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Ru/CNF catalysts of di�erent Ru nanoparticle (NP) sizes (0.9-2.7 nm) were assessed for their performance in continuous supercritical

water gasi�cation (SCWG) of glycerol. A structure sensitivity of Ru was demonstrated, with high initial turnover frequencies (TOF)

for Ru NPs smaller than 1.2 nm. Deactivation happens essentially through: 1) coking, which occurs more readily at low Ru surface

densities and is limited to nanometric layers, and 2) sintering, which led to �nal NP sizes ranging from 2 to 3 nm independent of the

catalyst loading (1 to 30 wt% Ru). A correlation between TOF and the density of surface Ru atoms was found, with an optimal surface

density (0.4-0.7 atomRu,sfc nm-2) resulting in high initial and good steady-state TOFs, allowing longer lifetimes through the delay of

coke formation. CNF as a support enables high metal loadings with optimal performance, which could help in decreasing the volume of

high-pressure vessels and hence the cost of SCWG plants, making this technology even more attractive.

Keywords: Supercritical water gasi�cation, Ruthenium nanoparticles, Methanation, Particle size e�ect, Catalyst stability

1 Introduction

Supercritical water gasification (SCWG) has drawn considerable
attention in recent years as a clean and renewable synthetic nat-
ural gas (bio-SNG) production technology. As water acts as the
solvent and reactant in these conditions, no drying step is re-
quired to convert biomass feeds of high moisture content, leading
to higher gas production efficiencies (≈ 70 %) compared to con-
ventional conversion technologies.1 Combustible gases (CH4 and
H2) can easily be produced from the catalytic conversion of wet
biomass at moderate SCWG temperatures (375-450 °C) at which
CH4 formation is favoured. For this however, an active gasifica-
tion and methanation catalyst is required.2–7 A lot of work has
been performed on SCWG catalysts in order to guarantee high
activity and long lifetimes,6,8,9 as well as to understand the main
deactivation mechanisms, namely leaching,10–13 sintering,14,15

poisoning15–18 and coking.15,19,20

Many studies already showed the superiority of ruthenium-
based catalysts for SCWG, be it in terms of gasifica-
tion/methanation activity or in terms of stability towards leach-
ing and sintering.8,10,16,21,22 However, Ru is known to exhibit
structure sensitivity in several catalytic reactions such as Fischer-
Tropsch synthesis,23,24 ammonia synthesis25,26 and ammonia de-
composition27,28. This is also the case for the methanation re-
action, where size sensitivity was observed for Ru/TiO2,29,30
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Ru/C31 and single crystals.32 The reason for this size sensitivity
is thought to arise from B5 sites, introduced by van Hardeveld
and van Montfoort,33 which are a combination of five under-
coordinated "step-edge" atoms creating a three-dimensional ad-
sorption site for reactive species (i.e. CO or N2). For the metha-
nation reaction, CO dissociation seems to be the rate-limiting step
and occurs preferentially at under-coordinated sites, as shown
over a Ni surface.34 On Ru, ab initio studies at 400 °C reported
lower free energy barriers during CO methanation at stepped Ru
surfaces through multiple hydrogen transfer steps leading to an
easier C-O bond cleavage and the subsequent formation of H2C·

and water.35 The computational study of Shetty et al.36 showed a
lower CO dissociation energy barrier at "hollow" Ru sites (allow-
ing high coordination of CO) than on stepped surfaces, indicat-
ing that specific sites (such as B5 sites) are highly active for CO
activation. These very active sites have high probabilities of be-
ing found at defined Ru nanoparticle (NP) diameters, as they are
purely geometrical features. Based on the work of van Hardeveld
and van Montfoort,33 Jacobsen et al.25 showed that there was a
high concentration of B5 sites on Ru NPs of 1-3 nm in diameter.
They suggested that the increase in ammonia synthesis activity
was due to the disappearance of the smallest NPs (< 1 nm) due
to sintering, which led to larger crystals containing more B5 sites.
Indeed, Ru NPs smaller than 0.8 nm exhibit very few B5 sites, as
there are not enough atoms available to form these special ensem-
bles. Czekaj et al.37 performed DFT calculations of Ru clusters of
different size supported on graphitic carbon layers. They showed
that Ru clusters only stabilised in given geometries on graphite,
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and that 1.5 nm Ru NPs contained more B5 sites (i.e. 12) than 1.0
nm Ru NPs (i.e. 6), which is in line with the high activity observed
with Ru/C catalysts composed of small Ru NPs (1.2-1.4 nm).17

Most fundamental studies on Ru-based SCWG catalysts were
performed with activated carbon (AC) as support, as it possesses
high specific surface area and exhibits a good mechanical stability
in supercritical water (SCW). Unfortunately, using AC as catalyst
support is far from optimal for several reasons. On the one hand,
the high surface area of AC mainly arises from micropores, which
are often too small (<1 nm) to welcome Ru NPs, and are prone
to rapid surface area losses and pore blockage by coke deposits,
eventually leading to mass transfer limitation and catalyst deacti-
vation.15,38,39 On the other hand, the heterogeneity, density and
intrinsic activity of AC make it difficult to precisely evaluate the
different deactivation mechanisms, e.g. coking or sintering.

De Vlieger et al. showed that carbon nanofibers (CNF) could
be used in continuous SCWG, highlighting the good stability of
unsupported and supported CNF.19 They followed up with an-
other study using Ru/CNF for aqueous-phase reforming of acetic
acid, proving the good gasification activity and deactivation re-
sistance of this material in SCW.40 CNF were also shown to be
an ideal support for particle size effect studies due to their high
pore volume, mostly open porosity (micropore free), high spe-
cific surface area, as well as their purity and inertness.41 Further-
more, the CNF structure makes it an ideal support for the analysis
of supported metal NPs, particularly in transmission electron mi-
croscopy (TEM).42

The geometry of a particle is known to greatly depend on the
atmosphere it is exposed to, even at low partial pressures.43

Hence, the effect of particle size on Ru activity in SCWG may
therefore greatly differ from theory. Despite a few preliminary
studies,44,45 to the best of our knowledge, the effect of the Ru NP
size on the gasification activity has never been thoroughly stud-
ied in SCWG conditions. In this paper, we elucidated the particle
size effect in a model SCWG system, using Ru/CNF catalysts of
different Ru NP sizes to gasify aqueous glycerol solutions to CH4.

2 Experimental

2.1 Materials and methods

Commercial carbon nanofibers (CNF, NC7000, Nanocyl) were
used as catalyst support. They were first sieved to 0.50-0.80 mm,
then purified in 1 M KOH (2 h, reflux), washed in deionised water
(DI H2O) until the filtrate was neutral, dried overnight (110°C in
air) and sieved again to the fraction of interest (0.50-0.80 mm).
The purified support was then impregnated with RuNO(NO3)3
(31.3 % Ru, Alfa Aesar) or RuCl3 · xH2O (38 % Ru, Alfa Aesar)
dissolved in DI H2O with the incipient wetness method (IWI).
The solution concentration was adapted to reach the desired cat-
alyst loading (xRu) based on the support pore volume (Vp = 3.6
cm3 g-1), determined by addition of water to mimic the synthe-
sis method. The impregnated CNF were dried at 110 °C (air, 15
h) before being reduced in a quartz reactor (i.d. = 45 mm, L =
600 mm, with a fritted disc in the middle) for 4 h at 300 °C (5
°C min-1) in H2/N2 (5:95 vol/vol, 150 mL min-1). After, the reac-
tor was cooled down to room temperature and the catalysts were

passivated by letting air diffuse through the quartz reactor. This
procedure allowed the formation of a RuO2 oxide layer at the
surface of Ru(0) particles in a controlled and reproducible way,
which will be readily reduced back under reactive conditions17.
The Ru/CNF catalysts were eventually sieved again to 0.50-0.80
mm before being loaded in the catalytic reactor. At this stage, the
catalysts were referred to as "fresh". High-purity glycerol (≤ 99.7
%, Carl Roth GmbH & Co. KG) was diluted in DI H2O to reach
glycerol concentrations ranging from 6 wt% to 20 wt% and was
used as biomass model feed for the SCWG experiments.

2.2 Continuous SCWG setup

The catalytic performance was investigated on a SCWG setup
used in a previous study10 (Konti-I, P&ID shown in Fig. S1).
A high-pressure pump (Knauer 80P) fed the aqueous glycerol
(6–20 wt%) into the system at 28.5 MPa. A series of three heaters
was used to bring the feed up to 405–410 °C at the beginning
of the catalyst bed. A 316L stainless steel tube (SITEC-Sieber
Engineering AG) was used as fixed-bed plug-flow reactor (L =
460 mm, i.d. = 8 mm, o.d. = 14.3 mm), the flow configuration
was top to bottom. The Ru/CNF catalyst bed was situated in the
middle of the reactor (260 mm from reactor entry), held in place
by three sizes of stainless steel wire mesh — 0.08, 0.25 and 0.50
mm placed on top of a hollow stainless steel rod. The rest of the
catalyst bed was filled with α−Al2O3 beads (0.8 mm diameter,
0.03 cm3 g-1 porosity, Alfa Aesar), which was used as inert filling
material. A heat exchanger was located at the exit of the catalytic
reactor to cool down the effluent. A back pressure regulator
(BPR, Tescom), protected by a 15 µm frit, maintained the system
at the desired pressure (28.5 MPa). After the BPR, the effluent
entered a phase separator from where the liquid and gas phases
exited the setup. The latter was cooled through a Peltier element
(1–4 °C) to remove the water before being analysed online with a
µGC (Inficon). An automated sampler located between the BPR
and the phase separator was used to collect the liquid effluent at
defined times on stream (TOS). Samples (2 min sampling time,
10–15 mL) were taken every 30 min to monitor the carbon and
ruthenium concentrations. A target WHSVgRu of 4000 gorg gRu

-1

h-1 was selected to ensure a final carbon conversion below 50 %
and thus monitor the catalyst activity (i.e. turnover frequency,
TOF) in the kinetic regime.

The absence of internal mass transfer limitation was verified
through the Weisz-Prater criterion46, which was in an acceptable
range (0.03 ≪ 0.3) for all catalytic tests performed in this study.

2.3 Analytics

The gas produced from the catalytic experiments was analysed
online with a µGC 3000 series (Inficon) having two different
columns (Molsieve, 10 m x 320 µm x 30 µm and PLOTQ, 8 m
x 320 µm x 10 µm) with TCD detectors. The former analysed
H2, O2, N2, CO, and CH4 in He as carrier gas at 120 °C, 25 psi.
The latter analysed CO2 and C2,3 in Ar as carrier gas at 70 °C, 20
psi. The carbon content of the unfiltered liquid effluent was anal-
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ysed on a Dimatoc2000 (DIMATEC) total (TC), total inorganic
(TIC) and total organic (TOC) carbon analyser. The instrument
determined the TC by oxidising the carbon into CO2 at 850 °C
in a quartz reactor containing a Pt/SiO2 catalyst. The TIC was
determined by converting the carbonates to CO2 at 160 °C with
addition of H3PO4 (42.5 %) in a quartz reactor filled with porous
silica gel beads. The TOC was eventually determined by subtrac-
tion (TOC = TC – TIC).

The carbon gasification efficiency GEC was determined by
Equation 1

GEC (%) =
ṅC,gas

ṅC, f eed
·100 % (1)

by knowing the flow of carbon in the produced gas (ṅC,gas) and
the amount of carbon entering the system (ṅC, f eed) per unit of
time.

The carbon conversion (XC) was calculated with Equation 2

XC (%) =
TOC f eed −TOCout

TOC f eed
·100 % (2)

where TOC f eed and TOCout are the amounts of organic carbon
present in the feed and the process waters, respectively.

The specific surface area (SSA) and the pore volume (Vp) were
measured by N2 physisorption (77 K) on an Autosorb-1 (Quan-
tachrome). The samples were outgassed in dynamic vacuum
(10-6 bar) for a minimum of 3 h at 300 °C. The SSA was calcu-
lated according to the Brunauer-Emmett-Teller (BET) model, the
total pore volume was determined at a relative pressure p p0

-1 ≥
0.99.

After synthesis, the catalyst loading was verified by calci-
nation in static air (900 °C, 10 °C min-1, 12 h) in a muffle
oven (Nabertherm). The ash content of the support was then
subtracted and the residual ash content was corrected, as
the ruthenium was completely oxidised (RuO2). The loading
determination through calcination was in good agreement with
the calculated loading from the impregnation step (error ≤ 10
%), validating this characterisation method.

The Ru dispersion (DTEM) was determined from TEM micro-
graphs acquired with a JEOL JEM 2010 microscope operated
at 200 keV and equipped with a LaB6 cathode. Images were
recorded by a slow scan CCD camera (4008×2672 pixels, Orius
Gatan Inc.). High-resolution TEM images were acquired on
a probe-corrected JEOL JEM-ARM200F (NeoARM) microscope
equipped with a cold-field emission gun operated at 200 keV and
a Gatan OneView camera. The instrument could be operated in
TEM or STEM modes. Samples were prepared on lacey carbon
grids (Ted Pella Inc.) using ethanol to disperse the ground cat-
alyst. For each catalyst sample, a thorough qualitative analysis
was performed and representative micrographs were carefully se-
lected to perform a particle size distribution (PSD). The minimum
sample size for each analysed catalyst was 160 particles, except
for the fresh 30%Ru/CNF and both spent 1%Ru/CNF catalysts
(sample size ≈ 100). The histogram bin size for the PSD was
selected by following the guidelines of Alxneit47 to ensure a sta-
tistical representation of the measured particle size. The Ru NP

diameters were corrected for the formation of the oxide passiva-
tion layer in contact with air, which was reported to reach 0.6
nm.48 For Ru NPs smaller than 1.2 nm, the size was corrected by
the ratio of the Ru(0) and RuO2 bulk densities, as performed in
other studies49,50. The dispersion was then calculated according
to Equation 3,

DT EM (%) =
∑i Rus f c,i

∑i Rutot,i
·100 % (3)

where Rusfc,i and Rutot,i are the amount of surface and bulk Ru
atoms in the ith NP, calculated from the geometrical equations
published by van Hardeveld and Hartog51, linking the particle
diameter to the number of atoms for a truncated bipyramid (see
Fig. S2 and Table S1). The detailed calculation steps can be found
in the supporting information (SI). The reported Ru NP diame-
ters refer to the main mode obtained from the PSDs (Figs. S3-S6).

The turnover frequency (TOF) was used to compare the activity
of the different catalysts and was calculated with Equation 4,

TOF
(

molC
molRu,s f c ·min

)
=

ṅC, f ed ·XC

nRu ·DT EM
(4)

where ṅC, f ed is the mole flow rate of carbon into the system,
nRu is the moles of Ru in the catalyst bed and DT EM is the
Ru dispersion. Thus, nRu,s f c = nRu · DT EM . The initial activity
(TOF30min) was calculated with the fresh catalyst dispersion,
while the steady-state activity (TOF∞) was calculated with the
dispersion of the spent catalyst.

The reaction rate (r) was used to evaluate the impact of disper-
sion loss on the activity of the catalyst and was calculated with
Equation 5.

r
(

molC
molRu,tot ·min

)
=

ṅC, f ed ·XC

nRu
(5)

Thermogravimetric analyses (TGA, Mettler Toledo TGA/SDTA
851e) were performed on the CNF support as well as on selected
catalyst samples (fresh and spent). Approximately 10 mg of
sample were loaded in an Al2O3 crucible. The samples were first
heated up to 110 °C in air (5 °C min-1, 30 min hold) to get rid of
the moisture. The temperature was then increased to 900 °C (5
°C min-1). Analyses were performed with air as reactive gas (10
mL min-1) and Ar (10 mL min-1) as protective gas.

The Ru concentration in process waters was analysed using
an Agilent 7700x ICP-MS with the following parameters: RF
power 1350 W, sampling depth 10 mm, carrier gas (Ar) flow
rate 0.93 L min-1. Each sample was acidified to 1 % HNO3 using
TraceSELECTTM nitric acid before analysis. Two isotopes (99Ru
and 101Ru) were monitored at an integration time of 0.20 s in
transient analysis mode. External calibration with commercial
standards from Inorganic Ventures (ICP Precious Metals Std) was
done using five standard points with concentrations of 0, 0.01,
0.1, 1, and 10 µg L-1.
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3 Results and discussion

3.1 Catalyst characterisation

The main support and catalyst properties are summarised in Table
1. When comparing the as-received support (CNF_AR) and the
purified one (CNF), one can see that treatment in KOH did not al-
ter the support properties, as the SSA and pore volume remained
similar. The catalyst synthesis did not affect the SSA too much ei-
ther, with values ranging from 297 ± 14 m2g-1 (1%Ru/CNF_2) to
226 m2g-1 (30%Ru/CNF). However, the pore volume decreased
linearly with increasing Ru loading. The decrease in SSA with in-
creasing metal loading was explained by the increase in material
density (Fig. S7, right). However, the decrease in pore volume
was not fully explained by the density (Fig. S7, left). The volume
occupied by the Ru NPs is the most likely explanation for the pore
volume decrease, as the 30%Ru/CNF catalyst exhibited the most
pronounced loss in Vp.

By preparing the catalysts by incipient wetness impregnation,
the following hypothesis can be made: 1) 100 % of the support
pore volume was filled by the Ru precursor solution, 2) the so-
lution was distributed homogeneously throughout the pore vol-
ume. Hence, the presence of Ru salts inside the CNF are expected
to remain there upon thermal treatment, as observed with other
metallic salts in SBA-15.52,53 Statistically, 12 ± 7 % of Ru should
be located on the inside of the fibres used in this work. This is
line with results from Winter et al., who proved that Co and Pd
NPs were located inside carbon nanotubes (up to 15 and 34 %,
respectively) after synthesis.54

The catalyst synthesis method applied in this work yielded very
small Ru NPs, with DTEM reaching 67-71 % for the 1%Ru/CNF
and 5%Ru/CNF catalysts (dp = 0.9-1.1 nm, Fig. 1). Another
5%Ru/CNF catalyst not shown in this work, synthesised with
the same technique, yielded Ru NPs of the same size (dp =
1.0 nm, DTEM = 69 %). These figures also highlight the high
reproducibility of the synthesis method. The use of a chloride
salt instead of nitrosyl nitrate led to a slightly higher dispersion.

Table 1 Support and catalyst characteristics after impregnation

Materiala SSA Vp xRu DTEM
(m2 g-1) (cm3 g-1) (%) (%)

CNF_ARb 288 3.9 – –
CNF 311 (19) 3.3 (0.3) – –
1%Ru/CNF_1 286 2.3 1.4 (0.3) 67
1%Ru/CNF_2 297 (14) 2.4 (0.1) 1.1 (0.3) 71
5%Ru/CNF_1 263 (16) 2.0 (0.1) 4.6 (0.3) 67
5%Ru/CNF_Clc 297 2.2 5.1 (0.3) 69
10%Ru/CNF 283 1.8 10.4 (0.3) 59
15%Ru/CNF 287 (11) 1.8 (0.1) 16.0 (0.3) 47
20%Ru/CNF 268 1.6 20.6 (0.8) 51
30%Ru/CNF 226 1.1 32.3 (0.5) 35

a Catalysts synthesised from RuNO(NO3)3 unless stated otherwise.
b As-received material.
c Synthesised from RuCl3 ·xH2O.

Standard deviations (n = 3) of selected catalysts are given in parentheses.

Very small Ru NPs (≤ 1.1 nm, DTEM ≥ 67 %) were achieved
with catalyst loadings up to 5 %, while higher Ru contents led to
a decrease in DTEM, from 59 % for 10%Ru/CNF down to 35 % for

Fig. 1 High-resolution TEM micrographs of the fresh 1%Ru/CNF_2
(left, magni�cation: 250k) and 5%Ru/CNF_1 (right, magni�cation:
600k) catalysts. The small Ru NPs appear as darker spots.

30%Ru/CNF. However, even the high loading of the latter catalyst
yielded a main Ru NP diameter mode at 2.0 nm, which remains
relatively small. The evolution of dp and DTEM as function of Ru
loading is shown in Fig. 2 for the fresh catalysts. These results
show that small Ru NPs, i.e. high metal dispersion, can easily
be achieved on CNF with a facile synthesis method, even at high
loadings.
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Fig. 2 Ru NP diameter mode (dp,Ru, blue squares) and catalyst disper-
sion (DTEM, red circles) as a function of Ru loading for all synthesised
catalysts.

3.2 SCWG of glycerol over Ru/CNF catalysts
In Fig. 3, an example of a catalytic SCWG experiment is shown
with the 10%Ru/CNF catalyst (see Figs. S8-S14 for all other
experiments). The carbon gasification efficiency (GEC) and
conversion (XC) overlapped, indicating that all the converted
carbon ended up in the gas phase (the discrepancy observed for
the first GEC data point is explained by the significant variation
in gas flow at the start of an experiment). 10%Ru/CNF exhibited
a high initial activity, before stabilising towards 30–35 % conver-
sion. Because steady state was not reached for all catalysts, an
extrapolation was performed in order to have a more accurate
estimation of the steady-state values for XC and TOF and ensure
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a better comparison between the different catalysts. Both
parameters were hence fitted with an exponential decay function
(optimised through a Levenberg-Marquardt iteration algorithm).
An example is shown for the 10%Ru/CNF catalyst in Fig. S15.
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Fig. 3 SCWG of glycerol (20 wt%) over 10%Ru/CNF. The gas compo-
sition is shown in the top graph, the carbon gasi�cation e�ciency (GEC,
stars) and conversion (XC, triangles) are shown in the bottom graph
together with the produced gas �ow (blue circles). Conditions: p =
28.5 MPa, T = 405 °C, WHSVgRu = 4047 gorg gRu

-1 h-1.

The carbon conversion was reported for all experiments (see
Fig. S16), where two distinct trends were observed. The
catalysts exhibiting a lower activity (15%Ru/CNF, 20%Ru/CNF,
30%Ru/CNF) had initial conversions in the range 50-65 %, sta-
bilising towards ≈ 20 % at steady state. On the contrary, catalysts
of lower loadings and smaller Ru NP diameters (1%Ru/CNF_2,
5%Ru/CNF_Cl, 5%Ru/CNF_1, 10%Ru/CNF) showed initial con-
versions higher than 65 %, stabilising at steady-state values
around 40-50 %. Both 1%Ru/CNF catalysts exhibited high initial
conversions, but were prone to drastic deactivation. At the eval-
uated conditions, full conversion was initially achieved for the
5%Ru/CNF_Cl and 1%Ru/CNF_1 catalysts, preventing accurate
estimations of an initial TOF.

To understand the implications of the different deactivation
mechanisms, the effects of leaching, sintering and coking were
assessed for this set of experiments.

We showed in a previous work that Ru leaching was negligible
from activated carbon supports, with concentrations in the range
0.01-0.2 µg L-1, being close to thermodynamic models.10 Ru NPs
may exhibit a decreased metal-support interaction on CNF, as this
support is known to be more inert than activated carbon due to its
well-defined structure.55,56. To investigate the effect of Ru loss,
time-resolved ICP-MS was used to quantify the Ru loss from the
Ru/CNF catalysts. The acquired data (Fig. S17 & S18) shows that
the final Ru concentrations in the process waters were in the same
range as for Ru/AC. Most catalysts exhibited a similar Ru loss
trend i.e. higher amounts at the start before stabilising towards
0.06-0.12 µg L-1. The measured concentrations showed that the

Fig. 4 TOF overview after SCWG of glycerol (6-20 wt%) over di�erent
Ru/CNF catalysts. The top graph shows Ru/CNF (5-30 %) catalysts
treated at WHSVgRu ≈ 4000 gorg gRu

-1 h-1. The bottom graph shows
the 1%Ru/CNF_1 and 1%Ru/CNF_2 catalysts treated at WHSVgRu

of 3000 and 9000 gorg gRu
-1 h-1, respectively. The shown TOFs were

calculated with the fresh catalyst dispersion. Conditions: p = 28.5 MPa,
T = 400-408 °C. Data marked with two asterisks are left aside because
XC ≈ 100 %. The points marked with one asterisk are slightly above the
limit of XC = 60 %.

higher inertness of the support (compared to activated carbon)
did not alter the metal-support interaction. Hence, leaching is
thought to have a negligible effect on catalyst deactivation.

In the case of the 1%Ru/CNF_1 catalyst, it is interesting to
note that the Ru concentration in the process waters suddenly
increased (8-fold) after 3 h TOS, which coincided with the rapid
decrease in XC (Fig. S19). The reason for this Ru loss behaviour
remains unclear. Changes in solvent properties around the Ru
NPs could be the reason for this increase, as the density and the
chemical composition of the medium rapidly changed due to
the rapid loss in XC. With a rapid change in XC from 100 to 10
%, the gaseous products were replaced mainly by glycerol and
its degradation products. However, more experimental data is
required to further conclude on the effect of rapid activity loss on
the Ru loss increase.

As Ru leaching was shown to be negligible, the effect of sin-
tering and coking were investigated together due to the impos-
sibility of disentangling both effects in SCWG conditions. To do
so, the SCWG activity (TOF) of the different Ru/CNF catalysts
was compared in Fig. 4, where the top graph regroups the ex-
periments performed at WHSVgRu ≈ 4000 gorg gRu

-1 h-1 and the
bottom graph shows the 1%Ru/CNF catalysts tested at different
WHSVgRu (3000 and 9000 gorg gRu

-1 h-1). In the top graph of Fig.
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Table 2 Catalyst characteristics before and after catalytic testing

Catalyst fresh spent
SSA (m2 g-1) Vp (cm3 g-1) DTEM (%) dp,TEM

a (nm) SSA (m2 g-1) Vp (cm3 g-1) DTEM (%) dp,TEM
a (nm)

1%Ru/CNF_1 286 2.3 67 1.1 285 (12) 2.8 (0.1) 51 1.6
1%Ru/CNF_2 297 (14) 2.4 (0.1) 71 1.0 273 2.7 49 1.9
5%Ru/CNF_1 263 (16) 2.0 (0.1) 67 1.1 274 2.3 40 2.2
5%Ru/CNF_Cl 297 2.2 69 0.9 271 2.4 42 2.1
10%Ru/CNF 283 1.8 59 1.4 252 1.9 37 2.3
15%Ru/CNF 287 (11) 1.8 (0.1) 47 1.8 265 2.0 42 2.0
20%Ru/CNF 268 1.6 51 1.5 250 1.8 43 2.2
30%Ru/CNF 226 1.1 35 2.0 224 1.4 30 2.7

a The main mode is reported from the PSD (see Figs. S3-S6).
Standard deviations (n = 3) of selected catalysts are given in parentheses.

4, all catalysts showed a similar trend in TOF throughout the ex-
periments. The highest activity was recorded for 5%Ru/CNF_Cl,
which also exhibited a very high dispersion (69 %). Note how-
ever that this catalyst reached high initial conversions, close to
the thermodynamic value, explaining the plateau observed ini-
tially. The other 5%Ru/CNF_1 catalyst was less active at the be-
ginning of the experiment, but eventually stabilised at a steady-
state TOF (TOF∞) in the same range as the former catalyst (TOF∞

= 55 and 47 min-1, respectively). The activity of 10%Ru/CNF
was slightly lower than both 5%Ru/CNF catalysts, but still sig-
nificantly higher than the higher-loading catalysts. For the 15%,
20% and 30%Ru/CNF catalysts, the loss in activity was more pro-
nounced and their TOF∞ were consequently lower (26-28 min-1).
Looking at the 1%Ru/CNF catalysts (Fig. 4, bottom), the ini-
tial activity was much higher for 1%Ru/CNF_2 than for the other
catalysts and reached TOF = 152 min-1 at XC = 64 %), while
5%Ru/CNF_Cl was limited at 105 min-1 because to the high con-
version (XC ≈ 100 %). Due to the relatively high initial conver-
sion, the initial TOF of the 1%Ru/CNF_2 experiment might be
underestimated. However, the TOF loss was very rapid in both
1%Ru/CNF experiments, leading to low final TOF values overlap-
ping after TOS = 4 h and stabilising at 11 min-1. The complete
data set discussed here can be found in Table S2.

In Fig. 5, the initial TOF taken at 30 min TOS (TOF30min), is
presented as a function of catalyst dispersion. Note that the ini-
tial conversions of the 5%Ru/CNF_1 and 10%Ru/CNF catalysts
being above 60 % (70 and 76 %, respectively), the TOF30min may
be slightly underestimated (marked with an asterisk in Fig. 5).
For catalyst dispersions between 35 and 60 %, the TOF30min re-
mained relatively stable in the range 80-100 min-1. However,
very small Ru NPs (DTEM > 65 %) presented a higher initial TOF
than larger ones. This clearly evidences a particle size effect in
SCWG over Ru-based catalysts and highlights the benefit of work-
ing with small Ru NPs around 1.0 nm. After the experiments,
the spent catalysts were analysed by TEM and N2 physisorption
and the results were reported in Table 2. All catalysts suffered
from dispersion loss, but to different extents as it can be observed
in Fig. 6. Globally, the catalysts exhibiting the most significant
dispersion losses were those with the highest initial values. The
Ru NP size of all spent catalysts stabilised towards 2-3 nm, inde-
pendent of the initial dispersion and loading. These results could
suggest a thermodynamically-stable Ru NP size, as reported by
Parker and Campbell57 for gold NPs supported on TiO2. The pore
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Fig. 5 Evolution of TOF30min (initial TOF taken at TOS = 30 min)
and TOF∞ as a function of catalyst dispersion. The asterisks indicate
catalysts 5%Ru/CNF_1 and 10%Ru/CNF, whose high XC (70 and 77
%, respectively) may result in an underestimation of TOF30min.

volume generally increased by 5-10 %, whereas the surface area
decreased by 10-20 %. Overall however, all catalysts exhibited
excellent stability, which demonstrates the compatibility of the
Ru/CNF catalytic system with supercritical water conditions.

The TOF∞ of all catalysts are presented in Fig. 5. As described
previously, the dispersion of all tested catalyst decreased to val-
ues ranging from 30 to 50 % after the gasification experiments.
In contrast with the initial TOF values, TOF∞ were in disarray
with values varying by a 2-to-3-fold factor for catalyst with fi-
nal dispersions around 40-45 %. Interestingly, the three high-
loading catalysts (15, 20, 30 %) showed similar TOF∞ around 32
min-1, both 5 % and the 10 % catalysts around 60-80 min-1, while
both 1%Ru/CNF catalysts exhibited very low TOF∞ values (≈ 15
min-1). These results suggest that the catalyst dispersion alone is
not the only parameter influencing the steady-state catalyst activ-
ity.

In Fig. 6, the rate loss was reported as a function of the loss
in DTEM. The dashed line representing rate loss = DTEM loss is
an indication of the level at which the rate loss would be entirely
caused by the loss of Ru dispersion. Since all catalysts lay above
that line, another phenomenon than Ru NP sintering contributed
to the observed deactivation. The impact of Ru loss by leaching or
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loss of catalyst debris being negligible, the other cause of catalyst
deactivation in this study can only be coking. However, the im-
pact of coking on mass transfer limitation to the inside of the CNF
cannot explain the observed difference between the catalysts, as-
suming a constant fraction of Ru NPs anchored on the inside of
the fibers (see Section 3.1). The share of deactivation caused by
coking does not appear to be the same for all catalysts. Indeed,
the two catalysts with the highest TOF∞ in Fig. 4 exhibited the
smallest difference between the rate loss and the reference line,
indicating that coke had a lower impact on deactivation.

One could have expected the catalysts of higher loadings to sin-
ter more significantly, because of the lower inter-particle distance.
Indeed, Yin et al.58 showed that a critical particle distance ex-
isted, up to which significant NP sintering occurred. In their study,
Pt sintering could be avoided up to 900 °C through higher spacing
between the NPs, either by using lower metal loadings or high-
surface area supports. However, the lowest DTEM losses occurred
for the higher-loading catalysts (15%, 20% and 30%Ru/CNF).
The limited sintering data presented in this work suggests that,
for all catalysts, the inter-particle distance must have been below
this critical particle distance due to the high surface area of CNF.

Peng59 reported that a 5%Ru/AC catalysts exhibited an in-
creased stability compared to its 2% analogue during isopropanol
conversion (450 °C, 30 MPa), even though the dispersion of the
former was lower. He showed that the coke formation rate was
lower on the catalyst containing a higher fraction of Ru, although
the Ru NPs were larger (5 nm vs. 3 nm). This is in line with the
results presented here, showing that the dispersion was not the
only factor affecting the stability of the catalyst. One reason for
the 3-times higher activity and good stability of both 5%Ru/CNF
catalysts with regard to other catalysts of same dispersion could
be due to the density of active sites. Indeed, the metal loading
can significantly vary between catalysts of similar dispersions.
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Fig. 6 Rate loss as a function of DTEM loss for all Ru/CNF catalysts
tested. The rate loss was calculated from the initial (r30min) and the �nal
(r∞) rates. The asterisks indicate a possible rate loss underestimation (see
Fig. 5).
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Fig. 7 Initial (TOF30min, blue squares) and steady-state (TOF∞, red
circles) TOF after SCWG of glycerol over Ru/CNF catalysts as a function
of the surface density of active Ru (Rusfc). TOF30min was taken at
TOS = 30 min. The asterisks indicate catalysts 5%Ru/CNF_1 and
10%Ru/CNF, whose high XC (70 and 77 %, respectively) may result in
an underestimation of TOF30min.

To verify this hypothesis, TOF30min and TOF∞ were plotted
as function of the surface density of active Ru (Rusfc) in the
fresh and spent materials (Fig. 7). As described previously, the
TOF30min of 1%Ru/CNF_2 clearly stood out due to its very high
initial activity at high space velocity. For the other catalysts,
TOF30min decreased before stabilising at higher Rusfc surface
density (≈ 1.5 atomsRu,sfc nm-2). The smallest Ru NPs (0.9-1.2
nm) were clearly responsible for the high initial activity with Ru
surface densities lower than 0.8 atomsRu,sfc nm-2. However, the
trend changed when looking at the steady-state data (TOF∞),
with an optimum Ru surface density appearing in the range
0.4-0.7 atomsRu,sfc nm-2, corresponding to a catalyst of Ru NP
diameter around 2.1 nm with a 4-8 wt%Ru loading and 260
m2g-1 surface area. At higher Ru surface density, the steady-state
trend matched the initial activity one, remaining constant with
increasing Rusfc surface density. This is a strong indication that
the steady-state catalyst activity can be increased by having
the optimal amount of active sites at the catalyst surface. It
is important to keep in mind that the mentioned Rusfc surface
densities are average densities, and do not necessarily represent
the reality when looking at the local surface density, especially
for the low-loading catalysts (1%Ru/CNF). A catalyst synthesis
method yielding high catalyst homogeneity and narrow particle
size distribution as used here (Fig. 1) is likely of great importance.

As mentioned previously, coking may be one of the deacti-
vation mechanisms leading to the rapid loss in activity for the
1%Ru/CNF catalysts. The extent of coking investigated by HR-
TEM revealed that very little coke deposited on all spent catalysts.
Except for the slight increase in Ru NP size, hardly any difference
could be observed between the fresh and spent catalysts. How-
ever, in the case of the 1%Ru/CNF_2 catalyst treated at high space
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Fig. 8 HR-TEM images of the 1%Ru/CNF_2 catalyst treated at
WHSVgRu = 9000 gorg gRu

-1 h-1. Magni�cation: 600kX left, 800kX
right.

velocity, very thin carbon deposits could be observed at the sur-
face of Ru NPs, as it can be seen from representative images in
Fig. 8. Note that these images were acquired at very low beam
intensity and exposure to limit carbon deposition from the envi-
ronment. The fact that this observation could only be made on
the catalyst that suffered from the most severe deactivation sup-
ports coking as the source of deactivation together with sintering.
This also suggests that deactivation by coking only occurred by
the deposition of a thin layer of C· at the surface of the metal.

To further investigate coke deposition, TGA was performed on
the neat support, the 1%Ru/CNF and 5%Ru/CNF_Cl catalysts
(Figs. 9 and 10). For the neat CNF support, a sharp weight
loss was observed with a maximum at 590 °C. When Ru was
loaded onto the CNF (1 and 5 wt%), the weight loss occurred
at lower temperatures and over a longer range, with maximum
rates at 570 and 550°C, respectively. The weight loss patterns
were different for the fresh and both spent (1%Ru/CNF_1 and
1%Ru/CNF_2) catalysts. The former underwent constant weight
loss, with one clear contribution in the DTG curve close to 600 °C.
The spent catalysts exhibited broader differential profiles, with
the weight-loss offset higher in temperature for 1%Ru/CNF_2
(≈ 510 °C vs. ≈ 460 °C). This indicated an altered/decreased
activity of ruthenium for oxidising the support (especially for
1%Ru/CNF_2), which could be ascribed to Ru NP size increase
and/or coke deposits. The catalyst treated at lower WHSVgRu ex-
hibited a similar initial oxidation activity to the fresh 1%Ru/CNF
catalyst, although it required higher temperatures to fully oxidise
the support and the carbon deposits. For 1%Ru/CNF_2 treated
at higher WHSVgRu, the initial weight-loss phase was similar to
the neat CNF, showing that the Ru NPs had a low activity towards
support oxidation. Only at temperatures above 600 °C could the
support and coke be completely oxidised. This is in phase with
HR-TEM results and supports that Ru was largely covered and
blocked by coke.

TGA performed on the best-performing catalyst
(5%Ru/CNF_Cl, Fig. 10) showed a completely different
weight-loss trend. Indeed, the offset was shifted to a lower
temperature for the spent catalyst (≈ 300 °C) compared to the
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Fig. 9 Relative weight (TG, top), di�erential weight loss (DTG, middle),
and heat �ow (bottom) analyses for the fresh and spent 1%Ru/CNF
catalysts.
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Fig. 10 Relative weight (TG, top), di�erential weight loss (DTG, middle)
and heat �ow (bottom) analyses of the neat support (CNF), the fresh
and spent 5%Ru/CNF_Cl catalysts.

fresh one (≈ 380 °C), while the differential profile looked similar.
The maximum weight-loss rate of the spent catalyst was shifted
to a slightly lower temperature (520 vs. 550 °C). The significant
shift in temperature observed for the 5%Ru/CNF_Cl catalyst
cannot be explained by deposited coke precursors of lower
thermal stability than CNF because of the very small difference
in the differential weight-loss curve. The reason for this shift in
temperature remains unclear. For both loadings (1 % and 5 %),
the spent catalysts lost slightly more weight than the fresh ones,
indicating either a slight decrease in ash content due to the SCW
conditions and/or an increase in the carbon fraction i.e. by coke
deposition. The observed difference being small, it did not allow
us to exclude one of the possibilities and we were not able to
conclude on the impact of metal loading on coke deposition.

As discussed previously, a higher Ru NP density at the CNF
surface seemed beneficial to maintain a high gasification activity
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(5%Ru/CNF vs. 1%Ru/CNF) and avoid catalyst deactivation by
carbon deposits rapidly obstructing the access to the active sites,
most probably by covering Ru NPs with nanometric layers of
carbon.

4 Conclusions

We showed that Ru/CNF catalysts can successfully be used in
continuous SCWG systems and exhibit high gasification activity
and stability. Structure sensitivity of Ru was shown for the first
time in SCWG conditions, with Ru NP diameters smaller than 1.2
nm leading to the highest initial activity. However, a combination
of high initial dispersion and optimal surface ruthenium density
was shown to be crucial to maintain a high steady-state activity.
The optimal surface Ru density was found to be around 0.4-0.7
atomRu,sfc nm-2, which is thought to help in delaying/suppressing
coke formation by limiting carbon deposition on large Ru-free
carbon surfaces. The loss of active phase from Ru/CNF catalysts
being negligible, the observed catalyst deactivation was linked
to a combination of coking and Ru NP sintering, systematically
stabilising to 2-3 nm. Coking was found to occur in very
small amounts and to be limited to nanometric layers on top
of Ru NPs. With an optimal particle size and surface density
identified, efforts must now go into improving the stability of Ru
nanoparticles towards coking, for instance through doping of the
carbon support or ruthenium to limit adsorption of unsaturated
compounds.

Evaluating deactivation mechanisms in SCWG conditions is
not straightforward, nevertheless Ru/CNF proved to be an ideal
system to perform in-depth catalytic studies in SCWG conditions.
This is mainly due to the well-defined CNF structure and high
contrasts generated in TEM, as well as the large CNF pore volume
(micropore-free) and surface area allowing high Ru loadings.
The good stability of Ru/CNF catalysts gives new opportunities in
the field of catalytic SCWG as it allows the preparation of highly
dispersed and homogeneously distributed Ru nanoparticles. Its
large open (non-microporous) surface allows a much higher
loading than activated carbon at optimal Ru surface density,
with optimised catalyst stability towards coking. Consequently,
the volume of the catalyst fixed bed can be reduced, which
should in turn reduce investment costs for SCWG processes, the
latter being closely linked with the volume of a vessel at high
pressures. The feasibility of using this catalyst on larger scales
should however be assessed.
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Highlights 
 

 Particles below 1.2nm shows higher starting intrinsic activity  

 Correlation between TOF and density of surface Ru atoms  

 Coking is limited to nanometric layers with strongest impact at low Ru loading 

 Ru(0) particle growth converges towards 2-3nm diameter 

 Sintering of Ru(0) nanoparticles only observed in SCW in the presence of organics 
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