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Supporting Information 

S1.1 External/Internal Mass Transport Limitations

The absence of mass transport limitations under the conditions in the current study was 

confirmed. The diagnostic test for determining whether internal mass transport limitations were 

significant involved measurements using different mesh sizes of the catalyst. As shown in Figure 

S1, no change in the reaction rate for the different mesh sizes was observed for both Pd-2 and 

Pd-6, suggesting the absence of internal mass transfer limitations. These results are also 

consistent with previous calculations based on the Weisz-Prater criterion reported previously [1]. 

The absence of external mass transport limitations was confirmed by varying total flow rate 

(sccm) and measuring the reaction rate (Figure S2). The minimum flow rate where no external 

mass transport limitations were detected was 200 sccm. Therefore, all experiments were 

conducted at 200 sccm to ensure working under the kinetic regime.

In addition to the above tests, the effect of metal loading on activity was compared for the 4 (Pd-

2) and 2.6 wt% Pd/SiO2 (Pd-3), since they have similar particle size of 2 and 2.1 nm, 

respectively. As expected, the TOFs for Pd-2 and Pd-3 were in close agreement (0.46 and 0.51 

min-1, respectively). This indicates that the specific activity per Pd surface atom is independent 

on the weight loading (%) of the metal, confirming once again the absence of external and 

internal mass transfer limitations.
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S1.2 X-ray Diffraction

The X-ray diffraction (XRD) patterns were recorded using a Rigaku Ultima IV diffractometer 

system with a D/tex Ultra detector with Cu Kα radiation (λ = 1.54 Å). Data were collected from 

10-80º 2θ with a step size of 0.04º and a scan rate of 1º/min. Particle size was estimated using the 

Scherrer equation with LaB6 (NIST SRM 660a) as a reference for instrumental broadening. The 

XRD particle sizes were estimated for Pd-2, Pd-6 and Pd-10 for both the fresh and spent catalyst 

by using the Scherrer equation which is defined as: 

cos( )
Kd 

 


Where d is the particle diameter, λ is the wavelength of the incident radiation, θ is the Bragg 

angle, β is the full width at half maximum (FWHM) of the diffracted peak, and K is the shape 

factor of the particle which is designated to be 1.0 for spherical particles, but could have values 

as low as 0.73 for triangular shaped particles.

Figure S3 shows the diffraction patterns for both fresh and spent Pd-2, Pd-6 and Pd-10. For each 

catalyst, three diffraction peaks were detected at 2θ = 40.1º, 46.7º, and 68.2º, which are indexed 

to the (111), (200), and (220) crystalline facets, respectively, of face-centered cubic (fcc) Pd 

according to the JCPDS card No. 05-0681 [2]. The broad peak at 2θ = 21º arises from the 

amorphous silica support. No significant peaks were detected for either the fresh or spent Pd-2 

samples, indicating a particle size less than 2 nm and that there was no significant sintering.  This 

is largely consistent with the chemisorption and STEM results. However, for Pd-6 and Pd-10, the 

particle sizes estimated by the Scherrer equation were 50-70% larger than the Sauter mean 

diameter estimated by STEM.  The difference was even larger in the case of the chemisorption 

results for the Pd-6 samples. It should be noted that as the particle sizes increases, it is possible 

that the larger fraction of more sintered particles will result in narrower diffraction peaks, 

especially in a catalyst with very inhomogeneously distributed metal particles [3].  Indeed, 

discrepancy between chemsisorption, STEM and XRD have been observed by Punyawudho et al. 

[4] and Lambert et al. [5].
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One of the reasons for these differences is also that XRD is a bulk technique that measures a 

volume-weighted mean diameter through the Scherrer equation [6]. In contrast, chemisorption is 

a surface-based approach and yields a surface-weighted mean diameter. In the case of STEM, to 

compare with chemisorption, the Sauter mean was used,  where Di is the diameter  
 
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of the ith particle (Table S1). However, for comparison with XRD, the de Broukere mean 

diameter  is a more appropriate comparison. Table S1 shows that the STEM-derived  
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de Broukere mean compares very well with the XRD particle size based on the Scherrer 

equation.

S1.3 X-ray Diffraction Patterns for Pd-2 to Pd-10

Additional powder XRD diffraction experiments were conducted for SiO2 (S.A 330 m2/g) 

and the Pd-2 through Pd-10 catalysts (Figure S4). The experiments were conducted to verify the 

crystallinity of the different Pd particle size. The X-ray diffraction patterns were recorded using a 

Rigaku MiniFlex II bench top system with a scintillation detector, and Kb filtered Cu Kα 

radiation (λ = 1.54 Å). The XRD patterns were compared to the ICDD reference spectra using 

the PDXL comprehensive analysis software. All spectra were taken at a scan rate of 0.5º/min. 

Particle size was estimated using the Scherrer equation as described above. For each catalyst, 

three diffraction peaks were detected at 2θ = 40.0º, 46.6º, and 68.2º, which are indexed to the 

(111), (200), and (220) crystalline facets, respectively. The broad peak at 2θ = 21º, corresponds 

to SiO2 support. These patterns indicate the crystallinity of the Pd particles in the catalysts.

S1.4 High-Resolution STEM images for Pd-2 and Pd-6 

STEM images were collected for Pd-2 and Pd-6 before the reaction. High resolution 

images with a focus of the crystallinity of the particles were obtained (see Figure S5).  Based 

on the images it is seen that the small particles indeed have crystalline structure, which 

validates the assumption of Van Hardeveld and Hartog statistics for the surface crystalline 

planes.
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Pd-2a 2.0 - 2.8 <2.0 2.7
Pd-6b 3.8 5.1 12.1 11.2
Pd-6a 1.9 - 8.0 12.9 13.8

Pd-10b 12.4 12.1 14.7 16.2
Pd-10a 3.3 - 13.4 18.9 20.5
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Figure S1. TOF vs.  different mesh sizes of 4wt% Pd/SiO2 (♦ Pd-2) and 
1.9wt% Pd/SiO2 (■ Pd-6) for HDO of PAc at 200 ºC and 1 atm. ~1.0 % PAc, 
20% H2/He, catalyst mass 200 mg , total flow 200 sccm, (20-120 mesh sizes).

Table S1: Comparison of particle size Pd/SiO2 over three different methods.  b and a denotes 
before and after the reaction. 



5

0 25 50 75 100 125 150 175 200 225 250 275 300
0

10

20

30

40

50

60

70

80

Flow rate (Sccm)

R
at

e 
(u

m
ol

/m
in

·g
ca

t)

Figure S2. Reaction rate vs. flow rate (sscm) for 4wt% Pd/SiO2 (Pd-2) for the 
HDO of PAc at 200 ºC and 1 atm. ~1.0 % PAc, 20% H2/He, catalyst mass 200 
mg , total flow 200 sccm. 
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Figure S3: X-ray diffraction pattern for Pd/SiO2, before: Pd-2 (a), Pd-6 (b), Pd-10 
(c), and after the reaction: Pd-2 (d), Pd-6 (e) and Pd-10 (f). * Steel slide 
(background holder).
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Figure S4: X-ray diffraction pattern for SiO2 and Pd/SiO2 (Pd-2 to Pd-10).
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Figure S5: STEM images for Pd-2 (A) and Pd-6 (B) before the reaction.
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