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Abstract

A 1% Ru/C catalyst prepared by the sol immobilization method showed a high yield of y-valerolactone from levulinic acid.
We performed an optimization of the catalyst by varying the preparation variables involved in the sol immobilization method
and detremined that the ratio of PVA, NaBH, to Ru and heat treatment conditions play a crucial role in the synthesis of active
and selective catalysts. By varying these parameters we have identified the optimum conditions for catalyst preparation by
providing well dispersed nanoparticles of RuO, on the carbon support that are reducible under low reaction temperature
and in turn gave an enhanced catalytic activity. In contrast to a catalyst prepared without using a PVA stabiliser, the use of a
small amount PVA (PVA/Ru=0.1) provided active nanoparticles, by controlling the steric size of the Ru nanoparticles. An
optimum amount of NaBH, was required in order to provide the reducible Ru species on the surface of catalyst and further
increase in NaBH, was found to cause a decline in activity that was related to the kinetics of nanoparticle formation during
catalyst preparation. A variation of heat treatment temperature showed a corresponding decrease in catalytic activity linked
with the sintering and an increase in particle size.
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is the conversion of levulinic acid (LA) into various petro-
leum derivatives due to it being listed amongst the ten most
important target chemicals by the US-DOE biomass pro-
gram [3]. LA is commonly prepared by biomass conversion
and furfural hydrolysis methods [4, 5].

Recently a number of valuable LA derivatives have been
reported; i.e. levulinate esters and y-valerolactone (gVL)
[6-9]. gVL has a number of applications because of its low
toxicity and is considered as a sustainable liquid for trans-
portation applications [10]. It can be converted into butene
and CO, followed by polymerization in order to produce
a qualified aircraft fuel [11]. gVL is often produced by the
hydrogenation of LA with a noble metal catalyst. Schuette
et al. [12] were the first to study the hydrogenation of LA
for the synthesis of gVL in organic solvents using a Pt-
based catalyst, an 87% yield of gVL was reported after 44 h
reaction under 3 bar of pure hydrogen. Christian et al. [13].
reported 94% gVL yield with Raney nickel and copper chro-
mite catalysts under 202 barg pure hydrogen at 250 °C. Pd,
Ni and Pt based catalysts were reported by Mehdi et al. [14]
for LA hydrogenation into gVL through dehydration and
hydrogenation steps. A process for the production of gVL
in supercritical CO, was patented with a noble metal based
catalyst by Manzer et al. [15]. Poliakoff and co-workers [16]
showed that supercritical CO, can fully convert LA in to
gVL in the presence of 5% Ru/SiO, catalyst at 100 barg
pressure of pure hydrogen. Colloidal Ru nanoparticles alone
are able to catalyse the transformation, either using an exter-
nal hydrogen source or formic acid (transfer hydrogenation)
[17], but owing to the difficulty in separating and reusing
colloids, generally heterogeneous systems are used. Up to
90% conversion, with complete selectivity to gVL has been
achieved in water at 130 °C and 12 bar H, using Ru colloids
[18]. Addition of solid acids to the reaction has also been
shown to increase activity, leading to similar conversion
but with milder reaction conditions. A system comprising a
5 wt% Ru/C catalyst and Amberlyst 70 achieved 98% gVL
yield at 70 °C and 5 bar H, after 3 h reaction [19]. Piskun
et al. carried out a study using pelleted catalysts in much the
same way industry prefers to use in order to avoid excessive
pressure drop in a continuous flow system [20]. Due to the
size of catalyst particles, they found that the activity was
strongly affected by mass transport effects, but they obtained
quite acceptable yields of GVL of 95%. There was a loss in
catalytic activity after longer reaction times, attributed to a
loss of surface area due to coking and Ru particle sintering;
in this case Ru leaching was reported to be minimal.

Weckhuysen and co-workers showed that the addition of
Pd to Ru catalysts diluted and isolated the active sites, result-
ing in an excellent selectivity to gVL and an enhanced stabil-
ity on catalyst reuse due to the prevention of sintering [21].
These effects, however, were also achieved with another
bimetallic Ru/Sn/C catalyst reported by Wettstein et al. [22]
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which has the advantage of being cheaper to produce due to
the use of Sn over Pd. A recent study that has emerged from
the group of Ren and co-workers has revealed a unique and
novel catalyst synthesis of high surface area Ru nanoparti-
cles supported on carbon nanofibers (> 1000 m? g™!), that
are 18 times more active (in terms of turnover frequency)
than the leading commercial Ru catalyst for LA hydrogena-
tion, suggesting that the need for new novel syntheses has
been recognised [23]. It is clear from the earlier studies that
the precious metal catalysts were gradually being employed
for gVL synthesis from LA because of their superior cata-
Iytic activity; Ru being one of the most extensively studied
catalyst systems for this reaction [18, 24-27]. While optimi-
sation of the reaction conditions has been studied for com-
mercially available Ru/C catalysts [19, 20, 28, 29] the opti-
misation of the catalyst preparation method and the design of
catalysts has not yet been well studied. In this paper, we have
studied 1% Ru/C catalysts prepared by the sol immobiliza-
tion method and a variation of catalyst preparation variables
was has been investigated.

2 Experimental
2.1 Catalyst Preparation

1 wt% Ru/C catalysts were prepared by sol immobilization
(SI). In a typical synthesis a solution of poly vinyl alco-
hol (Sigma-Aldrich) and RuCl;-xH,O (Sigma-Aldrich) was
mixed in water (800 ml). NaBH, (Sigma-Aldrich) was added
to generate the sol. After 30 min the carbon (Vulcan XC72R)
was added and the solution was acidified to pH 2 with sul-
phuric acid. The catalysts were then filtered and dried over-
night (16 h) at 110 °C. To study the effect of heat treatment,
one batch of catalyst was divided into four portions which
were heated in flowing N, separately at 300, 400, 500, and
600 °C at a ramp rate of 10 °C min~"' for 3 h.

2.2 Levulinic Acid Hydrogenation

In a typical experiment the desired amount of the catalyst
was added to the LA solution (10 ml, 5 wt% LA/H,0) in a
Parr autoclave (50 ml, equipped with a Teflon liner) which
was purged with nitrogen and then with hydrogen. It was
then heated to the desired temperature, pressurized with H,
(35 barg) and stirred at 1000 rpm. After the desired reac-
tion time the autoclave was placed in an ice bath. When the
temperature reached at 10 °C the gases were vented and the
autoclave was opened. The liquid was filtered and analysed.

Liquid products were analysed using a GC equipped with
CP-Sil 5CB (50 m, 0.32 mm, 5 um) column and FID detec-
tor. Acetonitrile was used as a standard. Gases were vented
into a gas bag and analysed with a GC equipped with TCD
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and FID detectors and with a methaniser column. Products
in the gas phase usually accounted for less than 0.1%.

For reusability studies an excess of catalyst was subjected
to a reaction as described in above section. After the comple-
tion of reaction, the catalyst was filtered, washed (both with
water and acetone) and dried in an oven at 110 °C for 16 h
(1 use). From this batch of catalyst, the requisite amount for
a regular reaction was taken in order to determine its activ-
ity. The used batch was subjected to another reaction, dried
and filtered as before, and the requisite amount for a regular
reaction taken in order to determine its activity (two uses).
This procedure was repeated to determine the activity of the
catalyst for the desired number of uses.

2.3 Catalyst Characterization

X-ray diffraction (XRD) was performed using a PANalytical
X’Pert Pro fitted with an X’ Celerator detector and a Cu Ko
X-ray source operated at 40 kV and 40 mA, 26=10°-80°.
Each sample was scanned from 260 = 10°-80° for 30 min. The
catalysts were ground into fine powder before the analysis.
The results obtained were compared with the information
in SPDF library for each catalyst. Temperature programmed
reduction (TPR) was carried out using a Thermo 1100 series
TPDRO under 75 ml min~! 5% H,/Ar, 10 °C min~! ramp
rate. Samples (0.1 g) were pre-treated at 110 °C (heat-
ing rate =20 °C min~') under Ar for 1 h prior to reduc-
tion in order to clean the surface. Analysis was performed
under 10% H,/Ar (BOC 99.99%, 25 ml min~!) 30-800 °C,
20 °C min~!. X-ray photoelectron spectroscopy (XPS) was
performed using a Kratos Axis Ultra-DLD photoelectron
spectrometer, using monochromatic Al ka radiation, operat-
ing at 144 W power. High resolution and survey scans were
performed at pass energies of 40 and 160 eV respectively.
Spectra were calibrated to the C (1s) signal at 284.5 eV,
and quantified using CasaXPS v2.3.17, using modified
Wagner sensitivity factors as supplied by the instrument
manufacturer. Due to the complication of the overlap of
ruthenium with the carbon region, data analysis was per-
formed using Ru line shapes derived from fits obtained
from pure standard compounds [30]. Further details on this
method have been detailed by Baltrusaitis et al. [31]. Sur-
face area was determined by multi-point N, adsorption at
—196 °C on a Micromeretics Gemini 2360 according to the
Brauner—-Emmet-Teller (BET) method. Prior to the analy-
sis, samples were degassed at 120 °C for 1 h under N, flow.
Transmission electron microscopy (TEM). TEM was car-
ried out using a Jeol 2100 with a LaB, filament operating at
200 kV. Samples were prepared by dispersing the powder
catalyst in ethanol and dropping the suspension onto a lacey
carbon film over a 300 mesh copper grid. Microwave plasma
atomic emission spectroscopy (MP-AES). MP-AES analysis
was performed using an Agilent 4100 MP-AES machine.

The samples were introduced to the nitrogen plasma using a
single pass spray chamber at a pressure of 120 kPa without
air injection. The instrument was calibrated with 1, 2, 4,
7, 10 ppm standard solutions in 10% HCI. A levulinic acid
rinse solution (5%) was introduced between samples for 15 s
to ensure there was no sample contamination. Ru content
was analysed using two emission lines with wavelengths of
349.894 and 371.803 nm.

3 Results and Discussion

3.1 Variation of PVA/Ru Ratio

A range of catalysts were prepared using the sol immobi-
lisation method by varying the ratio of the stabilizer agent
(PVA) to the Ru. The catalysts were then used for LA hydro-
genation and the results are shown in Fig. 1. It is clear that
increasing the PVA content in the catalyst resulted in a grad-
ual decrease in gVL yield. While it is known that the use of
sufficient PVA can result in nanoparticles with a uniform
distribution of small particles, overuse of PVA can result in
blocking of the active sites and we consider this to be the
case when a PVA/Ru ratio of 3 was used. This effect is simi-
lar to that previously reported for lactic acid hydrogenation
[32]. It is important to note that the use of small amounts of
PVA (i.e. PVA/Ru=0.1) was required to obtain a reasonably
high catalytic activity. A catalyst prepared without PVA gave
an average gVL yield of 50%.

The BET surface area for the catalysts prepared by vari-
ation of the PVA/Ru ratio is shown in the Supplementary
Information Table S1. The surface area of the untreated car-
bon is 220 m* g~'. When a low PVA content was used (0.1
and 0.25), the BET surface area was higher than that of the
support at 250 and 240 m* g~! respectively. As the PVA/
Ru ratio was increased above 0.25, a trend of decrease in
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Fig. 1 gVL yield data for 1% Ru/C catalysts prepared by the variation
of PVA/Ru ratio. Reaction conditions 100 °C, H, 5 barg, 1 h, sub-
strate 5 wt% LA/H,0, catalyst (0.015 g)
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surface area was observed, the surface area remained fairly
consistent from 0.5 to 3.0 PVA/Ru ratio. It appears that when
high concentrations of PVA was used, it can build up on the
surface and cause a decrease in the surface area. However,
it is not possible to relate the catalytic activity with total
surface area.

TPR analysis of a selection of the catalysts prepared
with varying amounts of PVA are presented in Fig. 2. Cata-
lysts prepared with PVA/Ru ratio of between 0.1 and 0.5
showed three reduction signals. The signals observed at the
lower temperature are reported to be due to the reduction of
RuO, species to Ru’, or the reduction of Ru(IV)/Ru(Ill) to
Ru(II), and the signals between 200 and 400 °C are due to
a reduction of Ru(Il) to Ru® [33, 34]. Reduction signals at
higher temperature (above 500 °C) were due to reduction
of species attached to the carbon supports, or methanation
of the carbon support, as shown by mass spectrometry of a
typical 1% Ru/C catalyst carried out during the TPR experi-
ments (Fig. S1), where an evolution of methane and carbon
monoxide was observed with an increase in the reduction
temperature. Interestingly, water removal at higher tempera-
ture was also observed suggesting support degradation and
removal of oxygen containing species at high temperature

PVA/Ru=3.0

PVA/Ru=15

PVA/Ru =0.75

TCD signal / mV

PVA/Ru =0.25

PVA/Ru =0.1

0 100 200 300 400 500 600 700 800
Temperature/°C

Fig.2 TPR profiles of 1% Ru/C catalysts prepared with variation of
PVA/Ru ratio
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(the pre-treatment step had already removed the adsorbed
water in catalyst).

Catalysts prepared with a PVA/Ru ratio of 0.1 showed
much sharper reduction signals below 100 °C and consider-
ably less signal in the region of 150-200 °C, which implies
that this catalyst was more easily reducible compared with
the catalysts prepared with a higher ratios of PVA/Ru>0.1.
The generally superior activity of these catalysts for LA
hydrogenation (Fig. 1) suggests that reducibility of the
catalyst is an important factor in determining the catalytic
activity. The catalysts prepared with PVA/Ru> 0.1 showed
reduction signals at or higher than 100 °C had much lower
catalytic activity (Fig. 1). These results imply that reduced
forms of Ru are important for these reactions to proceed.
Further to this, it is possible that the PVA used during the
catalyst preparation was removed at higher temperatures and
contributed to the reduction signal above 450 °C, but quan-
tifying the loss of PVA from a carbon support is incredibly
difficult.

All of the catalysts prepared by the variation of the PVA/
Ru ratio were analysed by powder XRD and the results are
presented in the Supplementary information Fig. S2. All
the catalysts showed typical pattern of pure carbon and
no reflections related with Ru oxide or metallic Ru were
detectable. It would imply that Ru was well dispersed on
carbon and may have a particle size less than 5 nm. XPS was
performed on the catalysts prepared with varying ratio of
PVA to Ru and the data are presented in Table 1. Fitting of
the spectra using experimentally derived line shape models
acquired under identical conditions, reveal Ru3d(s;,) binding
energies of 281.3 eV (+0.2 eV), consistent with hydrated
RuO, for all the catalysts [30]. The small changes in binding
energies with the different PVA/Ru ratios are within experi-
mental confidence limits.

3.2 Variation of NaBH,/Ru ratio

With the knowledge that a PVA/Ru ratio of 0.1 provided the
most active catalyst, 1% Ru/C catalysts were prepared with
varying amounts of NaBH, and were tested for LA hydro-
genation in order to investigate the effect of a varying the
degree of metal reduction during the preparation stage. The
activity data for LA conversion is shown in Fig. 3. Aside
from the observation that a NaBH,/RuCl, ratio of 2.5 was

Table 1 XPS analysis of a selection of catalysts with different PVA/
Ru ratios

PVA/Ru/wt/wt Ru(3ds),)/eV Ru species

0.1 281.5 RuO,-(xH,0)
1.0 281.3 RuO,-(xH,0)
3.0 281.2 RuO,-(xH,0)
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Fig.3 gVL yield for the catalysts prepared by variation of NaBH,/Ru
ratio (mol/mol). Reaction conditions 100 °C, H, 5 barg, 1 h, Substrate
5 wt% LA/H,0, catalyst (0.015 g)

found to be optimal, a decrease and a consistent activity was
observed with an increased ratio of NaBH,/RuCl;>2.5. An
incomplete reduction of the Ru during the preparation of the
sol would be expected when an amount of NaBH, lower than
the stoichiometric value required for the reduction of Ru is
used. As the amount of NaBH, used increases, there would
be more reduced Ru prepared in sol and later supported on
the carbon. The increase in activity up to NaBH,/RuCl; <2.5
can be attributed to increasingly available metallic Ru during
preparation. The decrease and subsequent stabilisation of the
activity when NaBH,/RuCl; > 2.5 were used can be related
to the kinetics of nanoparticle formation. Turkovic gave an
insight into the kinetics of nanoparticle formation using a
gold citrate sol and showed that an increased rate of nano-
particles formation generally results in larger nanoparticles
[35]. In accordance with this, work by Prati et al. showed
that using an excess of NaBH, in an SI procedure for gold
catalysts decreased their activity for glycerol oxidation due
to the presence of particles that were too large to achieve

Fig.4 Time online data for 1% 100 -
Ru/C catalysts prepared by vari-

ation of PVA/NaBH,/Ru ratios.

Rhombus 0.0/2.5, triangle 80
0.1/0.5, circle 0.1/2.5, square
3.0/2.5, cross 0.1/15. Reaction
conditions 100 °C, H, 5 barg,
1 h, Substrate 5 wt% LA/H,0,
catalyst (0.015 g)
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high activity [36, 37]. The catalytic data obtained Fig. 4 is in
agreement with both of these previous findings. It has been
shown in this work and in previous studies [21-23, 32] that
small, well dispersed Ru particles are required for high cata-
lytic activity. An increase in NaBH,/RuCl; can form large
Ru nanoparticles that are not as active for LA hydrogenation.
The consistency of the activity at NaBH,/RuCl; > 5 suggests
that an excessive amount of NaBH, does not increase the
rate any further i.e. there comes a point at which the reduc-
tion of RuCl; becomes zero order.

Powder XRD was carried out on this series of catalysts
and the results are presented in Supplementary information
Fig. S3. Once again, as observed with variation of PVA/Ru,
there were no significant features to be observed in the XRD
patterns, indicating that small, well dispersed Ru particles
were present on the support surface.

The BET surface area (Table 2) was shown to decrease in
line with increasing NaBH,/RuCl; ratio. Given that when the
amount of NaBH, used was below NaBH,/RuCl;=1 incom-
plete reduction of the Ru was observed (due to the stoichi-
ometry of the reduction of RuCly), the kinetics of reduction
on the size of Ru nanoparticles based on observations of
Turkevic is not necessary [35]. However, it has been noted
by Patharkar et al. [38] that unreduced RuCl; particles can be

Table 2 BET surface areas of

NaBH,/RuCl, BET surface
1 wt% Ru/C catalysts prepared ratio ; area/m’ g~!
with varying NaBH,/RuCl,
ratios 05 250

1.25 255

2.5 250

5.0 230

7.5 215

10 190

PVA/Ru=0.1

Time-on-line / minutes
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very large, which are known not to be optimal for catalytic
activity [22, 23]. Up to and including NaBH,/RuCl; <2.5,
the activity of the catalysts increased (Fig. 3). As increasing
amounts of NaBH, were used, the production of stabilised
Ru’ nanoparticles was ensured [38, 39]. The peak in activity
was observed at NaBH,/RuCl;=2.5, which could be due to
both the required Ru surface species and particle sizes being
achieved resulting in optimal activity. However, at higher
NaBH,/RuClj; ratios, the kinetics can play more of a role
and resulted in increasingly large particles because of an
excess amount used. Large Ru particles would have a smaller
surface area than small Ru nanoparticles, which would not
explain the large decrease in the catalyst surface area. It is
possible that the large excess of reducing agent is changing
the nature of the carbon support to become more graphitic in
nature, however a significantly more detailed study would be
required to confirm this. The activity data shows a decrease
in activity after NaBH,/RuCl; > 2.5. The larger particle size
postulated to be caused by the increased reduction may well
be the cause of this [36, 37].

XPS analysis of the catalysts prepared with varying
amounts of NaBH, are presented in Table 3. A Ru(3ds,)
peak ca. 280 eV is found for all samples, with a further peak
at ca. 281 eV and assigned as Ru® and RuO, respectively.
Given that less gVL was produced (Fig. 3) when larger
amounts of NaBH, were used during the catalyst prepa-
ration, it can be linked with the presence of an increased
amount of metallic Ru on surface. The XPS data, when con-
sidered in its entirety, suggests that RuO, must be present as
the precursor to the active species under reaction conditions.
Though the use of excess NaBH, resulted in an increase in
the amount of metallic Ru, these particles were likely too
large due to the high rate of reduction to be particularly
active. Given that reduction of Ru in situ is likely a facile
process [32] the use of smaller amounts of NaBH, to pro-
duce smaller particles is preferable.

TPR analysis of the catalysts prepared by varying the
ratio of NaBH,/Ru are presented in Fig. 5. The reduction
signals were found to be comparable with those observed
with the varying ratio of PVA/Ru (Fig. 2). The most notable

Table3 XPS analysis of a selection of catalysts with different
NaBH,/RuCl; ratios

NaBH,/ Ru(3ds),)/eV Ru species? Ratio Ru’:Ru0O,
RuCl;/mol/

mol

0.5 280.3 and 281.5 Ru%RuO,-(xH,0) 1:6

25 280.3 and 281.3 Ru%RuO,-(xH,0) 1:5

5.0 280.2 and 281.5 Ru%RuO,-(xH,0) 1:6

7.5 280.2 and 281.4 Ru%RuO,-(xH,0) 1:3.5

#Assignments made against binding energies determined from bulk
references
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Fig.5 TPR profiles of the catalysts prepared by variation of NaBH,/
Ru ratio (mol/mol)

observation from these data is the evolution of two reduction
signals below 100 °C that showed a higher intensity with an
increased amount of NaBH,,. The catalyst prepared with 2.5
ratio of NaBH, showed almost same intensity of both signals
compared with the catalysts prepared with the higher ratios
(5 and 7). The lower temperature reduction signals corre-
spond to the facile reduction of Ru(OH);, which arise due
to the affinity of Ru with water also detected in the form of
hydrated RuO, species in XPS [33]. Each of the catalysts in
this series were easily reducible under reaction conditions.
The activity of a selection of catalysts, with varying
compositions of the highest and lowest PVA and NaBH,
contents, were tested at various reaction times and the data
are presented in Fig. 4. The most active catalyst (PVA/
Ru=0.1; NaBH,/RuCl;=2.5) achieved gVL yield of 90%
after 1 h, whereas the poorest performing catalyst (PVA/
Ru=3.0; NaBH,/RuCl;=2.5) achieved approximately 40%
yield after the same time. The catalyst prepared with an opti-
mal content of PVA (0.1) and low NaBH, (0.5) content was



Topics in Catalysis

less active than the catalyst prepared with a large excess of
NaBH, used, in agreement with the trend previously dis-
cussed indicating that there is a minimum amount of NaBH,
required in order to fully reduce the Ru in solution. The key
feature of all the time-on-line profiles is that there appeared
to be an induction period similar to the induction period we
previously reported in relation to 5 wt% Ru/C catalysts for
lactic acid hydrogenation [32]. It is likely that the induction
period was due to any or a combination of pre-reduction of
surface RuO, to metallic Ru (i.e. preparation of the active
surface), or due to removal of the PVA, which is known to be
facile and achievable under the reaction conditions.

3.3 Variation of Heat Treatment Temperature

Further to this we performed a variation of heat treatment
temperature on the catalyst prepared with PVA/Ru=0.1,
NaBH,/RuCl;=2.5. All of the catalysts were tested for LA
hydrogenation under identical conditions and the data are
shown in Fig. 6. Interestingly all the catalysts heated after
preparation shown lower activity and a steady decline in
gVL yield was observed with an increase in the temperature
of heat treatment. This decline in activity can be linked with
the removal of PVA at the higher reaction temperature and a
change in catalyst structure.

XPS analysis of the Ru after heat treatments is shown
in Table 4. As evident from the RuO/RuO2 ratio on heating,
there is an increase in the amount of metallic Ru, consistent
with the dehydration of facilely reduced oxide species. The
presence of RuO, may be attributed to the ex situ handling
of the samples prior to insertion in to the spectrometer, or
dehydrated RuO, species which are formed by annealing
to ca. 300 °C [40]. TPR analysis was performed on the
catalysts prepared by varying the temperature of heat treat-
ment and their data are presented in Fig. 7. Interestingly, the

100 -

80 - _I_

60 -

40 -
20

0 T T T T
Un-treated 300 400 500 600

Pre-treatment Temperature / °C

gVL yield / %

Fig.6 Activity of 1 wt% Ru/C (PVA/Ru=0.1, NaBH,/RuCl;=2.5) at
different heat treatment temperatures (N,, 3 h, 10 °C min‘l). Reaction
conditions 100 °C, H, 5 barg, 1 h, Substrate 5 wt% LA/H,0, catalyst
(0.015 g)

Table4 XPS analysis of a selection of catalysts with different pre-
treatment temperature

Pre-treatment Ru species Ratio Ru’:Ru0O,
temperature/°C

Un-treated Ru’ and RuO, 1:5

300 Ru’ and RuO, 1:10

400 Ru’ and RuO, 1:6

600 Ru’ and RuO, 1:4

catalyst which did not go through any heat treatment after
preparation (other than a drying step at 110 °C) showed the
two reduction signals at temperatures less than 100 °C and
was also the most active in terms of its catalytic activity.
All of the catalysts that went through heat treatment steps
after drying showed reduction at higher temperatures and
the reduction signals were far less intense compared with
the unheated catalyst. Based on this data we can conclude
that the catalyst should have reducible Ru species for a bet-
ter catalyst activity. The heat treated catalysts possessed the
Ru species which were harder reduce under our reaction
conditions.

MOC
MGC

400 °C

300 °C

TCD signal/ mV

No heat treatment

T LA B T T T T T I | T 1

0 100 200 300 400 500 600 700 800
Temperature / °C

Fig.7 TPR analysis of catalysts prepared with different heat treat-
ment temperatures
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Fig. 8 Stability data for the 1% Ru/C catalysts prepared by the vari-
ation of PVA/Ru ratio (mol/mol)—(no heat treatment). Reaction
conditions 100 °C, H, 5 barg, 1 h, Substrate 5 wt% LA/H,0, catalyst
(0.015 g)

Table 5 BET surface area of Reaction BET surface area of

the most actiYe catalyst (PVA/ cycle the catalyst/m? ¢!
Ru=0.1) retrieved after reuse
cycles 1 200

2 160

3 130

4 60

Based on above data from the variation of catalyst prepa-
ration parameters we have identified that in order to have
the highest activity the catalyst must have optimum RuO,
species on the surface which can be reduced under reaction
conditions (100 °C, 5 bar H,).

3.4 Reusability Studies

Reuse tests were carried out using Ru/C catalysts prepared
with NaBH,/RuCl; =2.5 and varying amounts of PVA. The
activity data on various reuse cycles are presented in Fig. 8.
After the first use, where the three catalysts showed clear
differences in activity depending on the amount of PVA
used, the subsequent uses showed no significant differences
between them. There was a downwards trend in activity with
successive reuse cycles. MP-AES analysis of the reaction
solution showed no Ru leaching. It can be considered that
some extent of PVA retention is responsible for the deactiva-
tion of the catalyst and an optimal amount of PVA is always
required for the desired activity. On the other hand the BET
data for the most effective catalyst (PVA/Ru=0.1) presented
in Table 5 showed a reasonable decline in bulk surface area,
however, this decline in surface area could be due to the
collapse in carbon structure over reuse. .

XPS analysis of the post-reaction sample (Fig. 9) reveals
an increase in the concentration of metallic Ru, together
with the increase of surface carbon—oxygen species, which

@ Springer

we have previously attributed to poly-lactide like species
and evidenced by the increased C(1s) peaks at ca. 285 and
289 eV [32]. Clearly an increase in these species serves to
block surface sites and supports the systematic decrease in
surface area determined by BET.

Furthermore we also performed TPR analysis of the
most active catalyst (PVA/Ru=0.1) after first and the sec-
ond reuse cycles and the data are presented in Fig. 10. The
used catalyst showed a very broad reduction signal at 100 °C
compared with the fresh catalyst which had two sharp reduc-
tion signals just below 100 °C. This observation is consistent
with the previous observations that the lack of reducible
species is an important factor under our reaction conditions.
Clearly, there are several factors linked with the loss in cata-
lytic activity on reuse; the deposition of organic species on
surface, increase in particle size and most importantly the
loss of reducible RuO,.

To try to identify the nature of the active catalysts we
also carried out TEM analysis on the most active catalyst,
the 1% Ru/XC72R with PVA/metal of 0.1 and NaBH,/RuCl,
of 2.5. No metal particles were observed using conventional
TEM, therefore we analysed the catalyst using aberration
corrected TEM. It was still difficult to find metal particles
on this catalyst, however, using HAADF mode some metal
particles were identified, images are shown in Fig. 11. It is
clear from these images that the metal particles are very
small, generally around 2 nm. This is in agreement with
our previous work where we used Ru/XC72R, however, in
this previous work the total metal loading was 5% which
made the metal particles easier to identify. We speculate
that with the lower loading of the metal the particles in the
1% Ru catalysts are smaller, however we cannot confirm this
as there was insufficient particles to complete a statistically
relevant particle size count. We also used aberration cor-
rected TEM to analyse non-optimised catalysts with excess
PVA and excess NaBH, however no metal particles could
be found in either case, and consistent with XPS analysis
which reveals a low concentration (ca. 0.1 at.%) of RuO,
species. XPS suggests that on these catalysts the RuO, is
in a hydrated form, which is amorphous in nature and may
explain why it is difficult to identify using TEM.

4 Conclusions

We have investigated and optimised the sol immobilization
preparation method for ruthenium on carbon catalysts and
tested them for the selective hydrogenation of LA into gVL.
We have found that by varying the amount of PVA stabi-
liser, NaBH,:Ru metal and heat treatment temperature we
can improve the catalytic activity. Small amounts of PVA
were important to give a measure of control to the metal par-
ticle formation, the catalytic activity for LA conversion was
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Fig. 10 TPR profile of the catalyst (PVA/Ru=0.1) between first and
second use

seen to increase vs. a catalyst prepared without using PVA.
The use of an excessive PVA was detrimental to catalytic
activity which we attribute to the blocking of active sites

on the surface. As the use of NaBH, during the preparation
was increased, a volcano-like plot was observed for GVL
yield, with NaBH,/RuCl;=2.5 being an optimum ratio. XPS
and TPR analysis showed that even when a large excesses
of NaBH, were used, the final catalyst was comprised of
mostly RuO, on the surface. XPS analysis suggested that
RuO, (which may or may not be hydrated to some extent)
is, or is the precursor to, the active Ru species during hydro-
genation, as it is so ubiquitously present across the catalyst
surface. The instances where Ru(III) was observed as RuCl,
correlated with poor gVL yields suggesting either that the
presence of chloride had a poisoning effect or prevented the
reduction of Ru under reaction conditions. Variation of heat
treatment temperature on the catalyst had a negative effect
on catalytic activity which was due to the formation of less
reducible dehydrated RuO, and metallic Ru on the surface
of catalysts. Reuse of the catalyst showed a decline in the
activity which we have attributed to the removal of PVA
from the surface as well as particle sintering and growth
in particle size and/or build-up of organic species on the
particle surface.

@ Springer
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Fig. 11 HAADF images of
the optimum 1% Ru/XC72R
catalyst PVA/metal=0.1 and
NaBH,/RuCl;=2.5
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