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Materials and Methods

S.1 Materials

Carbon nanotube synthesis. A homemade AlFeCoO, catalyst was reduced in a fluidized bed
reactor under a nitrogen (225 mL-min") and hydrogen (150 mL-min-") flow at 650 °C. After the
reduction step, the ethylene flow was adjusted to 225 mL-min! for 30 min to produce CNT. The
CNT were recovered and then purified using an aqueous solution (50 vol% H,SO,4) under reflux
at 140 °C for 3 h. The acidic solution was then filtered and the solid washed with distilled water.
The resulting solid was dried in an oven at 80 °C overnight. A portion of purified CNT was then
functionalized with HNO; under reflux at 140 °C for 3 h. The acidic solution was filtered and
washed with distilled water. The resulting solid was dried in an oven at 80 °C overnight to
produce functionalized CNT (CNT). Another portion of purified CNT was treated in a horizontal
tube oven under a nitrogen flow at 1000 °C for 1 h to produce high-temperature-treated CNTyr.

Few Layer graphene synthesis. A homemade CoFe,0, catalyst was reduced in a fluidized bed
reactor under a nitrogen (225 mL-min’!) and hydrogen (150 mL-min™') flow at 650 °C. After
reduction step, the ethylene flow was adjusted to 225 mL-min! for 30 min to produce FLG. The
FLG was recovered and purified at room temperature overnight using HCI. The acidic solution
was then filtered and washed. The resulting solid was dried in an oven at 80 °C overnight. A
portion of purified FLG was then functionalized with HNO; under reflux at 140 °C for 3 h. The
acidic solution was filtered and washed. The resulting solid was dried in an oven at 80 °C
overnight. Another portion of purified FLG was treated in a horizontal tube oven under a
nitrogen flow at 1000 °C for 1 h to produce high-temperature-treated FLG (FLGyr).

Carbon nanofiber synthesis. Carbon nanofibers were prepared using a 10%Ni/Al,O5 catalyst.
The synthesis of the CNF was carried out in two steps: first, 2 g of 10%Ni/Al,O; catalyst was
reduced in a fluidized bed under a nitrogen (160 mL-min') and hydrogen (120 mL-min!) flow at
650 °C; in the second step, the ethylene flow was adjusted to 60 mL-min"! for 1 h. The CNF
were recovered and purified using an aqueous solution (50 vol% H,SO,) under reflux at 80 °C
for 3 h. The acidic solution was then filtered and washed. The resulting solid was dried in an
oven at 80 °C overnight. A portion of purified CNF was then functionalized using HNO; under
reflux at 80 °C for 3 h. The acidic solution was filtered and washed. The resulting solid was
dried in an oven at 80 °C overnight. Another portion of the purified SCNF was then treated in a
horizontal tube oven under a nitrogen flow at 1000 °C for 1 h to produce high-temperature-
treated CNF (CNFy).



Palladium catalyst synthesis.
Supplementary Table 1. Catalysts properties.

Catalyst Pd loading (%) NP size from Pd dispersion = SA/NP

TEM (nm)® (%)° ratio?
Pd/ALO; 5 39+1.1 31 n.d.?)
Pd/C 5 24+1.0 46 n.d.?
Pd/CNT
also named 2 22+1.1 49 2
Pd; sane/CNT
Pd; sonp/CNTyt 1.6 22+1.1 49 2
Pdgo/CNT 0.1 - - no NP
Pd ;g0 sanp/CNT 0.1 1+0.5» - 1000
Pdygp sanp/CNT 1.2 0.5+0.1 - 200
Pdgy sane/CNT 1.2 0.8+0.3 - 60
Pd4y sanp/CNT 1.2 09+0.3 - 40
Pd;y sanp/CNT 1.2 1.1+0.6 - 10
Pd/FLG 1.9 26+1.6 43 10
Pd/FLGqr 1.7 25+1.9 44 n.d.?)
Pd/CNF 1.7 1.5+0.9 67 n.d.?
Pd/CNFur 1.0 1.3+£1.1 76 n.d.o)

a) Calculated over 300 NP from STEM-HAADF micrographs

b) Calculated over 20 NP from STEM-HAADF micrographs

c) Metal dispersion was evaluated from a universal mathematical relation between the mean relative size of
metallic crystallites and their dispersion [1].

d) SA/NP ratio in number calculated over 500 elements from STEM-HAADF micrographs.

e) n.d.: not determined




S.2 Catalytic experiments

H-assisted isomerization of 1-octene
Isomerization of alkenes was assessed using a dedicated experience. 1-octene was used as a

molecular probe (see scheme below). The different isomers and by-product that could be
obtained during the isomerization of 1-octene by Pd catalysts is shown below:
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60 mL of a solution of 1-octene (Sigma Aldrich, 99%) in heptane (1 M) was added in a 100 mL
round bottom flask and then heat at reflux under H, atmosphere. A sample was taken for ex-situ
analysis and then catalyst was added in one portion. The mass of the catalyst was adjusted in
order to have 3.75 umol of Pd (0.4 mg, 60 ppm). Samples were taken as the function of time and
were analyzed using GC-FID analysis.

The concentration of isomers of 1-octene and octane could be easily followed by GC as shown

below.

— initial
—— 75 % of isomerization

FID signal (u.a.)

==

T
0 1 2 3 4 5
Time (min)

GC-FID of the reaction mixture

The absence of hydrogenation product (i.e. n-octane) was assessed by comparison with pure
octane and by GC-MS analysis (see chromatogram below). Under those conditions, no
hydrogenation product (i.e. n-octane) could be identified in the reaction mixture. This was



confirmed by comparison with pure octane and by GC-MS analysis in SIM mode (see
chromatogram below).
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GC-MS chromatogram TIC and SIM ion count of a sample at 75 % of isomerization.
Reaction conditions: 1 M 1-octene in heptane (1 M), reflux (98°C), H, 1 atm.

The comparison of the 1-octene isomerization by the Pd catalysts is shown in Supplementary
Fig. 7.



S.3 Assessment of the impact of mass transfer for myrcene hydrogenation

Mass transfer limitations have been evaluated using common chemical engineering approaches
regarding the limiting reagent H,. The physical properties of the different phases involved in the
reaction are listed in the following Supplementary Table 2. Gas and liquid properties are given
for 20 bar and 120 °C.

Supplementary Table 2: Physical properties of the different phases at 120 °C and 20 bar.

Phase Name Symbol Value Units
Viscosity? g 1.71x10+ Pa.s
Density oL 703 kg/m?
Liquid Surface tension? oL 1x102 N/m
H, diffusivity® D 1.99x10° m?/s
H, solubility® C*p 187 mol/m3,
Gas Viscosity? UG 1.07x10% Pa.s
Density Pg 1.22 kg/m?
Skeleton density* Ps 1900 kg/m3yereton
Pore volume? Vpore 2.5 mL/g
Dry particle density? Pp 600 kg/m?3 aicle
CNT support Wetted particle density Pp 1080 kg/m>amicte
Internal porosity® Bp 70% 1M036i0/M3 pariicle
Tortuosity® T ~1 -
Mean Particle (agglomerate) diameter* dp 1-2 um
Skeleton density Ps 3650 kg/m3yeieton
Dry particle density Pp 1460 kg/m?3 jaicte
Wetted particle density 1880 kg/m?,icte
¥-ALOs support Internal porosity gi 60% m%oid/n:-’pamcle
Tortuosity T I~ -
Mean Particle diameter dp 25 pum
Skeleton density® Ps 1900 kg/m®eteron
Dry particle density Pp 760 kg/m?3 saicte
. Wetted particle density P 1180 kg/m?3 saicle
Activated Carbon support Internal porosity Bi 60% /M
Tortuosity T =3 -
Mean Particle diameter dp 10 um

a) Estimated using correlations found in [2].

b) Thermodynamic calculations with PPR78 group contribution using PROSIM software for a flash equilibrium at constant P & T.
¢) Commonly taken equal to the graphite density.

d) See for example [3,4] for such typical orders of magnitudes.

e) Calculated from skeleton density and pore volume.

f)  See [5] for a discussion about mass transfer inside nanotubes bundles.

S.3.1. G-L external mass transfer

To evaluate the efficiency of the reactor set up to transfer hydrogen in the liquid phase, the mass
transfer coefficient (kpagr) of the reactor has been measured experimentally with a classical
physical absorption technique [6, 7] following the H, consumption in the regulated and
calibrated gas tank. Identical conditions to the experimental ones have been used but without any
catalyst (1200 rpm, 80mL of 1M myrcene solution in heptane, 120°C, constant Py, = 20 bar).
The H, consumption profile of the reserve allowed adjusting and recovering 2 parameters of the

system mass balance (eq. S1-S3): the mass transfer coefficient k191 and the final saturation
concentration of H, in the solution (solubility) Chz,

VT
dny(£) == dn'if3 () = dp"* (D) —
R Tres (S 1 )




dnby(t) _ dC k()

* L
kLaGLVR(CHZ - Cyz(t)) = Ta Vi dt (s2)
RT k;a
_ dpres(t) _ TESCI_;ZVL(l _ exp( _ L GLt))
Vres 33 (S3)

L
In these equations, A1) s the variation of the quantity of dissolved H, in the liquid phase

Res
between t; and t (mol); a2 (D s the corresponding variation of H, in the calibrated reserve
(mol); dp"*°(t) is the corresponding pressure variation in the reserve (Pa); Vies is the volume of
the reserve (m?) ; Tres is the temperature of the reserve (K) ; VL is the liquid volume inside the

reactor (m?) ; é. is the liquid fraction inside the reactor (m3;/m3) ; Chz is the solubility of H, in
the liquid mixture (mol/m?3); k1961 is the G-L mass transfer coefficient (s") with %GLthe specific
surface area for G-L mass transfer (m?gp/m>geacior)-

k196 and Crawere estimated as 0.2 s and 190 moly,/m?; respectively. The kg, appears typical

of well-equipped laboratory stirred tank reactor (for H,). The experimental solubility is in
agreement with the one calculated with the PPR78 thermodynamic model (187 mol/m?3).

max,GL |
Based on these mass transfer measurements, a theoretical maximum H, consumption, F™ (in

moly,/s) can be defined for each experiment (S4). This consumption can be linked to the

corresponding theoretical apparent reaction rate, T, app (S5), or to the corresponding theoretical
Site Time Yield, STY™ (S6), both in full G-L mass transfer regime:

,GL __ *
F™" = kag VeCy (S4)
,GL *
“maxGL _ " _ ki aGLVRChy
parp Vcata Vcata (S 5)
,GL *
GTymaxGL _ " _ k1a6.V RCh2
Mpq Npq
(S6)

Independently, following the instantaneous consumption curves of H,, experimental
instantaneous apparent reaction rates or STY can be determined at any reaction progress. These
latter can be compared to the corresponding theoretical ones to appreciate a fraction of external

GL
G-L mass transfer limitation, fex (S7), on the measurements and is analogous of the L-S external
mass transfer one because no reaction occurs inside the liquid, only on the catalyst surfaces.

GL _ STY _ rp,app
ex max,GL  _ max
STY v, app (S7)

The relationship between the instantaneous STY and the instantaneous apparent reaction rate "7,
(per volume of wetted catalyst) is recalled in (S8) :



_ STY X pp X wt.%p,
rp=

MPd (SS)

Supplementary Table 3 presents this determination for most of the catalysts of the study (those of
Figures 1 and 7) at three different reaction progresses: 0.5 moli/molyyreene, 2.0 MOl/MOlyyreene
and 2.5 moly,/molyyreene.

Supplementary Table 3: Appraisal of G-L mass transfer limitations.

Catalyst Npq STY™* STY0-5 fexC,;é.S E STYZ-O fexc,;é.o STY2-5 fexC,;é.S
(umol) | (moly,/s/molpg) | (moly,/s/molyg) ®) (-) | (moly,/s/molpy) ) (moly,/s/molpg) (-)
Pd/Al, O, 37.6 199 109 55% 1.0 10.2 5% 4.6 2%
Pd/C 36.5 205 168 82% 1.0 72 35% 26 13%
Pd/CNT
also named 38.3 195 144 74% 1.0 44 23% 22 11%
Pd, sane/CNT
Pd; 000 sane/CNT 1.9 3979 184 5% 1.0 1.4 0.04% N.A. N.A.
Pd,go samne/CNT 25.0 299 104 35% 1.0 10.4 3% 4.5 2%
Pdyy sanp/CNT 25.8 290 544 187% 1.9 104 19% 50 9%
Pdp sane/CNT 24.2 308 672 218% 2.2 272 40% 106 16%

First of all, it is noticeable that the STY"" reached different values depending on the different

amounts of Pd in each experiment. The f ex%.S, for most of the catalysts (except the
Pd 90 sawe/CNT catalyst which contains a very low amount of metal) is revealed to be high
indicating a strong G-L mass transfer impact on the STY s measurements and the impossibility
to discuss robustly these STY 5. This is indicated in the main text of the article. Interestingly, the
2 more active catalysts present a higher STY (s compared to the theoretical STY™*, This is a
phenomenon already observed and explained in stirred tank reactors with very active fine slurry
catalyst particles [8, 9]. The approach detailed in [8] is very close to an enhancement factor, E (-
), for mass transfer G-L reactive absorption already well established [10]. In the present work,
this situation is encountered. Thus, the first points at a reaction progress of 0.5 are used to
estimate an experimental E factor as shown in the 6 column of the table. The values are equal to

GL GL
1 when fex 05 <100% and equal to the value of fex,05 when >100%. The values obtained here for
the two more active catalysts are consistent with those reported in [8]. For the other reaction

max,GL . .
progress, accordingly to these measurements, the F w2 (and STY™X) takes into account this
factor accordingly to (S9):

GL _ *
F™"" = Ekyag VeCy, (S9)

For reaction progresses of 2.0 and 2.5 moly/molmyreene, the impact of G-L mass transfer on the
STY is drastically decreased as shown in the Table and a satisfactory comparison of the observed
STY can be drawn on a chemical basis. The Pdjgsa ne/CNT, which is the most active one, is the
only catalyst that may still present a possible partial G-L mass transfer hindrance of its intrinsic
performance. This partial leveling is a signature of its very high intrinsic activity and does not
change the conclusions made in this article. In a quantitative point of view, one can just expect
an increase of the observed differences between this catalyst and the other ones.

S.3.2. L-S external mass transfer




In G-L-S slurry reactors, L-S external mass transfer is often less limiting than the G-L one. To

LS
verify this common assumption, the classical external mass transfer fraction, fex (defined in S10)
has been used for reaction progresses of 0.5, 2.0 and 2.5 moly,/molyyreene-

ek STY Mp gk sCy

= s STYmax,LS —
ksCpp  STY™™% ppwt.Y%op L (S10)

LS _
fex_

L is the characteristic length of the catalyst (dp/6 for spherical particles) and ks is the L-S mass
transfer coefficient. It has been estimated using the correlation of Armenante & Kirwan [11]. The
different results are presented in Supplementary Table 4:

Supplementary Table 4: Appraisal of L-S external mass transfer limitations.

Catalyst STY™maxLs STY 5 f ex%f).s STY 30 f exl,“;.o - STY 5 f Exfi,s
(moly,/s/molpy) (moly,/s/molpg) “) (moly,/s/molpg) ) (moly,/s/molpg) -)
Pd/ALO, 137 109 79% 10.2 7.5% 4.6 3.4%
Pd/C 541 168 31% 72 13.3% 26 4.8%
Pd/CNT
also named 31486 144 0.5% 44 0.1% 22 0.07%
Pd, sunp/CNT
Pd;g00 sane/CNT 642 309 184 0.03% 1.4 0.0002% 0.7 0.0001%
Pdyg sane/CNT 48 294 104 0.2% 10.4 0.02% 4.5 0.01%
Pdy samp/CNT 46 884 544 1.2% 104 0.2% 50 0.1%
Pd; samp/CNT 49 791 672 1.4% 272 0.6% 106 0.2%

At a reaction progress of 0.5 molyy/molyyreene, only Pd/Al,O3; and Pd/C present a L-S mass
transfer limitation. All the CNT catalysts appear free of external L-S mass transfer limitation.

At reaction progress of 2.0 and 2.5 mol/mol, no L-S mass transfer limitation remains at all for all
the catalysts (except slightly for the Pd/C) and STY comparisons are consistent and chemically
robust.

S.3.3. Internal mass transfer

To evaluate a possible internal mass transfer limitation, the classical Weisz-Prater criterion ¢’
[12] has been evaluated. When the criterion is inferior to 1 a surface efficiency of 1 is stated.

1
When it is superior to 1, a surface efficiency is approximated as / ¢'The Supplementary Table 5
presents the results and equations (S11) to (S13), the formula used for .

72
oo
De fCHZ,su (Sll)
Bp
Derr=—Dmuz (512)
. 1
o >1lin,~— .
For ® andfor® <lina~1 (S13)




Supplementary Table 5: Appraisal of possible internal mass transfer limitations.

Catalyst Deff (m2/s) STY 30 (moly,/s/molpy) ?'(-) Msu () STY 5 (moly,/s/molpy) ¢ () Msu (=)
Pd/Al,O; 4.0x10-10 10.2 2.10 ~0.5 4.6 0.95 =1
Pd/C 4.0x10-1° 72 1.44 ~0.7 26 0.52 ~1

Pd/CNT
also named 1.4x10° 44 0.004 1 22 1
Pd; sane/CNT

Pd ;00 sane/CNT 1.4x10° 1.4 1x107 1 0.7 1
Pd,gp same/CNT 1.4x10° 10.4 6x10* 1 4.5 1
Pdyo sane/CNT 1.4x10° 104 6x10-3 1 50 1
Pd;p sane/CNT 1.4x10° 272 0.015 1 106 1

All the CNT catalysts at reaction progress 2.0 and 2.5 molyy/molmyreene are free of internal
limitations. This remains true for the reference Pd/Al,0O; and Pd/C at the reaction progress of 2.5
mol/molmyreene. For these catalysts, an intermediate regime with little mass transfer resistance
may be present at a reaction progress of 2.0 moly»/molyyreene because 1 < ¢'< 3. This is due to the
bigger size of the catalyst particles.

S.3.4. Global conclusion on mass transfer limitations

Due to the high reactivity of the terminal alkene and the conjugated double bond of myrcene, the
first hydrogenation is very fast and the overall hydrogenation of this study is subject to external
mass transfer limitations (either G-L, L-S or both) at low reaction progress (typically < 1.0
mol»/MOlyreene). For the usual reference hydrogenation catalysts (Pd/Al,O3 and Pd/C), at higher
reaction progress, (2 or 2.5 molyy/molyyrcenc), most of the experimental instantaneous STY
measurements are free of external or internal limitations. Only the most active catalysts
(Pd4o sane/CNT and Pd;o sane/CNT) can be subject to a little G-L limitation that may hinder
slightly their true performance.

Regarding internal mass transfer limitations, only Pd/Al,O3; and Pd/C may be subject to a little
hindrance of their true kinetics at a reaction progress of 2.0 moly,/molyyreene. This latter tends to
disappear at a reaction progress of 2.5 moly>/molmyreene-

Overall, comparison of instantaneous STY of this study is allowed and consistent for reaction

progresses higher than 2.0. The conclusions drawn in this paper can be linked with chemical
phenomena.
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Fig. S1. STEM-HAADF and TEM micrographs, and histograms of Pdyp sizes of: a fresh
Pd/Al,O;; b Pd/ALLO; after B-myrcene hydrogenation; ¢ fresh Pd/C; d Pd/C after B-myrcene
hydrogenation; e fresh Pd/CNT; and f Pd/CNT after f-myrcene hydrogenation. Scale bar = 50

nm.
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Fig. S2. Photo of the metallic foam coated in the tubular reactor for catalyst stability study under
continuous reactor operation.

12



T 319
8
£
o]
£
=
=
Qo 24
£
12}
7}
(W)
P
[®)]
2
Q 4] — Pd/IC
5 —— Pd/CNT
3 —— Pd/ALLQ,
[ e
o}
r
0 1 1 T 1
0 5 10 15 20
i *
Time.cat* (s.mmoly, ¢\ tace)
@ 100+
©
Ew 10 4
I
S
£
>
5 — PdiC
14  —— PA/CNT (Pdy/Pd,p = 2)
—— Pd/ALO,
T 1 1 T 1 1
0.0 05 1.0 1.5 20 25 3.0

Reaction progress (molx./molmyrcene)

Fig. S3. Catalytic results on Pd/Al,O3, Pd/C and Pd, sune/CNT as a function of surface Pd. B-
myrcene hydrogenation reaction. The reaction was carried out over supported Pd catalysts. Py, =
20 bar - T = 120°C - myrcene 1 M (80 mL) - solvent heptane - 200 mg cat. a Reaction progress
as a function of time.cat*. b STY* as a function of reaction progress.

13



Fig. S4. STEM-HAADF images of a and b Pd/FLG (FLG = few layer graphene); and ¢ and d
Pd/CNF (CNF = carbon nanofibers), showing the coexistence of Pdsa and Pdyp.
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Fig. S8. Isosurface plot of the electronic density differences (Ap = Ppd-sac = Ppa~P SAC) for
negative (in cyan) and positive (in yellow) isovalue of 0.002 e/A. The charge transfer from Pd
SA 4d orbitals to the defective (single vacancy in graphene) support is estimated to be 0.37 e".

18



1.0+

O
0.8
—_~
-
© 1-octene isomers of octene
£06+ Pdg,/CNT o) °
S Pd/Al,0, A A
.(‘%
‘E 0.4 4 Pd, sanp/CNT O [
[0
(6]
[
o
(&
0.2
o
0.0 4 . , . , : : : :
0 20 40 60 80

Time (min)

Fig. S9. Evolution of the composition of the solution during 1-octene H,-assisted isomerization
as the function of time and catalysts Pdsa/CNT, Pd/AL,O; and Pd, sane/CNT. Reaction
conditions: 1-octene (1M ) in heptane, Pd 0.4 mg (60 ppm), reflux (98 °C), H, 1 atm. In the case
of the CNT catalyst no measurable activity was noticed.

19



Pd, sane/CNT

Pd 2_SA/NP/ CNTyy

Pdypsize=2.2+1.1nm Pdy,size=2.4+1.2 nm
35 35
5\5-30 . 5\5'30 T
= O5 <25 -
o S
g 20 - g 20
3 151 g 15 1
Q 10 - g 10
S L)
Ww 5 w 5
0 - : - o+, _ ;
05 1.0 1.5 20 25 30 35 40 45 5.0 05 1.0 1.5 2.0 25 3.0 35 40 45 5.0
Pd,; size (nm) Pdy; size (nm)
30 - 30
25 -+ 25 -
o X
S 20 S 20
E 15 4 g 15 -
o
g 10 - < 107
5 - 5
0 - y u 3 0 - ; :
SA 05 1.0 1.5 2.0 25 3.0 3.5 4.0 45 50 SA 05 1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0

Pdyp size (nm) Pdy, size (nm)

Fig. S10. STEM-HAADF micrographs of Pd, sane/CNT and Pd, sane/CNTyr catalysts and
related particle size distribution based on total particles and on total atoms.

20



H-shuttle (spillover)
3 /

g..% No H-shuttle (no spillover)
51 1.9%Pd/FLG
1.7%Pd/FLG;;
0 . | | |
0 10 20 30 40

Time.cat (s.mmolp,)

/ H-shuttle (spillover)
3 -

No H-shuttle (no spillover)

- 1.7%Pd/CNF
1.0%Pd/CNF,

O T T T 1
0 20 40 60 80
Time.cat (s.mmolp,)

Reaction progress
( rr'|0|H 2/m°|mwecene)

Fig. S11. f-Myrcene hydrogenation reactions carried out over Pd/FLG, Pd/FLGyt, Pd/CNF and
Pd/CNFyr catalysts. Py, = 20 bar - T = 120°C - f~myrcene 1 M (80 mL) — solvent heptane - 200
mg cat.
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Fig. S12. TEM micrographs and particle size distribution of 1.9%Pd/FLG, 1.7%Pd/FLGyr,
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Fig. S14. Correlation between the ratio Pd%/Pd®" determined by XPS and the fraction of SA in

the same samples determined from STEM.
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