min.
Each experiment used 1.00 g of catalyst and 20.0 g of distilled soybean biodiesel,
sourced from an industry in Santa Fe, Argentina. The study examined the impact
of reaction temperatures specifically, at 270 °C, 290 °C, and 320 °C and hydrogen
pressure set at 2.04, 4.76, and 6.12 MPa. Reagents and reaction products underwent
analysis through GC-FID using a Shimadzu GC-2014 equipped with a Chevron
ZB-FFAP capillary column. The analyzes were performed in triplicate to guaran-
tee reproducibility of the results obtained. All reaction products were identified via
GC-MS using a Shimadzu QP-5000 instrument featuring an electronic shock source
at 260 °C. The instrument was operated with an emission current of 0.70 mA and
70 eV energy. The same GC column employed for the quantitative analysis was used
in the GC-MS.

Results and discussion

Characterization of catalysts

The catalysts were characterized by ICP-OES, BET, TPR, FTIR-CO, XPS and TEM
[12, 16]. Some of these results were previously published but are presented in this

paper to relate the active sites of the catalysts with the activity and performance
obtained in the selective hydrogenation of biodiesel.

Table 1 Ru, Sn and B content
determined by ICP-OES and
specific surface area of the Ru-B 0.95 0.55 174
catalysts (BET)

Catalyst Ru (wt%)  Sn(wt%) B (wt%) BET (m?g™))

RuSn2-B 0.92 1.90 0.38 172
RuSn4-B 0.98 3.65 0.34 171
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Table 1 displays the metallic content revealed by ICP-OES, and specific surface
area (BET) for the examined catalysts. The measured metal contents were similar
to the theoretical values. Additionally, the inclusion of Ru and Sn in the substrate
did not affect the specific surface area, 180 m? g_l, considering the relatively small
amount of metal used. The concentration of B exhibited a decreasing trend as the Sn
content increased. This was attributed to the greater blocking effect of Sn particles
on Ru. This resulted in a reduced amount of reducing agent on the catalyst, indicat-
ing that only Ru can undergo reduction.

The temperature-programmed reduction (TPR) traces of both bimetallic and
monometallic catalysts are presented in Fig. 1. These results have been previously
published [13, 16]. The higher reduction temperature observed for the Sn-B cata-
lysts indicated a more significant interaction between Sn and the support [13]. The
monometallic Ru-B/Al,O; catalysts exhibited a distinct reduction peak at 160 °C
[13]. In contrast, boron-free monometallic Ru catalysts supported on alumina dis-
played main reduction peaks at 120 °C and 173 °C, corresponding to the reduction
of chlorinated and oxy-chlorinated Ru species, respectively (results not shown) [12,
23]. The shift of these reduction peaks to lower temperatures suggests an enhanced
reducibility of the supported metals, indicating an interaction with boron.

The TPR results emphasize the interaction between Ru and Sn in bimetallic
catalysts. This interaction is evident through the emergence of co-reduction sig-
nals at temperatures distinct from the original peaks observed in monometallic
catalysts. The peak at low temperatures, at about 230 °C and spanning to 500 °C,

RuSn4-B

RuSn2-B

I

TPR Signal (a.u.)

Ru-B

Sn2-B

0 100 200 300 400 500 600 700
Temperature (°C)

)

Fig. 1 TPR of monometallic and bimetallic catalyst. From Refs. [13, 16]
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Fig.2 FTIR-CO spectra of
monometallic and bimetallic
catalysts. From Refs. [12, 16]

Ru-B
RuSn2-B
RuSn4-B

Absorbance (a.u.)

2200 2100 2000 1900 1800
Wavenumber (cm'1)

could be attributed to a simultaneous reduction of Ru and Sn, while the tail from
200 to 500 °C might be ascribed to Sn species segregated from Ru. Previous
research has demonstrated that incorporating sodium borohydride during prepara-
tion enhances the interaction between Ru and Sn compared to catalysts prepared
through co-impregnation without boron [9].

The FTIR spectra of chemisorbed CO in the 1800-2200 cm~! wavenumber
range are shown in Fig. 2 for the monometallic and bimetallic catalysts. The
interaction among the components of the metal function was further studied using
FTIR spectroscopy of adsorbed CO. Specifically, CO adsorbs on the Ru metallic
sites but not on the Sn sites. CO bands arising from CO adsorption on supported
ruthenium catalysts are generally classified into three groups: HF1 (high-fre-
quency 1) at 2156-2133 cm™!, HF2 at 2100-2060 cm™!, and LF (low-frequency)
bands at about 2040+40 cm~! [24]. In the case of the alumina-supported
monometallic Ru—-B catalysts, the characteristic Ru’-CO band at 2052 cm™! is
accompanied by a lower wavelength band around 2133 cm™!, possibly due to the
presence of Ru®* chlorinated species [12, 25]. For bimetallic catalysts, such as
RuSn-B/Al,0;, it can be observed that the addition of Sn leads to a decrease in
the amount of chemisorbed CO, possibly due to a blocking effect on the Ru sites.
Conversely, the spectra of the RuSn—B catalyst not only exhibit a reduction in
intensity but also significant modifications: the 2133 cm™' band decreases, and
the 2038 cm™~! band shifts to 2025 cm™", assigned to Ru’—CO. These alterations
may indicate a substantial modification in the electronic structure of Ru and a
reduction in the amount of Ru™ species.
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Table 2 Ru and Sn surface content determined by XPS

Catalyst Ru/Al Ru/Al Ru?/ Ru%/Sn Sn/Al Sn/Al SnO, (%) SnO, (%)
(bulk) (XPS) Ru™(XPS) (bulk) (XPS)

Ru-B 0.00510  0.0134 0.219 - - - -
RuSn2-B 0.00520  0.0100 0.354 13.6 0.00880  0.0196 30.4 69.6
RuSn4-B 0.00530  0.00820  0.800 9.29 0.0181 0.0499 24.0 76.0

Table 2 shows data of the surface atomic ratios obtained from XPS data for
the Ru-B, RuSn2-B, and RuSn4-B catalysts. The Ru/Al ratio determined in this
way is higher than the apparent ratio obtained through chemical analysis. These
results indicate a surface enrichment of Ru in all the catalysts; however, the sur-
face enrichment of Ru (Ru/Al) decreases as the Sn content increases. The fraction
of Ru’ (Ru”Ru™") increases with the Sn content. Ru is preferentially deposited
outside the support particles, likely due to diffusion issues during the impregna-
tion of the Ru salt. A surface enrichment of Ru species on the Al,O; support was
previously reported by Pouilloux et al. [26] and Sanchez et al. [16].

It can be observed that the Sn/Al ratios obtained through XPS are higher than
the mass-based Sn/Al ratios of the corresponding catalysts. This indicates that in
all the catalysts, impregnation leads to a non-uniform distribution of Sn over the
support particle. The Ru%/Sn ratio is higher in the bimetallic RuSn2-B catalyst. It
is interesting to analyze the variation in the fraction of SnO, and SnO, with the
Sn content. The results from the Table 2 show that the RuSn2-B catalysts have
the maximum concentration of SnO, species (30.4%).

In summary, the XPS results demonstrate that the electronic states of Ru on
the catalyst surface depend on the addition of Sn.

Fig. 3a shows characteristic TEM images of the monometallic Ru—B catalyst,
illustrating a homogeneous distribution of particles within the 1-4 nm range.
Fig. 3b and c demonstrates the TEM images of the bimetallic RuSn-B cata-
lysts. The bimetallic catalyst displays a metal particle distribution focused in the
1-3 nm range, showcasing a reduction in the average particle size due to the addi-
tion of Sn.

Fig.3 TEM images of a Ru-B, b RuSn2-B, ¢ RuSn4-B
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Table 3 Mass percentage composition of Soybean biodiesel used as feedstock

Compound Molecular formula Composi-
tion (wt%)

Methyl palmitate—C16:0 CH;—(CH,),,—~COOCHj, 9.81

Methyl stearate—C18:0 CH;-(CH,),,~COOCH; 3.17

Methyl oleate—C18:1 CH;—(CH,);—~CH=CH-(CH,),~COOCH; 26.1

Methyl linoleate—C18:2 CH;—(CH,),~CH=CH-CH,-CH=CH—(CH,);— 53.6
COOCH;

Methyl linolenate—C18:3 CH;-CH,-CH=CH-CH,~-CH=CH-CH,-CH=CH-  7.32

(CH,),~COOCH,

Biodiesel composition

The composition of biodiesel varies depending on the oil feedstock used in its
production. In this study, soybean oil was chosen as the preferred biomass-
derived oil. The biodiesel was first distilled at reduced pressure to eliminate impu-
rities, including free fatty acids, glycerides, glycerin, and sterols, which might
have gone undetected during the analysis. Table 3 presents the mass percentage
composition of the distilled biodiesel, determined through gas chromatography
analysis. Methyl oleate (C18:1; 26.1%) and methyl linoleate (C18:2; 53.6%) were
identified as the main constituents of soybean oil biodiesel, serving as essential
precursors for the production of oleyl alcohol. Unlike pure compounds such as
methyl oleate and oleic acid used in previous studies for similar determinations,
biodiesel is a complex mixture of esters [11-16].

Reaction network

A simplified reaction scheme is shown in Fig. S1 designed to elucidate the hydro-
genation results that are explained later. The mechanism describes the hydro-
genation of the C=C bond, transforming methyl linolenate (C18:3) into methyl
linoleate (C18:2) and subsequently into methyl oleate (C18:1). The direct conver-
sion of methyl oleate leads to the formation of oleyl alcohol [11, 27, 28], oleic
acid, and methyl stearate (C18:0). Stearyl alcohol can be subsequently obtained
through the hydrogenation of methyl stearate, oleyl alcohol, and stearic acid.
Similarly, the reaction of methyl palmitate to palmityl alcohol also occurs [26,
29]. However, due to its low concentration, this palmitate fraction is not included
in the overall analysis. Complete hydrogenation of both stearyl and palmityl
alcohols results in the formation of paraffinic hydrocarbons (nC16 and nC18).
Although other authors have reported the production of heavy esters through
transesterification between acids and alcohols, their presence is not presented in
the reaction scheme, Fig. S1. [26, 27, 30, 31].
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Operative conditions analysis

In the first phase, we assessed chemical control conditions and diffusion limita-
tions for the selective hydrogenation of biodiesel to fatty alcohols. Different stirring
speeds were tested and produced consistent results for all reaction products, suggest-
ing the absence of external or internal diffusion control factors.

Hydrogenation of FAME

Firstly, a detailed analysis of the changes occurring in the major esters present in
biodiesel should be made. Methyl linolenate has three double bonds (C=C), one of
which can be hydrogenated to methyl linoleate. Hydrogenation of the C=0O bond
can lead to the formation of linolenic alcohol (not detected). Methyl linolenate is
not a product of reaction and is only consumed during the reaction. An increase in
pressure or temperature leads to a faster disappearance of methyl linolenate. Addi-
tionally, the hydrogenation of methyl linolenate is more active with the RuSn2-B
catalyst than with the RuSn4-B catalyst (Fig. S2).

In the next step, methyl linoleate can undergo hydrogenation, producing methyl
oleate, which is the direct precursor of oleyl alcohol. The linoleic alcohol derived
from the hydrogenation of the C=0 bond was not detected. The decrease in the
molar fraction of methyl linoleate (Fig. S3) occurs at a slower rate than that of
methyl linolenate. It can be observed that under more severe reaction conditions
(320 °C, 4.76 MPa, and 6.12 MPa), methyl linoleate is rapidly consumed. The
hydrogenation of methyl linoleate is more active with the RuSn2-B catalyst than
with the RuSn4-B catalyst.

The reactivity of an unsaturated fatty acid should be a result of the position and
number of its double bonds: it increases with the number of double bonds and with
the distance along the chain [32]. Conjugated C=C double bonds are found to be
less reactive when they are closer to the C=0O bond [33]. Examining the hydrogena-
tion reaction of a fatty acid with two or three double bonds, such as linoleic acid
(C18:2) or linolenic acid (C18:3), it is observed that hydrogen addition occurs in
such a way that certain fatty acid radicals are hydrogenated before others. First the
linolenic acid is hydrogenated, then the linoleic acid and finally the oleic acid [34],
the same can be extrapolated to the esters. The acids are obtained from the direct
hydrogenation of the esters. Oleic, stearic, linoleic and palmitic acids were also
detected among the reaction products, but in negligible quantities.

Methyl oleate is an intermediate product of the reaction, i.e. is generated and con-
sumed simultaneously, leading to a maximum in its concentration over time, as illus-
trated in Fig. 4 for the RuSn2-B catalyst and in Fig. S4 for the RuSn4-B catalyst.
It can be observed, for both catalysts at 270 °C, a nearly constant concentration of
methyl oleate. This is due to an equilibrium between its production and consump-
tion. At higher temperatures and pressures, the peak in the molar fraction shifts to
shorter times for both catalysts. A similar trend is observed in the production of
methyl stearate, obtained from the hydrogenation of the C=C double bond in methyl
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Fig.4 Molar fraction of methyl oleate as a function of time in the hydrogenation reaction of Biodiesel
with the RuSn2-B catalyst. Reaction conditions: Temperature: 270, 290 and 320 °C; Hydrogen Pressure:
2.04, 4.76 and 6.12 MPa; biodiesel mass: 20 g; catalyst mass: 1 g

oleate (results not shown). The main product, oleyl alcohol, is produced through the
selective hydrogenation of the carbonyl group C=0 in methyl oleate (Fig. S1).

Distribution of products

In this section, the products of the FAME hydrogenation reaction are analyzed, with
particular focus on oleyl alcohol due to its significant commercial value. The cata-
lyst and operational conditions that yield the highest oleyl alcohol output will be
identified as the most favorable. As seen in the scheme of Fig. S1, oleyl alcohol,
methyl stearate and oleic acid are produced through the direct hydrogenation of
methyl oleate.

Oleic, stearic, linoleic, and palmitic acids were also detected, but in negligible
amounts. All the formed acids reached their maximum before the peak of oleyl alco-
hol, indicating that acid formation occurred before or along with alcohol formation.

Within the reaction mixture, the combination of fatty acid molecules and fatty
alcohols could potentially result in the production of heavy esters through trans-
esterification (undetected product). Pouilloux et al. have suggested that the forma-
tion of the heavy ester, oleyl oleate, occurs on tin species without interaction with
ruthenium, and the formation rate increases with the content of ruthenium and
tin. Oleyl oleate is an intermediate product, and these authors prepared catalysts
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Fig.5 Molar fraction of Oleyl Alcohol as a function of time in the hydrogenation reaction of Biodiesel.
Reaction conditions: Temperature: 270, 290 and 320 °C; hydrogen pressure: 2.04, 4.76 and 6.12 MPa;
Biodiesel mass: 20 g; Catalyst mass: 1 g

with 4.1-10 wt% Sn, a much higher content than used in this study. Therefore, it
could be inferred that the heavy ester does not form in our case [26].

Fig. 5 represents the molar fraction of oleyl alcohol, a crucial intermediate
product, under varying pressure and temperature conditions for two catalysts,
RuSn2-B and RuSn4-B. With the RuSn2-B catalyst, oleyl alcohol production
reaches a maximum at 290 °C and 6.12 MPa in 240 min. Similar molar fraction
values of oleyl alcohol were observed at 290 °C and 4.76 MPa after 300 min of
reaction, as well as at 270 °C and 6.12 MPa.

Stearyl alcohol is an intermediate compound resulting from the hydrogenation
of methyl stearate, stearic acid, or oleyl alcohol. Consequently, the highest pos-
sible stearyl alcohol production is expected to be found at longer reaction times
than its precursor compounds. The highest stearyl alcohol production is achieved
with the RuSn2-B catalyst. After 240 min of reaction at 290 °C, stearyl alcohol
production approached 10% for both pressures, 4.76 and 6.12 MPa. At 320 °C
and 6.12 MPa, efficient conversion of stearyl alcohol to octadecane (terminal
product) occurred (Fig. S5).

At high pressures and temperatures an increase in the production of octade-
cane is observed (Fig. S6). Consequently, it is advisable to employ milder condi-
tions to prevent the formation of this undesirable compound and maximize the
yield of oleyl alcohol.
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Table 4 Percentage of distribution of molar fraction of main products for RuSn2-B

Conditions Molar fraction (%)

Oleyl alcohol Stearyl alcohol Alcohols® Octadecane Alkanes®
270 °C 36.4 6.23 452 6.03 9.48
6.12 MPa
300 min
290 °C 37.3 11.1 50.3 25.0 29.7
4.76 MPa
300 min
290 °C 38.7 10.2 50.8 343 39.5
6.12 MPa
240 min

2“Alcohols” refers to the combined yield of oleyl, stearic, and palmityl alcohols

b“Alkanes” correspond to the combined yields of hexadecane and octadecane

In Table 4, the molar fractions of the previously mentioned compounds are listed
for RuSn2-B catalysts at the time when the yield of oleyl alcohol is at its peak. It
is essential to carefully consider reaction conditions to avoid complete ester hydro-
genation present in the biodiesel, which could lead to the formation of alkanes.

At 290 °C, the maximum production of alcohols and alkanes is achieved. In con-
trast, at 270 °C, a lower production of alkanes is observed for a similar yield of alco-
hols. Both the operating conditions and the catalyst composition are crucial factors
influencing alcohol production.

For the 4% catalyst, a low reactivity toward the double bond is evident, prevent-
ing the conversion of methyl oleate to alcohols. The impact on the double bond reac-
tion mechanism in esters due to the addition of Sn can be considered a limiting fac-
tor for the alcohol production mechanism to take place.

Reaction mechanisms

To hydrogenate the esters present in biodiesel, it is necessary to hydrogenate both
double bonds and the carbonyl group. These two types of bonds exhibit different
reactivity. The hydrogenation of the C=C double bond is thermodynamically faster
(AHc_c=—120 kJ mol™") than the hydrogenation of the C=0 carbonyl group
(AHc_o= —50 kJ mol™") [35-38]. This difference in reactivity appears to be due to
the weak polarization of the C=0 bond, but also to the steric hindrance characteris-
tic of this functional group [38]. Furthermore, conjugated C=C bonds are less reac-
tive the closer they are to the C=0 bond [33].

The differential reactivity of the bonds to be hydrogenated requires that the cat-
alyst have a balanced distribution of active sites to promote the generation of the
desired products, the alcohols. In our reaction, the methyl linoleate molecule occu-
pies nearly all available sites on the catalyst surface due to strong multi-site adsorp-
tion involving both C=C double bonds and the C=0 bond. Deliy et al. demonstrated
that the methyl linoleate molecule adsorbs strongly, leading to the formation of two
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Fig.6 a Mechanism A: hydrogenation of C=C bonds on the RuSn-B catalyst. b Mechanism B: hydro-
genation of the C=0 group on the RuSn-B catalyst

n C=C bonds between the methyl linoleate molecule and the palladium surface
atoms [39].

In Fig. 6a, the proposed Mechanism A for the hydrogenation of C=C bonds on
the RuSn—B catalyst is depicted. Adsorbed hydrogen occupies all available sites on
the catalyst surface. It has been reported that in Ru—Sn supported catalysts, ruthe-
nium is present as Ru’ in the Ru—Sn system [40]. This site would be involved in the
hydrogenation of the C=C bond, which adsorbs onto Ru’ sites that, along with adja-
cent Ru-H sites, lead to the formation of methyl oleate from the methyl linoleate
molecule. According to the XPS table, the highest Ru’%Sn ratio is found in the
RuSn2-B catalyst, which aligns with the progression of hydrogenation of double
bonds in the precursor compounds. Comparable outcomes were achieved employing
monometallic Rh catalysts supported on alumina in the hydrogenation of oleic acid,
yielding stearic acid as a reaction product [41]. This suggests that the hydrogenation
of the double bond takes place at the Rh’ sites.

Pouilloux et al. reported that the second proposed site in the RuSn—B catalyst for
hydrogenating methyl oleate to oleyl alcohol could be a cluster composed of a Ru
atom in close interaction with two oxidized Sn species (Ruo—(SnOX)z). In accord-
ance with this hypothesis, RuSn2-B shows, by XPS, the highest amount of SnO,
species and the highest selectivity to oleyl alcohol [26]. Fig. 6b presents mechanism
B for the hydrogenation of the C=0 group. The main effect of tin is to decrease
the number of ruthenium atoms on the surface, as observed in the XPS table. Tin
activates the C=0 group, facilitating hydrogen transfer from adjacent ruthenium
sites. The activating effect of tin can be attributed to Sn ions present on the cata-
lytic surface that polarize the carbonyl group. According to FTIR, the addition of Sn
decreases the amount of chemisorbed CO, possibly due to a blocking effect of the
Ru sites, as also evidenced by XPS. While there is a surface enrichment of Ru® with
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the addition of Sn, the Ru’/Sn ratio decreases, possibly due to a blocking effect on
Ru sites. TPR also shows interaction between Ru and Sn, as evidenced by the shift
to higher temperatures in the reduction peaks compared to the monometallic cata-
lyst. The RuSn4-B catalyst shows the highest Ru—Sn interaction and segregated Sn.
These sites could also explain the increase in ruthenium dispersion with the addition
of tin, as evidenced by TEM. This effect is attributed to the spacer effect of SnO
between Ru” sites [40].

There is a compromise relationship between these two sites to achieve the highest
alcohol production. Site 1 (Ru®) generates the necessary precursor (methyl oleate)
by hydrogenating the C=C double bond, while at site 2 (Ruo—(SnOx)z), the carbonyl
group is selectively hydrogenated for alcohol production. The RuSn2-B catalyst
exhibits an appropriate balance of sites 1 and 2.

Kinetic modeling

To attain a rational interpretation of the results, a kinetic model was proposed for the
catalyst with the best performance for the formation of oleyl alcohol from FAME,
i.e. the RuSn2-B catalyst. In a previous study a comprehensive analysis of all pos-
sible mechanisms was done for the case of the hydrogenation of oleic acid to oleyl
alcohol [42]. A big number of reaction mechanisms were proposed and assessed.
The best mechanism was the one with the following hypotheses: (i) only one type
of adsorption site is required for all species and reactions; (ii) H, is dissociatively
adsorbed; (iii) fatty molecules are adsorbed on only one site; (iv) pairwise insertion
of H onto fatty molecules is the rate-limiting step; (v) reduction of the carboxylate
group occurs via an aldehyde intermediate which is subsequently hydrogenated to
the corresponding alcohol; (vii) hydrogen and oleic acid are the major adsorbates;
(viii) wax heavy esters are formed but do not contribute as intermediates to the main
mechanism. It was also reported from the Gibbs free energy analysis that the reac-
tions were irreversible at the reaction conditions of that work [42]. This also applies
to the conditions of this work.

Mathematical procedure

Ad-hoc developed programs and software tools from the Octave package for Win-
dows were used for the treatment of the kinetic data. A procedure described in a pre-
vious report was used [42, 43]. The implemented optimization procedure minimized
the sum of the squares (XZ) of the deviations between the actual (experimental) and
predicted (model) concentration values. From the comparison of the values of XZ,
the discrimination between models was made. Calculation of (Xz) was made using
all runs and all the considered compounds, as indicated in Eq. 1. m is the index of
the detectable compounds (m=1, ..., 15) and j is the index of the experimental run
(=1, ..., 9). This means that reactants and products entering the summation of the
error x % are only those that can be identified and measured.
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Minimization was performed using the Simplex algorithm of Nelder and Mead
[44], as implemented in Octave for Windows, that uses a modification introduced
by Lagarias et al. [43]. This algorithm is one for unconstrained problems. Restric-
tions were thus considered by introducing a penalty function ® (Eq. 2). The penalty
used was just a sufficiently big step term added when the restrictions were violated
(Eq. 3). k is the index of the adjustable parameters of the optimization procedure.

Mechanism

To express the dissociative adsorption of hydrogen on the S sites, the following
equation was used [45]:

H, +2S 5 2HS

The equation corresponding to the mass action law of thermodynamic equilib-
rium for the previous reaction can be written as:
2
ads __ CSH ( 4)
H = .
CS PHz
Cgyy 1s the concentration of adsorbed hydrogen atoms on the active sites. Cg is the
concentration of active sites that are free for adsorption and PHZ is the partial pres-
sure of hydrogen in the gas phase. Since the reaction occurs with molecular hydro-
gen dissolved in the liquid phase, the equilibrium constant in this equation is really a
combination of the real thermodynamic constant for hydrogen adsorption, the Hen-
ry’s constant accounting for the solubility of H, in the liquid phase, and the activity
coefficients accounting for the non-idealities of the liquid and gas phase.
The adsorption of the organic molecules can be written as:

XX+S=85-XX

The equilibrium action mass law for this reaction can be written as in Eq. 5. Cyy
is the concentration of the organic compounds in the liquid phase.

C
ads S—-XX
[ 5
X7 O Oy )

Considering the adsorption of the ester and acid compounds, the total site balance
is:
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CT = CS + CHS + CS—acids + CS—estem + CS—alcoho[s (6)

In this equation, C; is the total concentration of active sites of the catalysts, C is
the concentration of free adsorption sites, Cyg is the concentration of surface adsorbed
hydrogen, Cs_,., is the concentration of the surface adsorbed acids, Cy_,,, is concen-
tration of surface adsorbed alcohols and Cy_,,,,,, 1S concentration of surface adsorbed
esters. The free concentration of sites was calculated using Eq. 7.

Cg = Cr = Cr

[1 + V PHZ . Kﬁis + Kads : (Cucids + Cal(,'ohols + Cesters)]

Some assumptions are evident in the previous equations. (i) No individual com-
pounds are distinguished and lumps of acids, alcohols and esters, are used instead. In
this sense, no distinctions are made between oleic, linoleic and linolenic esters, indicat-
ing that reactivity and adsorption are supposed to be dominated by the chemistry of
the group rather than secondary features such as molecular size or number of double
bonds. The same applies to acids and alcohols. (ii) All organic molecules are supposed
to have similar adsorption constants. This was really a result of the data fitting proce-
dure, that indicated that considering different constants for each reactant did not yield
much better results. (iii) Alkanes (octadecane and hexadecane), products of hydrode-
oxygenation of the alcohols, are considered to adsorb in negligible amounts and are not
included in the summation of adsorbates.

Replacing Eq. 7 in the adsorption of each organic molecule (Eq. 5):

Cr
Csxx = Kyx - ADS Cxx @)

The two hydrogenation reactions of the system are double bond C=C hydrogenation
of unsaturated XX compounds and hydrogenation of XY methyl esters to XY acids and
methanol (see below).

2S-H+S—-XX - 25+ S - XXHH

2S-H+S-XY,

ester

- 2S+S—XY,,, +CH,

Assuming that catalyst deactivation is negligible and that the reaction orders are all
unitary, the rates of reaction of these two kinds of hydrogenation can be written in a
common generic form (Eq. 9) or a detailed one (Eqs. 10-11). In these equations, Cyy
and Cyy are the concentration of unsaturated compounds and fatty acid methyl esters,
respectively.

rp=k;- C§_H - Cy_xx )]
k. - Kads . Kads
1 H XXester
ry = T : PH2 : CXXester (10)
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Table 5 Expression of the reaction rate for the individual compounds

Reaction Reactive Product Reaction rate
1 LLM+H LM kK s
2 rl:%.sz.cLLM
2 LM+H oM oy K Ko
2 ’2=#'PH2'CLM
3 OM+H AO+CH kK K
2 4 "= A’Z)ngow . PHZ . COM
4 LM+H AL+CH ey KK
2 4 ’4=#'PH2'CLM
5 OM+H EM KK s
: rs = —A:,ngow 'PHZ - Com
6 AL+H AO KK s
2 r(’zﬁ.p[{z.cﬂ
7 AO+2H, ALO+H,0 koK
= s P H, Cao
3 AO+H AE K- K Kt
2 rs:#.p&.cw
9 ALO+H ALE Ko
2 ry = ﬁ Py - Caro
10 EM+H AE+CH ey KO K
: ! To = —AZ; = Py, - Cpy
11 AE+2H, ALE+H,0 by KKl
M= —Qpy 'PH2 “Cap
12 ALE+H, Ci+H,0 kK Kot
"2 = —ps P, Care
13 PM+H ALP+CH Ko K s
2 4 rl3=#'PH'CPM
14 AP+2H, ALP+H,0 KSR
Me=—pw Pu, Car
15 ALP+H C..+H,0 Ky Ka K
2 16 2 ris = Ag_y ALP PHZ . CALP
16 OM+2H, ALO+CH;0H _— ey K2 K P
16 ADSS H, “oM
17 EM+2H, ALE+CH;0H o Ky K32 s 2o
17 ADS H, “EM
13 PM+2H, ALP+CH;0H ks KKl
n8= —apsPu, Crw
PM, EM, LLM, LM, OM: palmitic, stearic, linolenic, linoleic and oleic methyl esters
AP, AE, ALL, AL, AO: palmitic, stearic, linolenic, linoleic and oleic fatty acids
C,¢> Cg: hexadecane, octadecane
ALO, ALE, ALP: oleic, stearic and palmitic fatty alcohols
ads ads
ki KHZ KXYucid ( 11 )
i = — P, - Cxvacia
ADS

Finally, the reaction of hydrogenation of the fatty acids YY,;, to fatty alcohols
YY ;.onos Must be considered (see below) and its reaction rate written (Eq. 12)

4S—H + S — YYacid - 4S5+ 85— YYalcohol +H20
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ads2 ads
_ ki KH2 KYYacid

R T p2. 12
[ ADS5 PH2 CYYaCid ( )

r
k; would be the kinetic constant of reaction i. Considering each chemical reaction
separately, all developed rate equations are shown in Table 5. These rate expressions
have been derived using the Hougen-Watson formalism, in which one elementary
step of the mechanism is considered to be rate-limiting, and the other steps are con-
sidered to be in equilibrium.

Equations for the production of fatty alcohols from highly unsaturated methyl
esters are not written since from the results it can be inferred that linoleic and lino-
lenic methyl esters are first rapidly hydrogenated to oleic and stearic methyl esters.
The reaction mechanism thus laid out leads to a mathematical model with several
parameters. In fact, 18 kinetic reaction constants and 4 adsorption constants.

As explained before no distinction can be made between individual organic com-
pounds concerning adsorption, with regards to its kind of terminal group (acid,
ester, alcohol) or the degree of insaturation. Hence the set of adsorption constants
can be reduced to only one. Also a constant for adsorption of hydrogen had to be
considered.

If the kinetic constants are grouped in attention to the kind of reaction irrespec-
tive of the starting molecule, the number of kinetics constants can be reduced to
three, and the reactants can be grouped in a set represented by a pseudocompound
(ester, acid, alcohol, alkane). The Alkane pseudocompound represents the alkane
mixture C;¢+C,g. Then the reaction mechanism could now be written in terms of
the pseudocompounds:

Ester + H, + H, — Acid + CH, + 2H, — Alcohol + H,0 + H, — Alkane + H,0

Considering that all the compounds are adsorbed on the catalyst, the following
equations can be determined:

: k,

Ester to acid r; = DS Py, - Cogter
Acid to alcohol 7, = o P} - C

2= ADSS H, acid

ks
Alcohol to alkane ry = DS Py, * Cotconol

This model has only 5 parameters to be determined: two adsorption constants
(Kl‘f[ds and K“%¥) and three kinetic constants (k;, k,, k;). Theoretical values were
2

obtained by using experimental concentration values from 9 experiences. Each
run was carry out with a different combination of hydrogen pressure and

@ Springer



2192 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2173-2195

100
80L
270°C - 2.04 MPa

60L

40L

20L
—~ 0 m
X 100
s 290°C - 4.76 MPa
c 3
S 80
S 6ol
s - —
. 40F 7
«
S 20}
= A ° °

100 3 - -

320°C - 6.12 MPa
80
K B Esteres
60 @® Acids
st u A Aicohols
% Alkanes
201
. r
0 M " M
0 60 120 180 240 300
Time, (min)

Fig.7 Comparison between experimental values (points) and theoretically predicted values (solid lines).
RuSn2-B catalyst. Reaction conditions: temperature: 270, 290 and 320 °C; hydrogen pressure: 2.04, 4.76
and 6.12 MPa; biodiesel mass: 20 g; catalyst mass: 1 g

temperature. Kinetic and adsorption constants were adjusted for each tempera-
ture separately using the mathematical procedure described above. Dependence
of parameters with temperature was analyzed by Arrhenius equation for kinetic
constants and Van’t Hoff equation for adsorption constants.

Fig. 7 displays the comparison between experimental and theoretical values
obtained using the simple model of five parameters. The graph depicts the total
concentration of alkanes, esters, alcohols, and acids over reaction time for the
RuSn2-B catalyst under the studied pressure and temperature conditions, pre-
senting both experimental and theoretical results. From the graph, it can be
concluded that the simple pseudo-compound model offers a satisfactory fit to
the experimental data. The diagram presents a comparison of the experimental
results (points) and the prediction of the proposed model (solid line).
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Conclusions

This study demonstrated that the most active and selective catalyst for the formation
of oleyl alcohol through the hydrogenation of FAME was RuSn2-B. When using
the RuSn2-B catalyst, oleyl alcohol production peaks at 290 °C and 6.12 MPa after
240 min. Similar molar fraction values of oleyl alcohol were observed at 290 °C and
4.76 MPa after 300 min of reaction, as well as at 270 °C and 6.12 MPa. It is observed
that at 290 °C, the maximum production of alcohols and alkanes is achieved. In con-
trast, at 270 °C, a lower production of alkanes is observed for a similar yield of alco-
hols. At 290 °C, the pressure effect does not have a significant impact, so it is advis-
able to use the lowest possible hydrogen pressure to reduce costs associated with
compression and recirculation. Both operational conditions and catalyst composition
are crucial factors influencing alcohol production.

According to the results obtained from the biodiesel hydrogenation and the char-
acterization analysis of the catalysts, two types of sites were identified: Site 1 (Ru’),
which generates the necessary precursor (methyl oleate) by hydrogenating the C=C
double bond, and Site 2 (Ru’~(Sn0,),), where the carbonyl group is selectively
hydrogenated for alcohol production. There is a compromise relationship between
these two sites to achieve the highest alcohol production. The RuSn2-B catalyst
exhibits an appropriate balance of sites 1 and 2.

An analysis was conducted on the experimental reaction data using a simple
kinetic model. The model takes into account the reactions of esters to fatty acids,
fatty acids to alcohols, and alcohols to deoxygenated hydrocarbons. The results indi-
cate that the simple model, utilizing pseudo-compounds, provides a reliable fit of the
experimental data.
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