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Selective hydroconversion of coconut oil-derived
lauric acid to alcohol and aliphatic alkane over
MoO,-modified Ru catalysts under mild
conditionst
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Molybdenum oxide-modified ruthenium on titanium oxide (Ru—(y)MoO,/TiO,; y is the loading amount of
Mo) catalysts show high activity for the hydroconversion of carboxylic acids to the corresponding
alcohols (fatty alcohols) and aliphatic alkanes (biofuels) in 2-propanol/water (4.0/1.0 v/v) solvent in
a batch reactor under mild reaction conditions. Among the Ru—(y)MoO,/TiO, catalysts tested, the Ru-
(0.026)M00O,/TiO; (Mo loading amount of 0.026 mmol g~ catalyst shows the highest yield of aliphatic
n-alkanes from hydroconversion of coconut oil derived lauric acid and various aliphatic fatty acid C6—
C18 precursors at 170-230 °C, 30-40 bar for 7-20 h. Over Ru—(0.026)MoO,/TiO,, as the best catalyst,
the hydroconversion of lauric acid at lower reaction temperatures (130 = T = 150 °C) produced

dodecane-1-ol and dodecyl dodecanoate as the result of further esterification of lauric acid and the
Received 1st April 2022 di lcohols. An i . tion t t to 230 °C significantl h d th
Accepted 26th April 2022 corresponding alcohols. An increase in reaction temperature up to significantly enhance e
degree of hydrodeoxygenation of lauric acid and produced n-dodecane with maximum yield (up to 80%)

DOI: 10.1039/d2ra02103] at 230 °C, H, 40 bar for 7 h. Notably, the reusability of the Ru—(0.026)MoO,/TiO, catalyst is slightly
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Introduction

The catalytic hydroconversion of fatty acids and their esters into
fatty alcohols and aliphatic alkanes is receiving increased
attention in the context of upgrading of bio-based feedstocks by
using heterogeneous mono- or bi-metallic catalysts.'™* Both fatty
alcohols and aliphatic alkanes are basic building blocks in
organic synthesis, living organisms, energy, fuels, surfactants,
lubricants, plasticizers, coatings, polymers, and the materials
industry.>® The catalytic hydroconversion of fatty acids can be
classified into three reactions: hydrodeoxygenation (HDO),
hydrodecarbonylation (HDCO), and hydrodecarboxylation
(HDCO,), and a number of comprehensive reviews have been
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limited by the aggregation of Ru nanoparticles and the collapse of the catalyst structure.

reported in the last decade.”™ HDCO and HDCO, yield hydro-
carbons with one carbon atom less than the fatty acid precursor,
while HDO gives hydrocarbons with the same chain length as
the starting compounds.”® Among these hydroconversion
approaches, HDO, producing hydrocarbons without C-C bond
cleavage of fatty acids, is more atom-efficient than the other
methods (HDCO and HDCO,) with C-C bond cleavage of the
fatty acids. Moreover, the reaction rate of HDCO or HDCO, is
slow and needs to be carried out at higher reaction
temperatures.**

The development of effective heterogeneous catalyst systems
(in the form of supported reduced or sulfided metals or bime-
tallic) for the hydroconversion of fatty acids has been long-
standing industrial target by researchers.””® The literature
shows that heterogeneous supported platinum group metals
(PGM) (e.g., Pt, Pd, Rh, Ru, Ni) catalysts showed high selectivity
toward HDCO or HDCO, rather than HDO products even under
H, atmosphere.”>* To improve the HDO activity rather than
HDCO and HDCO, of fatty acids, the modification of those
PGM-based catalysts is necessary, ie., the addition of more
electropositive metals**** or the use of oxide supports that
strongly interact with the active metals,**® or direct modifica-
tion with the metal oxide species.”” The addition of second
metals (e.g., Sn and B) to Ru enhanced the dispersion of Ru and
improved the electron density of Ru. The change of electron
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Scheme 1 Possible reaction pathways for the hydroconversion of
lauric acid to alcohols and aliphatic alkanes.

density Ru enhanced the affinity of Ru towards C=0 bond of
fatty acids which facilitated the reaction hydrogenation.****
Several bimetallic or alloy-based catalysts (e.g., Pd-M (M = Cu,
Co, Ni),* Ni-Sn/Ti0,,* Pd-Nb,05,** Ru-Sn,** Rh-Sn,* and Pd-
Sn/C,*) have shown superior performance for the selective
hydrogenation of fatty acids compared with their single metal
counterpart. Luo et al. reported the hydrogenation of coconut
oil to fatty alcohols using nanocluster Ru;Sn,/SiO, catalysts at
240 °C, 40 bar. They claimed that Ru3Sn, and SnO, were active
species in the bimetallic Ru-Sn catalyst as indicated by the
conversion and product selectivity, and computational model-
ling calculation.?”*® In the case of direct modification of PGM
with metal oxides, oxophilic metal oxides (e.g., ReO,, MoO,, and
WO,)-modified PGM-based catalysts showed excellent perfor-
mance for the catalytic HDO of biomass-derived oxygenates into
chemicals and fuels.***** The presence of oxophilic metal oxides
played the bifunctional catalytic roles, whereas the metal sites
can catalyse the hydrogen uptake, dissociation, and spill-over
onto the metal-oxide in vicinity.***” It was believed that H,
spill-over facilitated the partial reduction of metal-oxide species
and generated a new site active in interface of metal-metal
oxide. Moreover, the reduced metal-oxide species can act as
Lewis acid sites for the C-O bond cracking via dehydration
reaction.?**%>1

Lauric acid is one of typical bio-based aliphatic fatty acids
with medium carbon length (C12) that mainly constituent of
coconut oil or palm kernel oil (~50%),”*** which can be trans-
formed into lauryl alcohol (dodecane-1-ol) and aliphatic alkanes
(e.g., n-dodecane or undecane). We have developed bimetallic
catalysts (e.g., bimetallic Ni-Sn/TiO,, Pd-Fe/TiO,, Pd-Sn/C and
Ru-Fe/TiO, catalysts) and showed high catalytic performances
in the hydrogenation of typical biomass-derived levulinic acid
to +y-valerolactone,**® lauric acid to dodecane-1-o0l,***” and
stearic acid to octadecanol.®® In the present paper, we describe
our studies on the hydroconversion of lauric acid into lauryl
alcohol using molybdenum oxide-modified ruthenium sup-
ported on titanium oxide (denoted as Ru—(y)MoO,/TiO,; y =
loading amount of Mo, mmol g~ ') catalysts. The addition of Mo
(~0.026 mmol; Mo/Ru = 0.5) to Ru/TiO, catalyst (denoted as
Ru-(0.026)M00,/TiO,)  greatly = improved the  hydro-
deoxygenation of lauric acid and produced n-dodecane (~72%
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yield) at 190 °C, 40 bar H,, and a reaction time of 7 h. An
increase in reaction temperature to 200-230 °C significantly
enhanced the degree of hydrodeoxygenation of lauric acid and
yield of n-dodecane reached to maximum (80%) (Scheme 1).
Therefore, the effect of solvent used, reaction temperature,
initial H, pressure, and reaction time on the yields of desired
products during the hydroconversion of lauric acid are dis-
cussed systematically.

Results and discussion
Catalytic reactions

Screening of solvents. In the first set experiments, the cata-
Iytic hydroconversions of lauric acid over Ru-(0.026)M00O,/TiO,
catalyst (Mo = 0.026 mmol) were performed in various solvents
and the results are summarised in Table 1. In alcoholic
solvents, such as methanol, ethanol, and 1-propanol, the yields
of dodecane-1-ol and ester laurate were 17-43% and 49-59%,
respectively (entries 1-3). By using 2-propanol, the highest yield
of dodecane-1-ol (87%) was obtained with a small amount of
dodecyl dodecanoate (4%) as the side product of esterification
of lauric acid and dodecane-1-ol at 91% conversion of lauric
acid (entry 4). Moreover, further hydrodeoxygenation of lauric
acid or lauryl alcohol to produce aliphatic n-alkanes is inhibited
in alcoholic solvents under the current reaction conditions.

Interestingly, a remarkable difference was observed in H,O,
the products were distributed to dodecane-1-ol (32% yield) and
n-dodecane (17% yield) at 52% conversion of lauric acid (entry
5), indicating that the hydrodeoxygenation lauric acid to
aliphatic alkanes occurred in H,O. The importance of H,O
media in the catalytic hydrothermal deoxygenation (330 °C) of
fatty acids had been noticed to improve the yield of alipathic
alkanes in the presence of supported PGM catalysts.>*®>
Moreover, under hydrothermal conditions, the presence of
molecular water promoted the HDCO, reaction generating less
one carbon of aliphatic alkanes and CO, as side product.®® In
our reaction system, the presence of external H, prevent the
decarboxylation reaction and allow the hydroconversion of
lauric acid under milder reaction conditions. However, the
dodecyl dodecanoate (3%) product of esterification between
lauric acid and dodecan-1-ol was obviously observed in H,O.
This results let us to further investigation the effect of solvent to
enhance conversion and yield, particularly, in alcohol and H,O
mixture solvents. In methanol/H,O (4.0 : 1.0 volume ratio), the
conversion of lauric acid was 84% and the yield of dodecane-1-
ol significantly increased by approximately three times (43%)
while yields of dodecane and methyl laurate were 11% and 30%,
respectively (entry 6). The catalytic reactions in ethanol/H,0, 1-
propanol/H,O, and 2-propanol/H,O solvent mixtures signifi-
cantly enhanced the hydrodeoxygenation of lauric acid reaction
as indicated by the increase of n-dodecane or the decrease of
ester laurate yields (entries 7-9). It can be seen that catalytic
reactions in 2-propanol or 2-propanol/H,0O are superior which
can be attributed to the relatively higher solubility degree of
lauric acid than that other solvents.®*** The synergistic effect
between intrinsic properties of solvent (e.g., dielectric constant
and donation number) and the Brensted acidity of catalysts

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results of solvent screening for the selective hydroconversion of lauric acid over Ru—(0.026)MoO,/TiO, catalyst (Mo = 0.026 mmol)*

Yield‘(%)
Dielectric constant Donor number Conversion®

Entry Solvent? of solvent (&) (DN) (%) Dodecane-1-ol n-Dodecane Esters
1 Methanol 32.7 19.0 74 17 0 574
2 Ethanol 24.5 19.2 82 22 0 59¢
3 1-Propanol 21.8 19.8 92 43 0 494
4 2-Propanol 19.9 21.1 91 87 0 4°¢

5 H,0 80.1 18.0 52 32 17 3¢

6 Methanol/H,O (4.0 : 1.0 v/v) — — 84 43 11 307
7 Ethanol/H,O (4.0 : 1.0 v/v) — — 95 59 12 247
8 1-Propanol/H,O (4.0 : 1.0 v/v) ~ — — >99 53 20 267
9 2-Propanol/H,0 (4.0: 1.0 v/v) ~ — — >99 61 38 <0.1°

“ Reaction conditions: catalyst, 0.065 g; lauric acid, 3.2 mmol; solvent, 5 mL, 170 °C; H, 40 bar, 7 h. b The value in the parenthesis is volume ratio of
solvent. ¢ Conversion and yield were determined by GC using an internal standard technique. ¢ Methyl, ethyl, and propyl laurate are included as the
esterification lauric acid with the solvent as identified by using GC-MS analysis. ¢ Dodecyl dodecanoate is included as the esterification of lauric acid

and dodecane-1-ol. The carbon balance was 93-96% for all the catalyst.

during hydroconversion of lauric acid to lauryl alcohol and
alkane might pronounce the stabilization of the acidic proton
relative to the protonated transition states, leading to acceler-
ated reaction rates for these acid-catalyzed biomass conversion
reactions.®** The catalytic reactions in various solvents other
than alcohols and H,O such as 1,4-dioxane, tetrahydrofuran
(THF) and its mixture with H,O were carried, however the yield
of targeted products were insufficient under the reaction
conditions.®” Moreover, the highest yield (38%) of n-dodecane
was achieved in 2-propanol/H,O without the formation of ester
laurate at >99% conversion of lauric acid (entry 9). Therefore, we
conclude that the optimised solvent system for the hydro-
conversion of lauric acid to dodecane-1-ol or n-dodecane using
Ru-MoO, catalysts was in 2-propanol/H,O (4.0 : 1.0 volume
ratio).

Screening of catalysts. We synthesised various molybdenum
oxide modified-ruthenium catalysts (the physicochemical
properties of the synthesised Ru—(y)MoO,/TiO, catalysts are
summarised in Table S1,} XRD patterns (Fig. S17), and typical
TEM images of Ru—(0.026)Mo0O,/TiO, and Ru—(0.048)MoO,/

TiO, are shown in Fig. S2 and S3, in the ESIt) and tested for the
hydroconversion of lauric acid at 170 °C, 40 bar H, and 5 h and
the results are summarised in Table 2. At the first, we prepared
Ru/TiO, (Ru = 5 wt%) catalyst and tested for the hydro-
conversion of lauric acid. A 73% conversion of lauric acid was
obtained and the products were dodecane-1-ol (65%), n-dodec-
ane (4%), and ester (4%) (entry 1). After introducing
a 0.026 mmol of Mo (Mo/Ru = 0.5) to Ru/TiO, catalyst (denoted
as Ru—(0.026)M00,/TiO,(A) A = anatase), a remarkably
enhanced yield of n-dodecane to 38% was obtained at >99%
conversion of lauric acid, whereas the yield of dodecane-1-ol
was nearly constant (61%) (entry 2). The differences in the ob-
tained reaction products from the catalytic reaction of lauric
acid over Ru/TiO, and Ru-(0.026)Mo0O,/TiO, catalysts were
clearly observed, suggesting that the presence of Mo in the Ru-
(0.026)M00,/TiO, catalyst plays a prominent role in the hydro-
genation of lauric acid to dodecane-1-ol and n-dodecane. In the
case of Ru-(0.026)Mo0O,/TiO,(R)(R = rutile) catalyst, the prod-
ucts were 82% dodecane-1-ol, 10% n-dodecane, and 8% others
at >99% conversion of lauric acid under the same reaction

Table 2 Results of catalyst screening for selective hydroconversion of dodecanoic acid into dodecane-1-ol

Yield®(%)
Entry Catalyst® Conversion” (%) Dodecane-1-ol n-Dodecane Others®
1 Ru/TiO, 73 65 4 4
Ru—(0.026)M00,/TiO,(A) >99 61 38 Trace

3 Ru-(0.026)M0O,/TiO,(R) >99 82 10 8

44 Ru/TiO, + (NH,)gM0;0,,-4H,0 >99 45 9 16

5¢ Ru/TiO, + M0oO, 97 42 12 43

6° Ru@MoO, 98 59 7 32

% The amount of Mo was arround 0.025 mmol (1 wt% to Ru metal based on the amount of precursor). Reaction conditions: catalyst, 0.065 g; lauric
acid, 3.2 mmol; solvent, 2-propanol: H,0, 5 ml (4.0 : 1.0 volume ratio), 170 °C; H, 40 bar, 7 h. b Conversion and yield were determined by GC using
an internal standard technique. ¢ Others include dodecyl dodecanoate as the esterification of lauric acid and dodecane-1-ol and products with
smaller carbon number according to GC-MS profiles. ¢ The catalysts were prepared using physical mixing at room temperature, dried at 110 °C
for 5 h, followed by reduction with H, at 500 °C for 3 h. °The catalyst was prepared using one-pot hydrothermal of RuCl; and
(NH,4)sM0;0,,-4H,0 mixture solutions at 150 °C for 24 h, followed by reduction with H, at 500 °C for 3 h. The carbon balance was 93-96% for
all the catalyst.
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conditions (entry 3). Therefore, further discussion on the effect
of various Mo loading amounts on the conversion of lauric acid
and the yields of dodecane-1-ol and n-dodecane will be dis-
cussed later in this paper. Since remarkable enhancement of
lauric acid conversion and n-dodecane yield were obtained and
to confirm the role of Mo additions, physical mixtures of Ru/
TiO, and (NH,4)sM0,0,,-4H,0 or MoO, catalysts (the loading
amount of Mo was 0.025 mmol to keep the Mo/Ru molar ratio of
approximately 0.5) were prepared and also used for the reaction.
Over Ru/TiO, + (NH,)sMo0,0,,-4H,0, the conversion of lauric
acid was >99 and the products were distributed to dodecane-1-ol
(45%), n-dodecane (9%), and others (46%) (entry 4).

A relatively high yield of others (46%) (mainly contain
dodecyl dodecanoate ester and others smaller carbon number
of compounds) was obtained, suggesting that (NH,)s-
Mo,0,,-4H,0 (may be as Mo*®) promoted the further reaction
of alcohol and acid to form ester or decomposition of reactant/
product into small molecule (entry 4). The Ru/TiO, + MoO,
catalyst was also active for the hydroconversion of lauric acid
(97% conversion) and the products were distributed to
dodecane-1-ol (42%), n-dodecane (12%), and others (43%)
(entry 5). Moreover, Ru@MoO, exhibited high conversion of
lauric acid (98%) towards dodecane-1-ol as the main product
(59%), while yields of n-dodecane and others were 7% and 32%
(respectively) (entry 6). The yield of others obtained over this
catalyst was smaller than that of the Ru/TiO, + (NH,)s
Mo,0,,-4H,0 system. These results suggested that the pres-
ence of both Mo®" and MoO, showed notable promotion effect
on the dodecane-1-ol and n-dodecane formation, which are
literally different between with and without the addition of
(NH4)6M050,4-4H,0 or MoO,, powder. The high conversion of
lauric acid can be attributed to the presence of Mo, which can
interact strongly with water solvent to contribute to construct
and maintain the active species of Mo-OH in the form of H,-
MoO,. The total acidity (obtained from NH; temperature pro-
grammed desorption (NH;-TPD) and pyridine adsorption
confirmed the presence of Brgnsted and Lewis acid sites (Tabel
S1 and Fig. S4 and S5, in the ESI}). The H,MoO, species acts as
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the Bronsted sites and helps to stabilise the transition state via
hydrogen bonding during the hydrogenolysis of tetrahy-
drofurfuryl alcohol to 1,5-pentanediol.®® It has been reported
that MoO; is one of the reducible oxide supports which is
commonly used as a co-promotor to enhance the activity and
selectivity of PGM in the hydrogenation of carboxylic acids. The
activity increase caused by reducible oxide supports is attrib-
uted to oxygen interaction with metallic ions of the support and/
or oxygen vacancies on the metal-support interface. These
electrophilic groups promote hydrogenation of the carboxylic
acid by interacting with the carbonyl oxygen and weakening the
C=0 bond.***” Alternatively, the MoO, species in the Ru-MoO,/
TiO, would be partially reduced to MoO, (0 < x < 3) by activated
hydrogen atoms migrated via spill over from Ru nanoparticles
considering the readily dissociation of H, on Ru.®”"* Shimizu
and co-workers reported that the presence of MoO, co-loaded
Pt/TiO, catalyst showed higher selectivity to CH;0H from CO,
hydrogenation than that without the presence of MoO,.”®
Ru-MoO, on various supports. Six types of supports (y-Al,O3,
active carbon (C), C-TiO,, ZrO,, and ZnO) were employed for the
preparation of the supported Ru-MoO, catalysts using a proce-
dure similar to that used for the synthesis of Ru-MoO,/TiO,
(XRD patterns of Ru-MoO, on various supports are shown in
Fig. S6, in the ESIf). Ru-MoO, supported on carbon (Ru-MoO,/
C) gave high yield of dodecan-1-ol (89%) at >99% conversion of
lauric acid with small amount of n-dodecane yield (9%) (entry
1). These results are very consistent with previous reports of
Takeda et al. that the presence of MoO,. species in Ru-MoO,/C
catalyst enhanced the selectivity of diols or primary alcohols
from aqueous phase hydrogenation of lactic acid and various
low carbon number of carboxylic acids.” Interestingly, Ru-
MoO, supported on carbon doped-titanium oxide (Ru-MoO,/C-
TiO,), which was obtained from one-pot hydrothermal of TiCl,
and glucose solutions at 150 °C for 24 h as reported previously
(XRD patterns are shown in Fig. S7, in the ESIt),”>”® gave
dodecane-1-ol (68%), n-dodecane (23%), and others (8%) (entry
2). Ru-MoO, supported on y-Al,O; and SiO, catalysts showed
lower lauric acid conversion (72-80%) and produced dodecane-

Table 3 Results of selective hydroconversion of dodecanoic acid into dodecane-1-ol over Ru—MoO; catalysts on various supports and PGM

metal based catalysts

Yield®(%)

Entry Catalyst” Conversion® (%) Dodecane-1-ol n-Dodecane Others® Ref.

1 Ru-MoO,/C >99 89 9 2 This work
2 Ru-Mo0O,/C-TiO, 99 68 23 8 This work
3 Ru-MoO,/y-AL,O; 80 63 10 7 This work
4 Ru-Mo0,/SiO, 72 52 12 8 This work
5 Ru-Mo0O,/ZrO, 55 53 0 2 This work
6¢ Ru-MoO,/TiO, >99 20 80 0 This work
7¢ Pt-MoO,/TiO, >99 2 86 8 13

8° Pt/Nb,O5 >99 7 60 21 74

9 Ni;Sn,/TiO, 85 80 3 2 34

“ The amount of Mo was arround 0.025 mmol (based on the precursor). Reaction conditions: catalyst, 0.065 g; lauric acid, 3.2 mmol; solvent, 2-
propanol: H,0, 5 mL (4.0 : 1.0 volume ratio), 170 °C; H, 40 bar, 7 h. ” Conversion and yield were determined by GC using an internal standard
technique. © Dodecyl dodecanoate is included as the esterification of lauric acid and dodecane-1-ol. The carbon balance was 93-96% for all the
catalysts. ¢ At 230 °C, 40 bar, 7 h. © At 180 °C, 80 bar, 4 h./ At 160 °C, 30 bar 20 h.
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Fig. 1 Results of product distribution (yield) from selective hydro-
conversion of lauric acid using Ru—MoO,/TiO, catalysts with different
Mo loading amounts. Reaction conditions: catalyst, 0.065 g; lauric
acid, 3.2 mmol; solvent, 2-propanol: H,O, 5 mL (4.0:1.0 volume
ratio); H, 40 bar, 170 °C, 7 h.

10l (52-63%), n-dodecane (10-12%), and others (~8%) (entries
3-4). Moreover, Ru-MoO,/ZrO, catalyst produced only
dodecane-1-ol (53%) without the formation of n-dodecane
under the same reaction conditions (entry 5). The effectiveness
of TiO, or C-TiO, supported Ru-MoO, catalysts in the hydro-
conversion of lauric acid to alcohol and alkane were superior
than the other supported catalysts. These results can be
attributed to the synergistic action between MoO, species and
reducible support (e.g. TiO,). Intimate interaction between Ru-
MoO, and support with different energy of electron affinity may
affect to the electron state of Ru.'*”* In addition, our best result
of alkane yield was obtained using Ru-(0.026)Mo0O,/TiO, cata-
lyst at 230 oC, 40 bar 7 h (80% in yield) (entry 6), which
comparable to the results obtained by using Pt-MoO,/C (entries
7 and 8)* and much higher than that of Ni;Sn,/TiO, catalyst
(entry 9)** (Table 3).

Effect of Mo loading amounts (Mo/Ru molar ratio). To
obtain the insight into the role of Mo modified on the Ru-based
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Fig. 2 Results of product distribution (yield) from selective hydro-
conversion of lauric acid using Ru—(0.026)MoOx/TiO, catalyst with
different Mo loading amounts. Reaction conditions: catalyst, 0.065 g;
lauric acid, 3.2 mmolL; solvent, 2-propanol: H,O, 5ml (4.0 : 1.0 volume
ratio); H, 40 bar, 170 °C, 7 h.
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Fig. 3 Effect of reaction temperature on the conversion and yield in
the hydroconversion of lauric acid over Ru—(0.026)MoO,/TiO, cata-
lyst. Reaction conditions: catalyst, 0.065 g; lauric acid, 3.2 mmol;
solvent, 2-propanol: H,O, 5.0 mL (4.0 : 1.0 volume ratio); H, 40 bar,
7h.

catalysts, four types of Ru-(y)Mo00O,/TiO, (y = loading amount of
Mo, ca. 0.000; 0.011; 0.025; 0.045; and 0.098 mmol) catalysts
were prepared (the XRD patterns are shown in Fig. S8, in the
ESIT) and tested for the selective hydroconversion of lauric acid
to dodecane-1-ol and n-dodecane and the results are shown in
Fig. 1. By using Ru/TiO, (Mo = 0.0 mmol), the conversion of
lauric acid was 73% with yields of dodecane-1-ol, n-dodecane,
and dodecyl dodecanoate were 65%, 4% and 4%, respectively
(entry 1, Table 1). After a 0.011 mmol Mo was introduced to
form Ru-MoO,/TiO, (Mo = 0.011 mmol); Mo/Ru = 1/4.5) cata-
lyst, the conversion of lauric acid dramatically increased to
100% and yields of dodecane-1-ol, n-dodecane, and dodecyl
dodecanoate were 70%, 25%, and 5%, respectively. A slight
increase of n-dodecane yield (38%) was obtained over Ru-MoO,/
TiO, (Mo = 0.026 mmol; Mo/Ru = 1/2.0) catalyst at completed
conversion of lauric acid. The conversion of lauric acid slightly
decreased (93%), whereas the yields of dodecane-1-ol, n-
dodecane, dodecyl dodecanoate were 56%, 25%, and 12%,
respectively, when Ru-Mo/TiO, (Mo = 0.049; Mo/Ru = 1/1.0)
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Fig. 4 Effect of initial H, pressure on the conversion and yield in the
hydroconversion of lauric acid over Ru—(0.026)MoO,/TiO, catalyst.
Reaction conditions: catalyst, 0.065 g; lauric acid, 3.2 mmol; solvent,
2-propanol: H,O, 5.0 ml (4.0 : 1.0 volume ratio); 170 °C, 7 h.
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catalyst was used. Further increase the loading of Mo (ca.
0.098 mmol; Mo/Ru = 2.0/1.0), both conversion of lauric acid
and yields of dodecane-1-ol, and n-dodecane significantly
decreased, whereas yield dodecyl dodecanoate slightly
increased to 15%. To understand the beneficiary effect of Mo
species on the Ru/C system, we examined the reaction rate of
each catalysts at around 50-60% conversion of lauric acid at
170 °C, H, 40 bar, after 180 min. We found that the reaction rate
of lauric acid hydroconversion over Ru/TiO, (Ru = 5 wt%) was
3.40 mmol g, ' min~" (conversion 44%), while those over Ru-
(0.011)M00,/TiO,, Ru—(0.026)M00,/TiO,, and Ru-(0.048)MoO,/
TiO, were 7.23 mmol g.,. ' min~" (conversion 76%), 9.43 mmol
Zea - min~' (conversion 73%), 3.77 mmol g ' min*
(conversion 58%), respectively. Therefore, it can be concluded
that the optimum Mo loading amount in Ru-MoO,/TiO, was
0.026 mmol (Mo/Ru = 0.5).

Effect of the temperature reduction. To get the insight into
the role of MoO, species during the reaction, the catalytic
reactions using Ru-(0.026)Mo0,/TiO, catalyst was reduced with
hydrogen different reduction temperatures, ca. 300 °C, 400 °C,
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500 °C, and 600 °C (The XRD patterns of those catalysts are
shown in Fig. S8, in the ESI}) and the results are shown in Fig. 2.
By using Ru—(0.026)MoO,/TiO, 300 °C catalyst, the main
product was dodecane-1-ol (58%) while n-dodecane and ester
were 12% and 30%, respectively at complete reaction. When the
catalyst was reduced at 400 °C, the yield of dodecane-1-ol reach
to maximum (61%) while n-dodecane remarkably increased to
38%. Over this catalyst, the esterification reaction of lauric acid
and dodecane-1-ol to formation dodecyl dodecanoate was
inhibited as indicated by only small amount of ester (1%).
Further increase the temperature reduction to 500 °C and
600 °C, yield of dodecyl dodecanoate slightly increased to 3%
and 5%. However, the maximum yield of n-dodecane (44%) was
obtained over Ru-(0.026)Mo0O,/TiO, 500 °C catalyst at full
conversion of lauric acid. From these results, we fixed the
catalytic hydroconversion of lauric acid with the Ru-(0.026)
MoO,/TiO, catalyst reduced at 400-500 °C as the most effective
catalyst system.

Effect of reaction temperature. The influence of reaction
temperature on the product distributions in the
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(a) Time profiles of the hydroconversion of lauric acid; (b) yield of dodecane-1-ol as a function of time profiles of the hydroconversion of

lauric acid; (c) yield of dodecane as a function of time profiles of the hydroconversion of lauric acid; and (d) yield of dodecyl dodecanoate as
a function of time profiles of the hydroconversion of lauric acid over the Ru—(0.026)MoO,/TiO, catalyst. Reaction conditions: catalyst, 0.065 g;
lauric acid, 3.2 mmol; solvent, 2-propanol: H,O, 5 ml (4.0 : 1.0 volume ratio); 130-190 °C, H, 40 bar, 0-21 h.
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Table 4 Results of selective hydroconversion of lauric acid and possible intermediates over Ru-(0.026)MoQ,/TiO, catalyst (Mo/Ru = 0.5)*

Yield” (%)

Conversion Rate of reactant reaction (rz) Rate of product formation (p)
Entry Substrate (%) Dodecane-1-0l n-Dodecane Ester’ (mmol g., ' min™") (mmol g., ' min™")
1 Lauric acid 69 34 27 8 6.17 0.14
2 Methyl laurate 50 36 14 0 6.46 0.07
3 1-Dodecanal 67 37 30 0 9.17 0.27
4 Dodecane-1-ol 53 0 53 0 8.98 0.23
5 Dodecyl dodecanoate 7 0 5 0 0.91 0.02

“ Reaction conditions: catalyst, 0.065 g; lauric acid, 3.2 mmol; solvent, 2-propanol: H,O, 5.0 ml (4.0 : 1.0 volume ratio); H, 40 bar; 170 °C, 3 h.
b Conversion and yield were determined by GC using an internal standard technique. ° Ester was dodecyl dodecanoate. The carbon balance was

more than 96% for all the reactions.

hydroconversion of lauric acid over Ru-(0.026)MoO,/TiO,
catalyst is shown in Fig. 3.

The conversion of lauric acid increased gradually as the
reaction temperature was increased from 130 °C and completed
reaction (100% conversion) was achieved at 170 °C. The
maximum yield of dodecane-1-ol was obtained at 150 °C then
gradually decreased at 160 to 230 °C which is proportional with
the increase of n-dodecane yield. The hydrodeoxygenation (via
dehydration-hydrogenation) of lauric acid took place firstly to
form dodecane-1-ol at lower temperature =150 °C and at the
same time, the esterification of lauric acid and dodecane-1-ol to
form dodecyl dodecanoate was also occurred at that of reaction
temperature. At the reaction temperatures of 170-230 °C, the
direct hydrodeoxygenation of lauric acid or subsequently take
place the dehydration-hydrogenation reaction of formed
dodecane-1-ol which are preferable occurred to yield n-dodec-
ane. There no undecane product was observed, suggesting that
decarbonylation/decarboxylation reaction did not proceed over
the studied catalysts under current reaction conditions. Addi-
tionally, the esterification of lauric acid and formed dodecane-1-
ol was also totally disappeared at that of the reaction tempera-
tures. These results are good consistent with the report of Kon
et al. who reported the hydrodeoxygenation of lauric acid using

Pt-MoO,/TiO, catalyst and produced dodecane (86% yield) at
100% conversion of lauric acid without the formation of dodecyl
dodecanoate at 180 °C, 80 bar H, and 3 h.*®

Effect of H, initial pressure. The influence of the initial H,
pressure on the product distributions in the hydroconversion of
lauric acid over Ru—(0.026)Mo0,/TiO, catalyst is shown in Fig. 4.
The conversion of lauric acid increased as the initial H, pres-
sure was increased to reach 100% conversion at 30 bar. The
maximum yield n-dodecane (38%) were achieved at the initial
H, pressure of 40 bar, while the yield of dodecyl dodecanoate
decreased (=3%). Therefore, it can be concluded that the
effective hydroconversion of lauric acid to n-dodecane can be
achieved at an initial H, pressure of 40 bar, was used as the
optimised initial H, pressure for further investigations on the
subsequent catalytic reactions for time profiles and the catalytic
reaction of various carboxylic acids.

Time profiles. The kinetic profiles of the hydroconversion of
lauric acid in the presence of Ru—(0.026)Mo0,/TiO, (Mo/Ru = 0.5)
catalyst at 130-190 °C, initial H, pressure of 40 bar, and reaction
times of 0-21 h were studied and the plots are shown in Fig. 5.

Fig. 5a shows the profile of lauric acid conversion as a func-
tion of reaction time at different reaction temperatures ca.
130 °C, 150 °C, 170 °C, and 190 °C. At 130 °C, the conversion of

Table 5 Results of selective hydroconversion of various fatty acids and carboxylic acid over Ru—(0.026)MoQ,/TiO, catalyst®

Selectivity” (%)

Entry Substrate Time (h) Conversion® (%) Main product Alcohol Alkanes
1 Octadecanoic acid (stearic acid) 15 92 Octadecanol 79 21
2 Hexadecanoic acid (palmitic acid) 9 83 Hexadecanol 80 20
3 Methyl palmitate 9 74 Hexadecanol 82 18
4 Tetradecanoic acid (myristic acid) 5 76 Tetradecanol 74 26
5 Dodecanoic acid (lauric acid) 7 >99 Dodecan-1-ol 61 39
6 Nonanoic acid 5 89 Nonanol 89 11
7 Octanoic acid 5 79 Octanol 87 13
8 Hexanoic acid 3 78 Hexanol 91 9
9° Valeric acid 3 83 1-Pentanol 94 6
10° Levulinic acid 3 >99 1,4-PeD(GVL) 81(19) —
11° Succinic acid 3 73 1,4-BeD(GBL) 63(37) —

% Reaction conditions: catalyst, 0.065 g; lauric acid, 3.2 mmol; solvent, 2-propanol/H,0, 5.0 ml (4.0 : 1.0 volume ratio); H, 40 bar; 170 °C, 5-15 h.
b Conversion and yield were determined by GC using an internal standard technique.  Reaction temperature was 110 °C. The carbon balance was
more than 93-96% for all the reactions. 1,4-PeD = 1,4-Pentanediol. 1,4-BeD = 1,4-Butanediol. GVL = y-Valerolactone. GBL = y-Butyrolactone.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lauric acid increased smoothly as function of reaction time and
the conversion achieved to 100% after 20 h. At 150 °C, the
completed reaction was achieved after 10 h indicating that the
conversion of lauric acid took place faster (approximately two
times) than that of 130 °C. As the reaction temperatures were
increased to 170 °C and 190 °C, the reaction rate of lauric acid
conversion become faster as indicated by the completed reac-
tion after 7 h and 5 h, respectively.

Fig. 5b displays the profile of dodecane-1-ol yield as function of
reaction time at different temperatures. At 130 °C, the formation of
dodecane-1-ol was observed firstly after 7 h, then increased grad-
ually to reach maximum yield of 73% at 100% conversion lauric
acid after 21 h. The highest yield of dodecane-1-ol (75%) was ob-
tained at reaction temperature of 150 °C after 11 h and the amount
of dodecane-1-ol slightly decreased to 70% when the reaction time
was prolonged to 15 h. The decrease of dodecane-1-ol yield can be
attributed to due to the further reaction of dodecane-1-ol (via
dehydration/hydrogenation) to n-dodecane or esterification with
lauric acid to form dodecyl dodecanoate. Kon et al. suggested that
the esterification between dodecane-1-ol and lauric acid (dodeca-
noate) gave dodecyl dodecanoate in the presence of Pt/Nb,Os or
Rh-Mo0O,/TiO, catalysts at 180 °C.** However, in our Ru—(0.026)
MoO,/TiO, catalyst, the significant formation of dodecyl dodeca-
noate is favourable occurred at reaction temperature of =150 °C
(Fig. 3) or at low initial H, pressure (Fig. 4). The yield of dodecyl
dodecanoate (Fig. 5¢) increased to reach maximum yield of 39% at
reaction temperature 130 °C after 9 h, then getting decrease as
reaction time was prolonged up to 21 h. On the other hand, the
amount of ester product not more than 18% when the reaction
temperature increased to 150-190 °C, suggesting that further
hydrogenation of ester was favourable occurred at high reaction
rate. Results of catalytic performance of various Ru-MoO, catalysts
confirm that the amount of remained ester product <0.1 and 0 at
the reaction temperature of 170 °C and 190 °C, respectively.
Moreover, the profiles of n-dodecane yield (Fig. 5d) also confirmed
that the proposed reaction pathway in Scheme 1 is basically
consistent with those for the hydrodeoxygenation of fatty acids by
Pt/Nb,0O5™ and Pt-MoO,/TiO," catalysts.

Table 4 compares the results for hydrogenation of possible
intermediates (methyl laurate, dodecanal, dodecane-1-ol,
dodecyl dodecanoate) and lauric acid under the same reaction
conditions. We obtained that the reaction rate of oxygenate
conversion changed in the following order: 1-dodecanal
(9.17 mmol g, ' min~') > dodecane-1-ol (9.17 mmol g..-
! min~") > methyl laurate (6.46 mmol g.,, ' min~') = lauric
acid (6.17 mmol g, ' min~')> >> dodecyl dodecanoate
(0.91 mmol g, " min~"). Lauric acid showed highest conver-
sion to produce 34% yield of dodecane-1-ol, 27% yield n-
dodecane and 8% ester (dodecyl dodecanoate (entry 1). The
formation of ester both in alcoholic or 2-propanol/H, mixture
solvents took place faster than that of n-dodecane as indicated
by the high yield of ester (Table 1, entries 1-3) and (Table 4,
entry 1). Notably, lauric acid underwent esterification with
dodecane-1-ol at low reaction temperature (Fig. 3) or in low
initial H, pressure (Fig. 4). Dodecane-1-ol can also undergo
esterification with lauric acid to give dodecyl dodecanoate,
which is then hydrogenated to n-dodecane via dodecane-1-ol.
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Therefore, it can concluded that the hydroconversion of lauric
acid in the presence of Ru—(y)MoO,/TiO, catalysts follows the
proposed reaction pathway as shown in Scheme 1.

Hydroconversion of various fatty acids. The scope of the
hydroconversion using Ru-(0.026)MoO,/TiO, catalyst was
further extended to various other aliphatic carboxylic acids and
the results are summarised in Table 5. In all cases, high activity
at low reaction temperatures was found with similar reaction
rate. Catalytic hydroconversion of higher carbon number
aliphatic carboxylic acids (C = 12) (entries 1-5) resulted higher
selectivity towards alkanes than that of lower carbon number
(C5-C9) (entries 6-9). Moreover, Ru—(0.026)Mo0O,/TiO, catalyst
was also active for hydroconversion of typical biomass-derived
dicarboxylic acids (e.g., levulinic acid and succinic acid)
produced diols and lactone under mild reaction conditions
(entries 10-11).

The reusability of Ru—(0.026)M00O,/TiO, catalyst was studied
with the recovered catalyst regenerated by washing with acetone
following by pre-reduction in H, at 400 °C for 2 h and then the
hydroconversion of lauric acid repeated. The regenerated Ru-
(0.026)M00O,/TiO, catalyst showed loss in the hydrogenation
activity with an associated in reaction rate. A further loss in the
hydrogenation activity was observed on recycling the catalyst for
a second time. Some of the decrease in activity is likely to be due to
aggregation of active metal during the reaction or the collaps of
catalyst structures (XRD patterns and TEM images of recovered
Ru—(0.026)M00O,/TiO, catalyst are shown in Fig. S9 and S10, in the
ESIt).

Experimental
Catalyst preparation

A typical procedure for the synthesis of Ru—(0.026)Mo00O,/TiO,
(0.026 is Mo loading amount Mo) described as follows:” RuCly
(0.049 mmol) was dissolved in deionized water (denoted as
solution A) and (NH,)¢M0,0,,-4H,0 (0.026 mmol) was dis-
solved in ethanol/ethylene glycol (2.0/1.0 volume ratio) (denoted
as solution B) at room temperature. Solutions A, B, and TiO, (as
support material; 1.0 g) were mixed at room temperature; the
temperature was subsequently raised to 50 °C under gentle
stirring for 12 h. The pH of the mixture was adjusted to 12
through the dropwise addition of an aqueous solution of NaOH
(3.1 M). The mixture was then placed into a sealed-Teflon
autoclave for the hydrothermal process at 150 °C for 24 h. The
resulting black precipitate was filtered, washed with distilled
water, and then dried under vacuum overnight. Prior to the
catalytic reaction, the obtained black powder was treated under
hydrogen at 500 °C for 3 h.

Catalyst characterization

The X-ray diffraction (XRD) analysis was performed on a Mini-
flex 600 Rigaku instrument with Cu as monochromatic source
of CuKu radiation (A = 0.15444 nm). The XRD was operated at
40 kv and 15 mA with a step width of 0.02°, a scan speed of
4° min~' (a; = 0.154 057 nm, &, = 0.154 433 nm), solar slit
1.25°, and using a Ni KB filter. ICP measurements were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performed on an SPS 1800H plasma spectrometer by Seiko
Instruments Inc. Japan (Ni: 221.7162 nm and Sn: 189.898 nm).

The BET surface area (Szpr) and pore volume (V) were
measured using N, physisorption at —196 °C on a Belsorp Max
(BEL Japan). The samples were degassed at 200 °C for 2 h to
remove physisorbed gases prior to the measurement. The
amount of nitrogen adsorbed onto the samples was used to
calculate the Brunauer-Emmett-Teller (BET) surface area via
the BET equation. The pore volume was estimated to be the
liquid volume of nitrogen at a relative pressure of approximately
0.995 according to the Barrett-Joyner-Halenda (BJH) approach
based on desorption data.”

The NH;-TPD was carried out on a Belsorp Max (BEL Japan).
The samples were degassed at elevated temperature of 100-
200 °C for 2 h to remove physisorbed gases prior to the
measurement. The temperature was then kept at 200 °C for 2 h
while flushed with He gas. NH; gas (balanced NH3, 80% and He,
20%) was introduced at 100 °C for 30 min, then evacuated by
helium gas to remove the physisorbed also for 30 min. Finally,
temperature programmed desorption was carried out at
temperature of 100-800 °C and the desorbed NH; was moni-
tored by TCD. SEM images of the synthesised catalysts were
taken on a JEOL JSM-610 SEM after the samples were coated
using a JEOL JTC-1600 auto fine coater. The TEM images were
taken on Hitachi H7650 at 19 kv.

The H, uptake was determined through irreversible H,
chemisorption. After the catalyst was heated at 100 °C under
vacuum for 30 min, it was heated at 400 °C under H, for 30 min.
The catalysts were subsequently cooled to room temperature
under vacuum for 30 min. The H, measurement was conducted
at 0 °C, and H, uptake was calculated according to the method
described in the literature.”

Catalytic reaction

Lauric acid hydroconversion. Typical procedure for hydro-
genation of lauric acid describes as follows: catalysts (0.05 g),
lauric acid (3.2 mmol), decalin (0.02 mmol), and iso-propanol/
H,O0 (5.0 ml; 4.0/1.0 volume ratio) as solvent were placed into
a glass reaction tube in an autoclave reactor system of TAIATSU
Techno reactor a Pyrex tube was fitted inside of a sus316 jacket
to protect the vessel from corrosion in acidic media. The reactor
was flushed with 1.0 bar H, for 10 times to remove undesired
gas prior to the reaction. After H, was introduced into the
reactor with an initial H, pressure of 40 bar at room tempera-
ture, the temperature of the reactor was increased to 170 °C
under constant stirring (800 rpm). After 7 h, the conversion of
lauric acid and the yield of lauryl alcohol were determined by
gas chromatography (GC) analysis.

Product analysis. Gas chromatography analysis of the reac-
tant (dodecanoic acid) and products was performed on a Perki-
nElmer Autosystem XL with a flame ionization detector with an
InertCap 225 (i.d. 0.25 mm, length 30 m, d.f. 0.25 mm) capillary
column of GL Science Inc. Tokyo Japan. The products were
confirmed by a comparison of their GC retention time, mass
spectra with those of authentic samples. Gas chromatography-
mass spectrometry (GC-MS) was performed on a Shimadzu GC-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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17B equipped with a thermal conductivity detector and an RT-
BDEXsm capillary column.

The calibration curve was performed using known concen-
trations of internal standard, reactants and products in order to
determine the correct response factors. The conversion of
dodecanoic acid, yield and selectivity of the products were
calculated according to the following equations:

Conversion :

Introduced mol reactant(Cy) — Remained mol reactant(C;)
Introduced mol reactant(Cy)

x 100%

Mol product

Yield :
%" Tntroduced mol reactant(Cy)

x 100%

where C, is the introduced mol reactant (dodecanoic acid), C; is
the remaining mol reactant, and AC is the consumed mol
reactant (introduced mol reactant - remained mol reactant),
which are all obtained from GC analysis using an internal
standard technique.

The apparent reaction rates were calculated using the
following equation:

Mauric acid = ~—; X Xlauric acid
mt

where 7 auric acia 1S the apparent reaction rate of lauric acid (mol
geae | min '), Wis the molar weight of the reactant (mol), ¢ is
the reaction duration (S), Xpauric acia 1S the conversion of stearic
acid (%), and m is the catalyst weight (g).

The formation rates of the products were calculated using
the following equation:

Tproduct = —— X Xlauric acid X Sproduct
mt

where 7 auric acia 1S the apparent reaction rate of lauric acid (mol
g - min~'), W is the molar weight of the reactant (mol), ¢ is
the reaction duration (S), Xpauric acia 1S the conversion of stearic
acid (%), Sproduct 1S the selectivity of the product, and m is the
catalyst weight (g).

Conclusions

We described the selective hydroconversion of coconut oil
derived lauric acid to lauryl alcohol and n-dodecane in 2-
propanol/water (4.0/1.0 v/v) mixture solvent using molyb-
denum oxide-modified ruthenium on titanium oxide (Ru—(y)
MoO,/TiO,; y = Mo loading amount, mmol g ') catalysts.
Among the Ru-(y)MoO,/TiO, catalysts tested, Ru—(0.026)MoO,/
TiO, (Mo loading amount of 0.026 mmol g~ ') shows the highest
yields of n-alkanes for hydroconversion of coconut oil derived
lauric acid and hydroconversion of various aliphatic fatty acids
C8-C18 precursor at 170-230 °C, 30-40 bars for 7-20 h. At lower
reaction temperatures (130 = T < 150 °C), the main product was
dodecane-1-ol and dodecyl dodecanoate as the results of
hydrogenation of lauric acid and esterification of lauric acid
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and corresponding alcohols. The presence of MoO,/TiO, might
played as Lewis acid sites which cooperated with Ru nano-
particles as H, dissociation sites, led to high activity of Ru-(y)
MoO,/TiO, catalysts, and suppressed the HDCO, or HDCO
reactions, thus produced high aliphatic alcohols and aliphatic
alkanes with same carbon number. Over the Ru-(0.026)MoO,/
TiO, as the best catalyst, an increase in reaction temperature up
to 230 °C significantly enhanced the degree of hydro-
deoxygenation of lauric acid and produced n-dodecane with
maximum yield (up to 80%) at 230 °C, H, 40 bar for 7 h. Ru-
(0.026)M00,/TiO, is also effective for the hydroconversion of
various dicarboxylic acids to the corresponding lactones and
diols.
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