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Squalane, C30 algae-derived branched hydrocarbon, was suc-

cessfully converted to smaller hydrocarbons without skeletal
isomerization and aromatization over ruthenium on ceria (Ru/

CeO2). The internal CH2¢CH2 bonds located between branches
are preferably dissociated to give branched alkanes with very

simple distribution as compared with conventional methods

using metal-acid bifunctional catalysts.

Liquid alkanes, which are important components of fuels and

chemicals, are supplied by petroleum refining. Considering the
diminishing reserves of crude oil, biomass, as renewable organ-

ic carbon resources, is expected to be a promising substitute.[1]

The production of liquid alkanes has been attempted from
lignocellulose-derived substrates such as levulinic acid, furanic

compounds, and cellulose.[2–8] Some plants or microorganisms
produce pure (bio)hydrocarbons, such as terpenes.[9, 10] One ex-

ample is squalene (2,6,10,14,18,22-hexaen-2,6,10,15,19,23-hex-
amethyltetracosane), high amounts of which have been report-

ed to accumulate in Aurantiochytrium microalgae strains.[11, 12]

Typically, biohydrocarbons, in particular algae-derived ones, are
large molecules with many branches. While some amount of

squalene (derived from sharks) has been used in cosmetics,[11]

biohydrocarbons need to be refined into smaller molecules for

most other uses such as biofuel. Conventional methods for re-
fining large hydrocarbons typically use solid acids in combina-
tion with noble-metal catalysts, and many side reactions can

occur such as isomerization or coke formation.[13, 14] Although
isomerization is beneficial for fuel production from linear-
alkane-based feedstock such as petroleum, isomerization is un-
desirable in the case of branched algal hydrocarbons and only

complicates the reaction mixture.
Herein, we show that a Ru/CeO2 catalyst can produce small

alkanes from biohydrocarbons by regioselective C¢C hydroge-
nolysis, without isomerization and coke formation. By using
this catalyst and molecular hydrogen, internal CH2¢CH2 bonds

located between branches are preferably dissociated to give

branched alkanes with very simple distributions of isomers.
First, we used n-hexadecane as a model substrate, to identi-

fy promising catalysts (Figure 1). Among carbon-supported cat-
alysts (Figure 1 a–d), Ru/C showed the highest activity. The ac-

tivity of Ru/C was higher than that of Ir/SiO2 (Figure 1 e), which
has been reported to be selective in hydrogenolysis of internal
C¢C bonds.[15–18] Ruthenium catalysts on other supports (Ru/
CeO2, Ru/SiO2 ; Figure 1 f and g) were also tested, and the reac-
tion times and catalyst amounts were adjusted to similar low
levels of conversion, in order to compare selectivity. The order

of activity was Ru/SiO2 (TOF 1.8 Õ 102 h¢1)>Ru/C (79 h¢1)>Ru/
CeO2 (39 h¢1)> Ir/SiO2 (12 h¢1)>Rh/C (2.8 h¢1) @ Pd/C, Pt/C
(<0.01 h¢1). The products were mainly n-alkanes for all of the

tested active catalysts, and branched alkanes were hardly ob-
served. This result is in contrast to those achieved over solid-

acid catalysts, where branched alkanes are the main products
through isomerization.[14, 19–25] In the cases of Rh/C, Ru/SiO2, and

Ru/C, more methane and n-pentadecane were formed than

C2–C14 alkanes, suggesting that these catalysts preferably
cleave terminal C¢C bonds before internal ones. In the litera-

ture, similar selectivity trends to Rh/C, Ru/SiO2, and Ru/C cata-
lysts have been reported for most metal-catalyzed C¢C hydro-

genolysis.[15, 26, 27] However, these trends are not desirable be-
cause the branches of algal hydrocarbons are methyl groups,

Figure 1. n-Hexadecane hydrogenolysis over various catalysts. Conditions: n-
hexadecane, 2.26 g; catalyst, 10–100 mg (5 wt % metal except Ir) ; H2, 6 MPa;
513 K. Gray and white bars represent linear and branched alkanes, respec-
tively. S : Selectivity based on carbon, C. N.: carbon number.
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and cleavage of the terminal C¢C bond removes the branch.
On the other hand, on Ru/CeO2 as well as Ir/SiO2 the dissocia-

tion of terminal C¢C bonds was not more preferable than
those of other C¢C bonds.

We applied Ru/CeO2 to the hydrogenolysis of squalane
(2,6,10,15,19,23-hexamethyltetracosane), which can be easily

obtained by hydrogenation of squalene. Figure 2 shows GC

charts of liquid samples from the reaction of squalane over Pt/

H-USY and Ru/CeO2. Pt/H-USY is a metal-acid bifunctional cata-
lyst and was used as an example of a petroleum hydrocracking
catalyst. The reaction over Pt/H-USY gave a very complex mix-
ture of products, with>200 kinds of molecules (Figure 2 a). In

literature studies of squalane hydrocracking, we noted that
products are also very complex and usually analyzed roughly

by boiling point.[24, 28, 29] On the other hand, the number of GC
peaks on Ru/CeO2 was much smaller than Pt/H-USY (Fig-
ure 2 b).

Figure 3 shows the product distribution over Ru/CeO2. The
main products have carbon numbers of 9, 10, 14, 15, 16, 20,

21, 25, and 26. In particular, each structure with carbon
number of 4, 5, 6, 9, 10, and 15 was verified by GC-MS analysis

using standard samples (Supporting Information, Figure S1). All

the structures of these products were substructures of squa-
lane. The amounts of products whose formations involve iso-

merization was always very small. The absence of unsaturated
or cyclic products was confirmed by 1H NMR (Supporting Infor-

mation, Figure S2) and GC-MS(CI). The structures of the main
products indicate that the CH2¢CH2 bonds located between

the branches were selectively dissociated. The six branches in

the squalane were maintained in the main products. On the
other hand, Ru/SiO2 gave products with carbon numbers

below C30 (Supporting Information, Figure S3 a). The reactions
at tertiary carbon, such as those giving C6–C8, C11–C13, and

C17-19 products, decrease the number of branches. Hydroge-
nolysis of squalane over Ir/SiO2 was also tested (Figure S3 b).

The selectivity trend was intermediate between Ru/SiO2 and

Ru/CeO2. However, the activity (TOF 2.7 h¢1) was much lower
than those of ruthenium catalysts (Ru/CeO2 : 19 h¢1; Ru/SiO2 :

1.0 Õ 102 h¢1). This result agrees with literature data, reporting
that iridium catalysts show very low activity towards the hy-

drogenolysis of branched alkanes.[18]

Figure 4 shows the time course of the hydrogenolysis of
squalane over Ru/CeO2. The product molecules became smaller

at longer reaction times. The ratio of branched alkanes to n-al-

Figure 2. GC charts of liquid samples (diluted with mesitylene) of squalane
hydrogenolysis. Conditions: squalane 4.23 g (10 mmol) ; catalyst, (a) 5.5 wt %
Pt/H-USY 20 mg, (b) 5 wt % Ru/CeO2 100 mg; H2, 6 MPa; 513 K; (a) 3 h,
(b) 6 h. I and i.s. represent intensity and internal standard material (n-octaco-
sane), respectively.

Figure 3. Squalane hydrogenolysis over Ru/CeO2. (a) Selectivity patterns.
Conditions: squalane, 4.23 g (10 mmol) ; Ru/CeO2, 50 mg; H2, 6 MPa; 513 K;
6 h. Gray bars represent the dominating isomer of products with each
carbon number, and white bars represent other isomers. S. : Selectivity based
on carbon, C.N. : carbon number. (b) Proposed C¢C dissociation positions.

Figure 4. Reaction progress of squalane hydrogenolysis over Ru/CeO2. Con-
ditions: squalane, 4.23 g (10 mmol) ; Ru/CeO2, 50 or 100 mg; H2, 6 MPa;
513 K; 3–48 h. S : Selectivity based on carbon; C : conversion. Wcat : weight of
catalyst.
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kanes in �C4 components was always >10. When the conver-
sion of squalane reached almost 100 % (catalyst 0.1 g, time

18 h), the main products were tribranched C14–16 and di-
branched C9–10. The former group can be used as compo-

nents of diesel fuel or jet fuel.[30, 31] A good yield of the C9–10
fraction was obtained after slightly further reaction. Further re-

action gave gasoline-range (C5–C8) products. All products in
this reaction were stable saturated hydrocarbons and have
very low melting points because of the branches.[30, 32] These

properties are ideal for transportation fuels. The reaction prog-
ress of the hydrogenolysis of squalane over Ru/SiO2 is shown
in Figure S4 (Supporting Information). The selectivities to C14–
16 and C9–10 on Ru/SiO2 were not higher than 32 %, and they

were lower than the maximum values on Ru/CeO2 (ca. 40 %;
Figure 4). These trends reflect the wider product distribution

on Ru/SiO2 compared to Ru/CeO2.

We re-used the Ru/CeO2 catalyst in squalane hydrogenolysis,
and almost the same result was obtained as for the fresh cata-

lyst even after 4 runs (conversion: 72 %!78 %!72 %!75 %!
75 %; selectivities: Supporting Information, Figure S5). Thermal

gravimetric (TG) analysis of the used catalyst showed that the
amount of coke formed was small (3 wt % loss from the cata-

lyst after 5 uses; 0.02 %-C of used squalane). The amount of

ruthenium leaching, measured with ICP–OES, was below the
detection limit (<0.5 % of total ruthenium).

The Ru/CeO2 catalyst was characterized by various tech-
niques. The profile of temperature-programmed reduction

with H2 had a signal at 323–493 K and the area corresponded
to the reduction of RuO2 to ruthenium metal (Supporting Infor-

mation, Figure S6 and Table S1). The ruthenium species in Ru/

CeO2 was reduced to Ru0 during the reaction. The X-ray diffrac-
tion (XRD) pattern of Ru/CeO2 did not show peaks for rutheni-

um metal (Supporting Information, Figure S7). The amount of
H2 adsorped onto Ru/CeO2 was 0.9 H atoms per total rutheni-

um atoms (Supporting Information, Table S2). The ruthenium
K-edge EXAFS spectrum (Supporting Information, Figure S8)
could be fitted by one Ru–Ru shell with a coordination

number of ~5, which is much smaller than that of the ideal
hcp structure of ruthenium metal (12) and that of Ru/SiO2

(10.5) (Table 1). These results indicate the very small size
(<1.5 nm) of the ruthenium metal particles on Ru/CeO2. In the
literature, several reduced Ru/CeO2 catalysts have been pre-
pared for other reactions than C¢C hydrogenolysis, such as CO

conversions[33–35] and ammonia synthesis.[36] According to the
reported characterization results, similar highly dispersed
ruthenium particles (�2 nm) were formed by reduction of

ruthenium precursors supported on CeO2. On the other hand,
larger ruthenium particles were formed on other supports (<

1/5 dispersion relative to Ru/CeO2 ; Supporting Information,
Table S2).

The unique selectivity of the Ru/CeO2 catalyst might be due
to the high dispersion of ruthenium metal. In fact, when Ru/

CeO2 was heated at 773 K before catalytic use to increase the
particle size (ca. 2.5 nm from XRD; coordination number of Ru–
Ru = 10.0 according to Ru K-edge EXAFS), the activity and se-

lectivity became similar to Ru/SiO2 (Supporting Information,
Figure S9). Clarifying the mechanism that induces the selectivi-
ty requires further investigation. Preparing further small ruthe-
nium particles might give even higher regioselectivity, which is
also one target of our further studies.

Experimental Section

Carbon-supported noble-metal catalysts (Pt/C, Pd/C, Rh/C and Ru/
C; 5 wt %) were purchased from Wako Pure Chemical Industries.
Ru/SiO2 and Ru/CeO2 (Ru: 5 wt %) were prepared by impregnating
SiO2 (BET 535 m2 g¢1) and CeO2 (calcined at 873 K; 86 m2 g¢1) with
Ru(NO)(NO3)3¢x(OH)x in HNO3aq. Pt/H-USY (Pt: 5.5 wt %) was pre-
pared by impregnating H-USY (Si/Al = 6.3) with H2PtCl6aq. Ir/SiO2

(Ir : 4 wt %) was prepared by impregnating SiO2 with H2IrCl6 aq. All
the prepared catalysts were dried at 383 K for 12 h. After drying,
Ru/SiO2, Ru/CeO2, and Pt/H-USY were heated in flowing N2 at 573 K
for 1 h. Ir/SiO2 was calcined at 773 K for 3 h. Catalytic reaction was
carried out in a 190 mL autoclave. 3.5 MPa H2 was filled at r.t. , and
the pressure became 6 MPa after ~60 min heating to 513 K. The re-
action time was counted after the heating. After appropriate reac-
tion time, the reactor was rapidly cooled. Products in both gas and
liquid phases were quantified with FID-GC, and qualified with GC-
MS in EI and CI modes. TOF (turnover frequency; [h¢1]) was calcu-
lated by (increase of the total number of hydrocarbon molecules
[mol])/(total number of noble metal atom [mol])/(reaction time [h]).
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