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Summary
We report the role of the acidity of support during the selectivity hydrogenolysis of glycerol over supported
bimetallic palladium-ruthenium catalysts. The PdRu nanoparticles were supported on a series of metal oxides
and zeolitic supports via the modified impregnation method and tested for the liquid-phase hydrogenolysis of
glycerol using gaseous hydrogen. The relative acid site densities of selected catalysts were determined by
ammonia temperature-programmed desorption and pyridine desorption experiments. Based on these studies,
we report a direct correlation between the catalytic activity (conversion & 1,2 propane diol yield) and two
different acid sites (strong acid sites and very strong acid sites). Besides zeolite supported catalysts, TiO2
supported PdRu nanoparticles exhibits moderate catalytic activity however, this catalyst shows high
selectivity for the desired C-O bond cleavage to produce C3 products over the undesired C-C bond cleavage to
produce < C3 products.

Introduction
Biodiesel is the largest fraction of biofuels produced in Europe, accounting for nearly 37 % of the global
production.[1] The transesterification process to produce biodiesel from triglycerides generates large
quantities of crude glycerol as a by-product.[2-6] Because of the abundance, and the fact that glycerol is
produced as a waste, it has been identified as one of the important bio-derived platform molecules to produce
chemicals.[4-6] Economically, catalytic hydrogenolysis of glycerol to C3 diols, such as propanediols, is an
attractive transformation.[7, 8] However, designing heterogeneous catalysts that are selective for the
hydrogenolysis of C-O bonds without breaking the C-C bonds to produce C3 products remains a challenge.
Several products are potentially possible during the hydrogenolysis of glycerol (Scheme -1), hence, achieving
high selectivity towards the desired product is key. Many supported metal nanoparticles have been reported
for the selective hydrogenolysis of glycerol to propane diols using H 2.[7] In heterogeneous catalysis, using
supported metal catalysts, support materials play a crucial role in dispersing and stabilising the active metal
components and thereby increasing and stabilising the active metal surface area.[9] Hence, it is vital to
investigate and understand the relationship between support property and catalytic activity to rationally
design a catalyst.
*Author for correspondence (sankar@cardiff.ac.uk).
Corresponding author address: Cardiff Catalysis Institute, School of Chemistry,
Cardiff University, Cardiff, CF10 3AT, United Kingdom.
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A number of noble (Ru, Rh, Pd, Ir, Pt, Re, Ag, Au) and non-noble (Co, Ni, Cu, Zn, Al, Fe, Mg, Si) metal
nanoparticles supported on activated carbon (including graphite and carbon nanotubes), Al 2O3, SiO2, zeolites
and metal oxides have been reported as effective catalysts for glycerol hydrogenolysis.[7, 10-19] These reports
mainly indicate that metallic sites and acidic sites catalyse hydrogenation and dehydration reactions
respectively. Bifunctional catalysts, having metallic sites and acid sites favour the formation of C3 products,
however it is critical to selectively break the C-O bonds without affecting the C-C bonds.[17, 20, 21] This could
be accomplished by the tuning of the acid sites on the catalyst surface. Li et al., reported the beneficial effect of
the acidity of the catalyst during glycerol hydrogenolysis. They demonstrated this by adding acidic ReOx to
Pd to improve the catalytic activity of Pd catalyst.[22] Support materials play important role in the stability of
the catalyst as well. For instance, in the case of supported monometallic Ru catalyst, Al2O3 gave a more stable
catalyst compared to SiO2. Both Al2O3 and SiO2 supported catalysts were, however, outperformed by activated
carbon supported catalyst.[7] Delgado et al. showed that when TiO2 supported catalysts were more selective
towards C-O bond cleavage over C-C bond cleavage resulting in higher C3 products.[20] In spite of these
reports, the relationship between support property and the catalytic property is still an interesting area of
research.
Since Ru-based catalysts are found to be extremely active for this reaction, bimetallic palladium ruthenium
nanoparticles-based catalysts have been selected to study the role of the acidity on the products selectivity. In
an earlier report, we reported that bimetallic PdRu nanoparticles are more selective, compared to the
monometallic Ru nanoparticles, for the hydrodeoxygenation of levulinic acid to γ-valerolactone.[23] In this
work, zeolites with different framework and SiO2 / Al2O3 ratio have been used to support bimetallic PdRu
nanoparticles. Besides to these zeolitic supports, pure metal oxides as SiO2, Al2O3, TiO2 and a novel mixed
metal oxide (TiO2 doped with ca. 10%at of W, (Ti0.9W0.1O2)) were also used as supports for the bimetallic Pd
nanoparticles. From the catalytic data of all these catalysts, along with their characterisation data, we report
the relationship between support acidity and the catalytic property of these multifunctional supported PdRu
bimetallic catalysts for the selective hydrogenolysis of glycerol.

Experimental
Preparation of bimetallic catalyst
2 wt.% PdRu bimetallic nanoparticles were supported on different metal oxides (SiO2, Al2O3, WO3 from Sigma
Aldrich) and zeolites. Commercial zeolites were purchased from Alfa Aesar and had different SiO 2/Al2O3
ratios and frameworks such as NH4-ZSM-5 ([30:1], [50:1], [80:1] and [400-200:1]), NH4-Mordenite [20:1] and
HY [5.1:1]. The commercial zeolites in the ammonium-ion form (NH4+-forms) were pre-treated by calcination
at 550 °C for 4 h (heating rate of 10 °C min -1) under flowing air to form the H+ form. This H+ form of the
zeolites were used for supporting the PdRu nanoparticles. The mixed metal oxide Ti0.9W0.1O2 was prepared via
an already reported sol-gel route and the detailed synthesis procedure is reported elsewhere.[24] The metal
oxides were used without any further heat treatments for supporting the PdRu nanoparticles. Supported
bimetallic PdRu nanoparticles were prepared via a modified impregnation method.[23, 25] A 2 wt. %
PdRu/Support catalyst with equimolar metal loadings of the two metals was prepared via the following
procedure. An aqueous solution of PdCl2 was prepared with a metal concentration of 6 mgPd mL-1 in a 0.58 M
HCl solution. An aqueous solution of RuCl3.xH2O with a metal concentration of 6.7 mgRu mL-1 was also
prepared separately. Requisite amounts of metal precursor solutions were added to a 50 mL round-bottom
flask fitted with a magnetic stirrer bar. The additional volume of deionised water was added to make the total
volume of the impregnation mixture to 16 mL. The support (1.98 g) was added slowly over a period of 15-20
min with constant vigorous stirring at 60 °C. Then it was stirred for an additional 15 min, followed by an
increase in the synthesis temperature to 95 °C. The slurry was stirred overnight at 95 oC until all the water
evaporates (typically 16 h). The resultant dry powder was ground thoroughly and reduced under a flow of
5 % vol. H2/Ar at 400 °C for 4h with a heating rate of 10 °C min-1.
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Glycerol hydrogenolysis aqueous phase reaction.
The catalytic activities of the supported bimetallic nanoparticles were tested in a 50 mL stainless-steel
autoclave (Parr® Instruments) with a maximum operating pressure of 2000 psi for the hydrogenolysis of
glycerol using molecular hydrogen. This autoclave reactor was equipped with an overhead stirrer (0-1500
rpm). The reaction temperature was monitored using a thermocouple and the reactor pressure was measured
using a transducer. Initially, the reactor was charged with an aqueous solution (24 mL of 5 wt. % aqueous
glycerol solution) and the catalyst was added to the reactor. The substrate to the total metal molar ratio was
always kept at 1:0.005 unless stated otherwise. Initially, the autoclave was purged three times with N2 (10 bar)
followed by further purging with H2 (20 bar) twice before being pressurised at 20 bar at 25 °C. The reaction
mixture was stirred below 200 rpm until the reaction temperature reached 165 °C, after which the stirring rate
was increased to 800 rpm. This moment was considered as the starting of the reaction (t = 0). At the end of the
reaction, the reactor was cooled down to 10 °C in an ice bath. The gas-phase was collected in a gas sampling
bag and injected in a Varian 450 Gas Chromatograph (GC), fitted with a Varian Capillary Column CP-Sil 5 CB
50 m 0.32 mm 5 µm, for the quantitative analyses of the gaseous products. The solid catalyst was removed
from the liquid reaction mixture by centrifugation at 4300 rpm for 20 min. Further filtration using 0.45 µm
PTFE syringe filters, ensured even the finest catalytic particles were removed from the liquid. The separated
liquid reaction mixture was then injected in an Agilent 7820A GC fitted with an Agilent DB-WAX Ultra Inert
GC column and a flame ionization detector. A fixed amount of n-butanol was used as an external standard for
quantitative analyses. Conversion, selectivity and total carbon mass balance (CMB (T)) were calculated using
the following equations:
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =

(𝑚𝑜𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 )𝑡=0 − (𝑚𝑜𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 )𝑡=𝑡
X 100
(𝑚𝑜𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 )𝑡=0

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑃 (%) =

𝑚𝑜𝑙𝑃
X 100
∑ 𝑚𝑜𝑙 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑚𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%)
∑ 𝑚𝑜𝑙𝐶1 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 2 ∙ ∑ 𝑚𝑜𝑙𝐶2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 3 ∙ ∑ 𝑚𝑜𝑙𝐶3 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 3 ∙ (𝑚𝑜𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 )𝑡=𝑡
=
X 100
3 ∙ (𝑚𝑜𝑙𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 )𝑡=0

For reusability studies, the solid catalyst was recovered after the reaction, washed with acetone several times
and dried at 25 °C overnight. This used catalyst was further dried at 120 oC for 1h and then used in the
reusability studies. This dried catalyst was used for further analysis and characterisation.
Catalyst characterisation
Thermogravimetric Analyses
Thermogravimetric analyses (TGA) of the fresh and spent supported bimetallic PdRu catalysts, were
performed on a PerkinElmer Pyris 1 thermogravimetric analyser, under N 2 flow (30 mL min-1). Initially, the
sample was stabilised at 30 °C for 20 min and then the temperature was increased to 800 oC at a rate of 10 °C
min-1. No gas buoyancy effect corrections were applied for the measurements. In this article, only the relative
intensities are reported.
Transmission Electron Microscopic (TEM) studies
TEM images of the catalysts were obtained using a JEM-2100F (JEOL) microscope. Prior to the TEM
measurements, the samples were dispersed with ethanol under ultrasonication and deposited on 300 mesh
copper grids coated with holey carbon film. The supernatant liquid was dropped on a C grid and dried with a
lamp before analysis. TEM and STEM were performed on a JEOL JEM-2100 microscope operating at 200 kV.
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Inductively coupled plasma analysis
The samples for leaching studies were run on an Agilent 7900 ICP-MS with I-AS auto sampler with Platinum
Sampling and Skimmer cones, concentric nebulizer and quartz double pass spray chamber. All analyses were
run using helium (He mode) and the ORS cell to reduce interferences. For metal content determination in
solids, ca. 2 mg of catalyst was dissolved in 10 mL aqua-regia for at least 12 h. The final solution was diluted to
50 mL with water in a volumetric flask. In all cases, further dilutions were done if required. All results were
done in duplication and further analyses were performed if two results differed.
Powder X-ray diffraction studies of zeolites
Powder X-ray diffraction (XRD) patterns of the calcined support materials and the fresh and used 2 wt.%
PdRu supported catalysts were collected with a PANanalytical X’Pert Pro ® diffractometer using a copper
anode (Kα 1.54184 Å) ray source, operating at 40 kV and 40 mA. The signals were collected between the 2θ
values of 5° to 80° with a step of 0.02⁰.
Ammonia temperature-programmed desorption (NH3-TPD) studies
NH3-TPD was carried out using a CHEMBET TPR/TPD chemisorption analyser/benchtop from Quantachrome
Instruments. The desorption was monitored via a thermal conductivity detector (TCD), which senses changes
in the thermal conductivity and compares it to the conductivity of the carrier gas (Helium). A calibration plot
was obtained by the integration of the peak area for different injection volumes of pure ammonia (Figure S1).
The flow of carrier gas (helium) was set between 50-100 mL min -1. For quantification of the acid site density,
approximately 0.05-0.1 g of the material was added in a U-shape quartz tube and was packed between two
quartz wool plugs. Sample pre-treatment was performed at 130 °C for 1h (heating rate of 15 °C min-1) to
remove the water content. After pre-treatment, the material was exposed to a constant flow of 10% ammonia
in argon for 30 min. Then the sample was heated up to 100 °C ( rate of heating = 15 °C min -1) and held at this
temperature for 1 h to remove the physisorbed NH3. Finally, the desorption programme was initialised by
setting a heating rate of 15 °C min -1 up to 800 °C and 5 min hold time. The relative acidity of the catalyst was
estimated using the following equation.
𝐴𝑟𝑒𝑎 𝑎𝑐𝑖𝑑 𝑠𝑖𝑡𝑒
𝐴𝑐𝑖𝑑𝑖𝑡𝑦 (𝑁𝐻3 µ𝑚𝑜𝑙 𝑔−1 ) = (
)/𝑔𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝑅𝐹 𝑁𝐻3 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
Least square fitting of the NH3-TPD results to a Gaussian line shape was performed for all the catalysts and
the results are presented in the Supplementary Information. The goodness of the fit was estimated by 𝜒 2 ,
reduced 𝜒𝜈 2 , residual sum of squares (RSS) and correlation coefficient (R 2). Different methods have been
reported to quantify the acid sites of a catalyst.[26] In this work, four peaks have been identified and are
assigned as follows: peak around 250 °C for weak acid sites; peak around 330 °C for medium acid sites; peak
around 430 °C for strong acid sites and finally the peak around 530 °C for very strong acid sites. These peaks
have been deconvolved for semi-quantitative analyses. Gaussian peak fitting has recently been used to
quantify the acidity of zeolites, such as ZSM-5, HY, Beta, and Mordenite.[27-31] Here, we employ the same
strategy to quantify the acid sites. In some cases, this method was applied to deconvolute the experimental
curve even in six fixed temperature ranges to get a good fit and a better comparison between samples.[32]
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
The samples were pre-treated at 110 °C overnight in a conventional oven prior to the analysis. The instrument
employed was a Bruker Tenso27 FT-IR spectrometer equipped with a mercury-cadmium-telluride (MCT)detector, cooled down using liquid N2. The IR source was a mid-Infrared (MIR) source and with a standard
KBr beam splitter, which had a range of 7500-370 cm -1. In-situ heating was carried out in a Harrick Praying
Mantis high-temperature diffuse reflection chamber (HVC-DRP-4) in-situ cell at 500 °C for 2 hours under
flowing N2 (40 mL min-1) adjusted using a Brooks mass flow controller (MFC). After pre-treatment, a
background spectrum was recorded at 30 °C and was used for background correction for each measurement.
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Pyridine was then absorbed by exposing the sample for 5 min to a flow of 50 mL min -1 of N2 bubbling into
pyridine through a heated line at 110 °C. The excess of pyridine was removed by vacuum for 5 min. The IR
spectra were collected while heating the sample from 30 to 575 °C. 5 scans were taken after 5 min of reaching
the desired temperature, to have a stable measurement. The spectra were recorded between 4000 cm-1 and
1000 cm-1 with a 2 cm-1 frequency.

Results and discussion
Catalytic activity
2 wt.%PdRu nanoparticles supported on different supports were tested for glycerol hydrogenolysis under
standard reaction conditions and the results, presented in Table -1 and Table -2, show the crucial role of
support on the catalytic activity. Among all the supports tested, ZSM-5 (Entries 5, 6 and 7 in Table -1) gave
higher conversion, however, these catalysts gave lower selectivity to liquid products, as evidenced from the
carbon mass balance for liquid products CMB (L) in Figure 1. From the same set of data, it is evident that, for a
given zeolite (ZSM), the Si/Al ratios from 30:1 to 80:1 the catalytic activity increases with the increase in Al
content (with an exception for 80:1 catalyst). However this increased activity accompanies a decreased C3
selectivity. Figure S1 in the supporting information shows an increase in C1 products with an increase in the
Al content, possibly because of the increased Bronsted acidity for the catalysts containing higher Al content.
Table -2 compares the activities of catalysts with metal oxide supports against the zeolites supported catalysts.
It is clear that zeolites are more active supports compared to pure metal oxides because of the presence of
more acidic sites on zeolites compared to pure metal oxides. However, these acid sites promote C-C bond
cleavage resulting in undesired <C3 products including gaseous products. It must be noted that TiO2 is a
promising support (Table -2, Entry 2) with a reasonably high catalytic activity (55%) and selectivity for liquid
products (72%). Figure compares the products selectivity at iso-conversion for different supports. At ca. 50%
glycerol conversion level, (Figure -A), PdRu/TiO2 gives a better 1,2-PDO selectivity than PdRu/ZSM-5 (50:1),
50% vs ca. 15 % respectively. For the ZSM-5 supported catalyst, CH4 is the major product (49 % selectivity)
along with small amounts of other products like 15 % of EG and 8 % of 2-PO.
PdRu nanoparticles supported on other kinds of zeolites such as PdRu/HY (Entry 3 in Table-1) and
PdRu/MOR (Entry 4 in Table-1) resulted in less than 20% glycerol conversion. The selectivities of these
catalysts were compared at a lower conversion levels (ca. 20%) (Figure -B). The product distribution in the case
of PdRu/MOR suggests that it promotes mostly C-C cleavage than C-O cleavage. Priya et al. reported
monometallic Pt nanoparticles and bimetallic Pt-Cu nanoparticles supported on Mordenite zeolite as effective
catalysts for glycerol hydrogenolysis, albeit at a much harsher reaction condition.[11, 12] Among other
catalysts, PdRu/TiO2 is the most selective catalyst for 1,2-PDO (33 %) at ca. 20 % glycerol conversion. Other
catalysts resulted in lesser selectivity for 1,2-PDO: PdRu/MOR (17 %), PdRu/ZSM5-200:1 (16 %) and
PdRu/Al2O3 (19 %). All these catalysts showed appreciable selectivity towards EG (between 22-36 %).
Importantly, PdRu/TiO2 showed the least selectivity for CH4 (11 %) in comparison to other supports (33-37 %).
In summary, for the liquid phase glycerol hydrogenolysis reaction using PdRu bimetallic catalyst supported in
different zeolite type frameworks, the activity follows the order ZSM-5 >> MOR [20:1] > HY[5.1:1] which is in
partial agreement with the reported trends for glycerol dehydration reaction.[11, 33]
From the previous results, TiO2 is found to be a promising support and it has been reported that addition of
WOx has a positive effect in increasing the selectivity of C3 products during glycerol hydrogenolysis.[34]
Based on these two facts, a mixed metal oxide containing both TiO2 and WOx was prepared (Ti0.909W0.091O2) and
used as a support for PdRu nanoparticles. Entry 1 in Table 1 shows the results achieved by the 2 wt.%
PdRu/Ti0.9W0.1O2 catalyst. It gave the best selectivity to 1,2-PDO, followed by the SiO2 (Entry 9) and TiO2 (Entry
2) supported catalysts. Nevertheless, the conversions in these cases (Entries 1 and 9) were below 10 %. It has
been reported that to achieve good 1,2-PDO selectivity the presence of moderate strength of Lewis acidity is
required.[35] Based on that hypothesis, SiO2 has widely been used as a support for this reaction. For example,
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RuRe/SiO2 catalyst gave an excellent 1,2-PDO selectivity.[36] In this case, the bifunctional nature of the catalyst
having both Re oxide (acidic sites) to the Ru metal sites resulted in the excellent activity and selectivity (51 %
of conversion and 25 % selectivity) however, with a high metal loading (9 wt. %). In our system, at low
conversion levels (ca. 15 %), Figure 1-C shows that the 1,2-PDO selectivity follows the order PdRu/Ti0.9W0.1O2
(49 %) >PdRu/TiO2 (40 %) > PdRu/HY (22 %).
The hydrogenolysis reactions were run at a much lower conversion levels (<10%) to compare the selectivity
between Ti0.9W0.1O2 supported catalyst and the SiO2 supported catalyst. PdRu/Ti0.9W0.1O2 gave the highest
selectivity for 1,2-PDO (82 %) and the lowest selectivity of EG (3 %) at a glycerol conversion of ca. 7 % (Figure D). In comparison, the PdRu/SiO2 resulted in a much lesser 1,2-PDO selectivity (42 %) whereas the selectivity
to EG was higher (28 %). Another C3 alcohol (1-propanol), produced from the hydrogenolysis of 1,2-PDO (see
Scheme 1), is also detected in all the reactions. The production of 1-PO via the hydrogenolysis of 1,2-PDO under
relatively mild conditions has been reported.[37] This type of consecutive hydrogenolysis is one of the reasons
for the difficulty in achieving high conversion of glycerol and high selectivity of 1,2-PDO at longer reaction
times.[7, 34, 38-40] In our investigation, most of the catalysts showed relatively higher selectivity to propane
after 16 h reaction (Table 2 and Figure -C) which supports this. At much longer reaction times, i.e. 16 h (Table 2),
the activities of PdRu/Ti0.9W0.1O2, PdRu/SiO2 and PdRu/Al2O3 were around 12, 22 and 7 % respectively.
Overall, the results indicate that TiO2, which gives around 55 % of conversion and 50 % of 1,2-PDO selectivity
seems to be a promising support.
Catalyst characterisation and stability.
During the synthesis of PdRu supported on zeolites, there is a possibility for the complete or partial collapse
of the zeolitic structure.[41-43] This is also possible during the catalytic reaction as well. To study the stability
the zeolitic materials during the catalyst synthesis and during the reaction, the calcined supports prior to
metal impregnation, fresh catalysts and spent catalysts were characterised by powder XRD (Figure 3). The
results show the characteristic reflections corresponding to each framework for the calcined samples.[44] All
the ZSM-5 and the MOR materials exhibit no significant changes in the zeolite framework for the fresh
catalysts and the spent catalysts.[42] This indicates that these zeolitic structures are stable during the metal
impregnation and during the catalytic reaction. This observation is expected since, during modified
impregnation method, the metal cations are not incorporated into the zeolite framework, but at the external
surface or even inside the pores of the zeolite, as mentioned earlier.[45] However, for the used catalyst
PdRu/HY zeolite the peak intensities are lesser than the fresh catalyst suggesting a ca. 85 % reduction in the
crystallinity of its original level of the Zeolite Y (FAU type) after the reaction. This degradation is in line with
Dimitrijevic et al. who reported a 60 % loss in crystallinity to produce amorphous material and kaolinite.[46]
The XRD data of the rest of catalysts are presented in the Supplementary Information (Figure S2)
Leaching of the catalyst components during the hydrogenolysis reaction was studied using inductively
coupled plasma (ICP) method. The amounts of different metals present in the reaction mixture, quantified by
ICP, are given in Figure 4. The results show that Si leaching was observed for all the zeolite supported
catalysts, typically less than 8 %. Significant PdRu leaching (ca. 5%) was observed only in the case of Al2O3
supported catalyst. Among the zeolite supported catalysts, PdRu/ZSM-5 catalyst with 80:1 molar ratio of Si:Al
showed some Ru and Pd leaching (less than 1.5 % of Ru and about 1 % of Pd). However, no significant Pd
leaching was observed for PdRu/ZSM-5 and PdRu/TiO2 catalysts.

TEM images of selected catalysts (Figure S3) reveal well-dispersed spherical metal nanoparticles. Selected area
electron diffraction (SAED) patterns showed continuous ring-like patterns for both HY (A2) and Mordenite
(B2) supported catalyst. These patterns indicate that the catalysts have finer nanoparticle size and weaker
crystallinity than the ZSM-5 supported catalysts. ZSM5 zeolites with different Si/Al ratios show more evident
and speckled patterns (C2, D2, E2 and F2). Since we have used the well studied modified impregnation
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methodology for preparing these supported bimetallic catalysts, we believe that these bimetallic particles form
a homogeneous random alloy structure. Earlier studies on similar catalysts using STEM-XEDS and XAS have
shown that Ru and Pd form a homogeneous random alloy structure.[23]
To study whether coking or irreversible adsorption of substrate and/or products occurs on the catalysts,
thermogravimetric analyses (TGA) of the fresh and the spent catalyst were performed. From the TG
thermograms represented in Figure S4, it can be observed that < 10 wt. % weight loss for the fresh and spent
catalyst was obtained below 200 °C. Besides this, there is no appreciable between the fresh and spent catalysts.
These results clearly show that spent catalysts do not have any coke or irreversibly adsorbed substrate or
products.
Effect of catalysts acidity on hydrogenolysis of glycerol.
Since acidity of the catalyst is an important property for glycerol hydrogenolysis reaction, relative acid site
densities of the samples were determined by NH3-TPD.
Figure compares the acid site densities for all the PdRu/support catalysts used. PdRu/MOR and PdRu/ZSM-5
(30:1) have the highest total acid sites among all the catalysts. Total acidity may not be an important property
for this reaction. Hence, Lewis and Brønsted acidity of the most active catalyst (PdRu/ZSM-5 (80:1)) and the
most acidic catalyst (PdRu/MOR) were measured using pyridine desorption via DRIFTS. For the identification
and quantification of different acid sites, we focused on the frequency range from 1600 to 1400 cm -1. In this
region, the band at 1540 cm -1 correspond to the C-C bond vibration of the pyridinium ion and this can be used
to identify and quantify Brønsted acid sites.[47] The Lewis acid sites can be identified and quantified using the
band at 1450 cm-1, while the band at 1490 cm-1 correspond to both Brønsted and Lewis acid sites.[11] It is
known that the impregnation of metal results in a decrease in the amount of the Brønsted sites, however, it
increases the Lewis acid sites, the metal sites act as Lewis acid sites by accepting electron pairs from pyridine.
Figure 6 shows two different FTIR spectra of pyridine adsorbed on a) ZSM-5 and b) MOR zeolites (from 30-575
°C). It can be seen how the peaks reduce their intensity along with the temperature increases until no pyridine
remains absorbed at 300 °C. The nature of the acid sites is compared for the most active ZSM-5 (80-1) (Figure
6-a) with the most acid support Mordenite (Figure 6-b). The results indicate that PdRu/MOR contains more
Brønsted acid sites than Lewis acid sites. In the case of the PdRu/ZSM-5, the opposite was found. Yoda et al.
studied the reaction pathways for the dehydration of glycerol over H-ZSM-5, confirming that different kind of
acid sites catalyse different reaction pathways.[48] Lewis acid sites favours the dehydration pathway A
(Scheme 1). Lewis sites attack the primary hydroxyl group to form 1,2-PDO via acetol. On the contrary,
Brønsted acid sites favour the mechanism pathway B, interacting with the secondary hydroxyl group of
glycerol (Scheme 1).[18, 48, 49] This could be the main reason why the PdRu/ZSM-5 catalyst results in high
glycerol conversion with highest 1,2-PDO selectivity compared to PdRu/MOR catalyst.
This conclusion from the pyridine adsorption studies that PdRu/MOR catalyst has more Brønsted acid sites
compared to PdRu/ZSM-5 catalyst agrees with the NH3 desorption results as well. In the NH3-TPD data, the
two low temperature peaks are assigned to weak Brønsted and Lewis sites, whereas the peaks above 450 °C
are assigned to strong and very strong Brønsted acid sites respectively. Based on this, two plots are presented
in Figure 7. Figure 7A shows the correlation between strong acidity of the catalyst vs conversion/CH4 yield
and 1,2-PDO yield for a few selected catalysts. Figure 7B shows a similar correlation between very strong
acidity of the catalyst vs conversion/CH4 yield and 1,2-PDO yield. Both plots show a volcano type curve. These
plots show a maximum activity around 40 NH3 µmol g-1 of very strong and 130 NH3 µmol g-1 of strong acid
sites for the PdRu/ZSM-5 (80:1) catalyst, with a glycerol conversion of ca. 75 %. It is important to note that
PdRu/TiO2, which produces least amount of CH4, contains almost the same amount of strong acid sites. This
agrees with Patri and co-workers who reported that TiO2 showed the best results for their AuPt bimetallic
catalysts: (AuPt/TiO2) > (AuPt/MCM41 ≥ AuPt/ SiO2) > (AuPt/H-Mordenite > AuPt/S-ZrO2).[35]

Conclusions
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To conclude this work demonstrates the correlation between the different acid sites of the PdRu/support
catalysts and their catalytic properties for the aqueous phase glycerol hydrogenolysis. ZSM-5 with Si:Al ratio
of 30:1, 50:1 and 80:1 displayed the highest catalyst activity and stability. However, these catalysts have higher
proportion of Lewis acid sites with lesser Brønsted acid sites as evidenced by the pyridine DRIFTS data.
Consequently, these catalysts yield more 1,2-PDO than 1,3-PDO among the liquid products. These catalysts
also produced substantial amounts of CH4 produced via a C-C bond cleavage. It was found that the strong
acidity of these materials correlates with their activity showing a volcano plot. Among the supports tested,
TiO2 has moderate acidity and showed excellent catalytic activity producing 1,2-PDO and producing least
amount of C1 products, such as CH4. The simultaneous presence of bimetallic noble metals and moderate
density of strong acid sites favour the yield to C3 products. It must be noted that the nature of support
(including textural properties) can also influence the nanostructure of the metal nanoparticles and hence the
active sites for this reaction. Further detailed characterisation is needed to study this correlation.
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Table 1. Effect of the supports on the catalytic performance of the PdRu bimetallic catalyst for Glycerol
Hydrogenolysis. Product distribution and carbon mass balance of liquid product CMB (L) versus total carbon
mass balance CMB (L+G).
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2 wt. % PdRu supported on 1) Ti0.9W0.1O2, 2) TiO2, 3) HY (5.1:1), 4) MOR (20:1), 5) ZSM-5 (30:1), 6) ZSM-5 (50:1),
7) ZSM-5 (80:1), 8) ZSM-5 (400-200:1), 9) SiO2. Reaction conditions 165 oC; pH2: 20 bar, 800 rpm, 5h; glycerol to
metal molar ratio of [1:0.005]
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Table 2. Effect of the supports on the catalytic performance of the PdRu bimetallic catalyst for Glycerol
Hydrogenolysis. Product distribution and carbon mass balance of liquid product CMB (L) versus total carbon
mass balance CMB (L+G).

1
12
0
0
0
0
5
0
49
2
0
1
19
6
18
96
101
2
55
0
2
1
0
1
0
49
19
0
0
24
3
1
72
83
3
89
0
1
1
0
4
1
26
10
0
0
38
13
7
31
56
4
22
0
2
0
0
4
0
19
36
0
0
33
3
1
86
93
5
7
0
1
0
0
8
1
42
28
0
0
17
2
2
64
98
2 wt. % PdRu supported on 1) Ti0.9W0.1O2, 2) TiO2, 3) ZSM-5 (80:1), 4) Al2O3, 5) SiO2. Reaction conditions 165 oC;
pH2: 20 bar, 800 rpm, 16h; glycerol to the metal molar ratio of [1:0.005].
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Figures

Scheme 1 Schematic representation of the glycerol hydrogenolysis reaction pathways. Compounds labelled as:
1) glycerol, 2) acetol, 3) 1,2-propanediol, 4) acetone, 5) 2-propanol, 6) propane, 7) 3-hydroxypropanaldehyde,
8) 1,3-propanediol, 9) 1-propanol, 10) methane, 11) ethanol, 12) ethylene glycol, 13) methanol, 14) ethane.
Adapted from references [14, 50]

Figure 1. Effect of the support on the activity and selectivity using a 2 wt.% PdRu/support catalyst tested using
as a molar ratio 1: 0.005 glycerol-metal and reaction conditions of 165 °C, 20 bar H 2, 800 rpm. Conversion (-■-),
carbon mass balance (L) (- -●- -) and selectivity of products labelled as C1 (

), C2 (

), C3 (

).
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A)

B)

C)

D)

Figure 2. Distribution of the hydrogenolysis products at iso-conversion values (■) of A) 50-55 %, B) 20-25 %, C)
15-20 % and D) 5-10 %. Using 2 wt. % PdRu/support catalyst tested using as a molar ratio 1: 0.005 glycerolmetal and reaction conditions of 165 °C, 20 bar H2, 800 rpm.
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Figure 3. XRD diffractograms of the a) calcined b) fresh and c) spent catalysts
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Figure 4 Leaching study by the analysis of reaction mixtures by ICP – MS.

Figure 5. Acid site density distribution of the different bimetallic PdRu catalysts tested for the hydrogenolysis
of glycerol
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a)

b)

Figure 6. FTIR spectra of pyridine adsorbed on the materials recorded between 30-575 ºC. a) ZSM-5 (80:1), b)
Mordenite (20:1).
A)

B)
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Figure 7. Volcano plot correlation between activity (conversion (■), CH4 yield (○) and 1,2-PDO yield (Δ)) vs A)
strong acidity sites estimated from ammonia desorption peak 3; and B) the very strong acidity sites obtained
from ammonia desorption peak 4 (See Supplementary Information)

