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Heat and mass transport phenomena 

Table S1. Properties of reaction gasses.  

 Molar 
fraction 

Molar 
mass 

Diffusion 
volume1 

Bulk 
diffusivitya,1 

Viscosity 
 

Thermal 
conductivity 

Heat 
capacity 

Reactant [-] ×10-3 
kg/mol 

×10-5 
m3/mol 

×10-6  
m2/s 

×10-6 
Pa s 

×10-3 
W/(mK) 

J/(molK) 

Butadiene 0.3% 54.09 7.79 n.a.a 8.66―10.52 15.0―24.33 79.9―97.74 

Propylene 30% 42.08 6.14 6.50―9.63 8.96―10.72 17.0―25.65 63.8―78.86 

Hydrogen 20% 2.016 0.707 4.01―5.94 8.93―10.47 179―2108 28.7―28.99 

Helium 49.7% 4.003 0.288 3.41―5.05 19.7―23.17 154―1808 18.5―17.29 

Mixture 100% 15.18 n.a. 1.52―2.45b 14.3―16.8 118―139 34.3―37.4 
a Defined as the diffusivity of butadiene in the other gas. b Determined by the Wilke-equation (Eq. S3). 

Temperature-dependent values are listed between the minimum and maximum temperature of the catalytic 

test, 25―100 °C. 

Gas diffusion 

For the transport properties of the reaction gas (Table S1), the value of the mixture is determined as 

the sum of the four components as: 

 𝑃𝑚𝑖𝑥 = ∑(𝑥𝑖 𝑃𝑖) Eq. S1 

where 𝑃𝑖 is the property of interest and 𝑥𝑖 is the molar fraction of each reactant. For simplicity, the 

initial molar fractions are used throughout the calculations. Even at the highest observed catalytic 

activity (100% butadiene and 5% propylene conversion at 100 °C) the average value of the transport 

properties of the mixture only varied by less than 0.8% because of the large excess of H2 and He. 

Diffusion volumes (𝜈𝑖) of each reactant were estimated for C4H6, C3H6, He and H2.10 The diffusion of 

butadiene (BD) in the individual gasses (𝐷𝐵𝐷,𝑖) was calculated from Fuller, Schettler and Giddings1 as: 

 

𝐷𝐵𝐷,𝑖 =
3.2 × 10−8 𝑇1.75 √

1
𝑚𝐵𝐷

+
1

𝑚𝑖

𝑝 (𝜈𝐵𝐷
1/3 + 𝜈𝑖

1/3)2
 

Eq. S2 

where 𝑇 is the temperature (K), 𝑚𝑖 is the molar mass (kg/mol) and 𝑝 is the pressure (101325 Pa). The 

total diffusivity of butadiene in the reaction mixture is calculated with Wilke-equation11 as: 

 𝐷𝐵𝐷,𝑚𝑖𝑥 = (1 − 𝑥𝐵𝐷) × ( ∑
𝑥𝑖

𝐷𝐵𝐷,𝑖
𝑖≠𝐵𝐷

)−1 Eq. S3 

which results in a bulk diffusivity of 1.52―2.45×10-6 m2/s for butadiene between 25―100 °C. 

For diffusion inside the catalyst grains, in the presence of narrow pores, limitation due to gas-solid 

interactions should be taken into account in addition to gas-gas interactions. The Knudsen diffusion 

(𝐷𝐾) is calculated as  
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𝐷𝐾 =
2𝑟𝑝𝑜𝑟𝑒

3
√

8 𝑅 𝑇

𝜋 𝑚𝐵𝐷
 

Eq. S4 

where 𝑅 is the ideal gas constant (8.3145 𝑚3 𝑃𝑎 𝐾−1 𝑚𝑜𝑙−1) and 𝑟 is the estimated pore radius: 

 
𝑟𝑝𝑜𝑟𝑒 =

2𝜀𝑐𝑎𝑡

𝜌𝑐𝑎𝑡𝑆
 

Eq. S5 

where 𝜀𝑐𝑎𝑡 is the catalyst porosity (0.82 𝑚 
3/𝑚𝑐𝑎𝑡 

3 ), 𝜌𝑐𝑎𝑡 is the catalyst density (657 𝑘𝑔/𝑚𝑐𝑎𝑡 
3 ) and S 

is the surface area of the catalyst (500×103 𝑚2/kg). This results in an estimated pore radius of 

3.1×10-9 m (3.1 nm) and 𝐷𝐾 between 7.1―8.0×10-7 m2/s. 

From the combined resistivity of Knudsen diffusion and bulk diffusivity of butadiene, the effective 

diffusivity of butadiene (𝐷𝐵𝐷,𝑒𝑓𝑓) is calculated as: 

 
𝐷𝐵𝐷,𝑒𝑓𝑓 =

𝜀 

𝜏
(

1

𝐷𝐵𝐷,𝑚𝑖𝑥
+

1

𝐷𝐾
)

−1

 
Eq. S6 

where 𝜏 is the catalyst tortuosity, which can be estimated from 𝜏 = 1/√𝜀 
 .12 This results in an 𝐷𝐵𝐷,𝑒𝑓𝑓 

of 3.5―3.9×10-7 m2/s between 25―100 °C. 

 

Activity 

The volumetric reaction rate can be estimated for any catalytic system, for example by taking known 

turnover frequency (TOF) from the literature as: 

 
𝑅𝑣𝑜𝑙.

𝑒𝑠𝑡. =
𝑇𝑂𝐹 𝐷 𝑚𝑚𝑒𝑡𝑎𝑙  𝜌𝑐𝑎𝑡

𝑀𝑚𝑒𝑡𝑎𝑙 𝑚𝑐𝑎𝑡
 

Eq. S7 

where 𝑇𝑂𝐹 is the intrinsic surface-averaged activity (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒-𝑎𝑡𝑜𝑚−1 𝑠−1)13, 𝐷 is the 

catalyst dispersion14 and 𝑀𝑚𝑒𝑡𝑎𝑙 is the molar mass of the metal. 

 

In absence of mass transfer limitations, the temperature-dependent rate of the reaction, 𝑟, is: 

 𝑟 = 𝐴𝑒−𝐸𝑎𝑐𝑡/(𝑅𝑇) Eq. S8 

with 𝐴 as the pre-exponential factor and 𝐸𝑎𝑐𝑡 the activation energy of the reaction (J/mol). From the 

logarithmic relation of the ratio, the activation energy can be determined. 

 
𝑙𝑛(𝑟) = 𝑙𝑛(𝐴) −

𝐸𝑎𝑐𝑡

𝑅

1

𝑇
 

Eq. S9 

Hence, 
𝐸𝑎𝑐𝑡

𝑅
 can be derived from the slope of an 𝑙𝑛(𝑟) 𝑣𝑠.

1

𝑇
 plot. Similarly, 𝐸𝑎𝑐𝑡 can be directly obtained 

from the slope of a 𝑅𝑙𝑛(𝑟) 𝑣𝑠.
1

𝑇
 plot. This relation can also be used to derive a temperature from 

known 𝐸𝑎𝑐𝑡, one relative activity (𝑟1) value at known temperature (𝑇1), and one activity (𝑟2) at 

unknown temperature (𝑇2) as follows: 
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 𝑟2

𝑟1
=

𝐴𝑒−𝐸𝑎𝑐𝑡/(𝑅𝑇2)

𝐴𝑒−𝐸𝑎𝑐𝑡/(𝑅𝑇1)
= 𝑒

−
𝐸𝑎𝑐𝑡

𝑅
(

1
𝑇2

−
1
𝑇1

)
 

Eq. S10 

 
𝑙 𝑛 (

𝑟2

𝑟1
) =

−𝐸𝑎𝑐𝑡

𝑅
(

1

𝑇2
−

1

𝑇1
) 

Eq. S11 

 
(

1

𝑇2
−

1

𝑇1
) =

−𝑅

𝐸𝑎𝑐𝑡
𝑙 𝑛 (

𝑟2

𝑟1
) 

Eq. S12 

 1

𝑇2
=

−𝑅

𝐸𝑎𝑐𝑡
𝑙 𝑛 (

𝑟2

𝑟1
) +

1

𝑇1
 

Eq. S13 

 
𝑇2 = (

−𝑅

𝐸𝑎𝑐𝑡
𝑙 𝑛 (

𝑟2

𝑟1
) +

1

𝑇1
)

−1

 
Eq. S14 

 

Heat transfer 

The adiabatic temperature rise (∆𝑇𝑎𝑑) in the reactor due to exothermic reactions can be calculated as: 

 
∆𝑇𝑎𝑑 =

∑ (𝑥𝑖 𝑋𝑖 | ∆𝑟𝐻𝑖|)𝑖=𝐵𝐷,𝑃𝑃,𝑛−𝑏𝑢𝑡   
𝐶𝑝,𝑔𝑎𝑠

 
Eq. S15 

where ∆𝑟𝐻𝑖 is the hydrogenation reaction enthalpy of each reactant (see section 2.4 in the main text). 

𝐶𝑝,𝑔𝑎𝑠 is the heat capacity of the gas mixture (Table S1) which we assume constant even at full 

butadiene conversion since the molar fraction of is very low (0.3%) and conversion of propylene was 

always below 5%. For full butadiene semi-hydrogenation, this results in a temperature increase of the 

reaction gas of 9.1 °C, which increases up to 60 °C when 5% propylene conversion and 10% butane 

formation are considered. 

 

External heat transfer limitations are calculated by the temperature difference over the gas film that 

surround the catalyst grain.15 

 
∆𝑇𝑓𝑖𝑙𝑚 =

∑ (𝑅𝑣𝑜𝑙.,𝑖
𝑂𝑏𝑠  | ∆𝑟𝐻𝑖|)𝑖=𝐵𝐷,𝑃𝑃,𝑛−𝑏𝑢𝑡

 𝛼𝑝 𝑎𝑉
 

Eq. S16 

where in 𝑅𝑣𝑜𝑙.,𝑖
𝑂𝑏𝑠  × | ∆𝑟𝐻𝑖| the produced heat by hydrogenation of butadiene, propylene and butene. 

α𝑝 is the transfer coefficient (W/(m2K)), which is defined as: 

 
𝛼𝑝  =

𝑁𝑢 λ𝑔𝑎𝑠 

𝑑𝑝
 

Eq. S17 

where λ𝑔𝑎𝑠 is the thermal conductivity of the gas (Table S1) and 𝑁𝑢 is the Nusselt number, defined as: 

 𝑁𝑢 = 2 + 1.1𝑅𝑒0.6𝑃𝑟1/3, Eq. S18 

Where Prandtl number, 𝑃𝑟, is defined as: 

 
𝑃𝑟 =

𝐶𝑝,𝑔𝑎𝑠 𝜇

λ𝑔𝑎𝑠
 

Eq. S19 
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To exclude external heat transfer effects to alter the catalytic activity by more than 5%, ∆𝑇𝑓𝑖𝑙𝑚 should 

be less than 0.05𝛾
𝑏

𝑇⁄ , where 𝑇 is temperature and 𝛾𝑏 is the dimensionless activation energy: 

 
𝛾𝑏 =

𝐸𝑎𝑐𝑡

𝑅 𝑇
 

Eq. S20 

with 𝐸𝑎𝑐𝑡 in J/mol, which for 𝐸𝑎𝑐𝑡 of 50×103 J/mol results in ∆𝑇𝑓𝑖𝑙𝑚<0.74 K at 25 °C and <1.2K at 100°C. 

 

Internal heat transport limitations are calculated as the difference between catalyst grain edge and 

the average grain temperature as: 

 
∆𝑇𝑖𝑛𝑡,𝑎𝑣 =

𝑑𝑝
2  ∑ (𝑅𝑣𝑜𝑙.,𝑖

𝑂𝑏𝑠  | ∆𝑟𝐻𝑖|)𝑖=𝐵𝐷,𝑃𝑃,𝑛−𝑏𝑢𝑡

60 λ𝑐𝑎𝑡
 

Eq. S21 

where λ𝑐𝑎𝑡 is the heat conductivity of the catalyst grain, which because of the high heat transfer 

properties of graphite16, we assume to be limited by Pd (72.1-73.5 W/(mK) for 25-100 °C)17. 

Analogous to external heat transport, deviations less than 5% of the catalytic activity when 

∆𝑇𝑖𝑛𝑡<0.05𝛾
𝑏

𝑇⁄ . 

 

External mass transfer limitations 

To understand the effect of external diffusion limitations by the Carberry number, 𝐶𝑎, is calculated 

which describes the difference between butadiene concentration at the catalyst grain exterior surface 

compared to the bulk gas-phase concentration. In other words, 𝐶𝑎=0.75 if the surface concentration 

is 25% of the reactor inlet concentration. 

 
𝐶𝑎 =

𝑅𝑣𝑜𝑙.
𝑂𝑏𝑠

𝑘𝑔 𝑎𝑉  𝐶13𝑏𝑑
0 =

𝐶𝐵𝐷
0 − 𝐶𝐵𝐷

𝑠𝑢𝑟𝑓

𝐶𝐵𝐷
0 <

0.05

|𝑛|
 

Eq. S22 

where, 𝑅𝑣𝑜𝑙.
𝑂𝑏𝑠 is the volumetric reaction rate of the catalyst (𝑚𝑜𝑙 𝑚𝑐𝑎𝑡

−3 𝑠−1), 𝑘𝑔 is external mass 

transfer coefficient (𝑚3 𝑚−2 𝑠−1), 𝑎𝑉 is the external surface area of the catalyst grain (6/𝑑𝑝 for 

spherical shape, where 𝑑𝑝 is the average catalyst grain size in meters), 𝐶𝐵𝐷
𝑖  is the concentration of 

butadiene in the bulk (𝐶𝐵𝐷
0 = 0.3 mol% = 0.123 𝑚𝑜𝑙 𝑚𝑔𝑎𝑠

−3 at 25°C) and at the external surface of the 

grain (𝐶𝐵𝐷
𝑠𝑢𝑟𝑓

) which can be rewritten to determine surface concentration as: 

 𝐶𝐵𝐷
𝑠𝑢𝑟𝑓

= 𝐶𝐵𝐷
0 (1 − 𝐶𝑎)= 𝜂𝑒𝑥𝑡 𝐶𝐵𝐷

0  Eq. S23 

where 𝜂𝑒𝑥𝑡 is the effectiveness factor of external diffusion. 

The external mass transfer coefficient, 𝑘𝑔, is calculated as 

 𝑘𝑔 = 𝐷𝐵𝐷,𝑚𝑖𝑥  𝑎𝑉 𝑆ℎ Eq. S24 

where 𝐷𝐵𝐷,𝑚𝑖𝑥 is molecular diffusivity of butadiene in the gas mixture (see Eq. S3) and Sherwood 

number, 𝑆ℎ is defined as:18 

 𝑆ℎ = 2 + 1.1𝑅𝑒0.6𝑆𝑐1/3, Eq. S25 

where the Reynolds number, Re, is defined as:  
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𝑅𝑒 =

𝑑𝑝 𝜌𝑔𝑎𝑠 𝑢

𝜇
 

Eq. S26 

with 𝜌𝑔𝑎𝑠 the gas density (0.62-0.50 𝑘𝑔 𝑚−3), 𝑢 the superficial gas velocity (0.067-0.084 𝑚 𝑠−1) and 𝜇 

the gas mixture viscosity (Table S1). 

The Schmidt number, Sc, is defined as: 

 𝑆𝑐 =
𝜇

𝜌𝑔𝑎𝑠 𝐷𝐵𝐷,𝑚𝑖𝑥
 Eq. S27 

This results in a value of Carberry number between 0 and 1. For a criterion of less than 5% resistance 

of activity due to external diffusion limitations, Ca should be less than 0.05/|𝑛|, where 𝑛 is the reaction 

order (-0.25 for butadiene).19 

 

 

Additional catalyst characterisation 
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Figure S1. X-ray diffractograms of Pd/C catalysts, normalised to carbon peak at 30° 2θ. 

  

Table S2. Calculated heat and mass transport. Catalytic data taken from 180 µm 2.6_Pd/C. 

𝑻𝒔𝒆𝒕 °C 25 100  𝑻𝒔𝒆𝒕 °C 25 100 

𝑿𝐂𝟒𝐇𝟔
 % 26 91  ∆𝑇𝑖𝑛𝑡,𝑏𝑢𝑙𝑘 °C 0.022 0.35 

𝑿𝐂𝟑𝐇𝟔
 % 0.07 5  ∆𝑇𝑎𝑑 °C 3.4 59 

𝑺𝐂𝟒𝐇𝟏𝟎
 % 0.5 10  𝐶𝑎 - 0.011 0.031 

𝑹𝒗𝒐𝒍.
𝑶𝒃𝒔 𝑚𝑜𝑙/𝑚3𝑠 14.1 253  𝜂𝑒𝑥𝑡 % 98.9 96.9 

∆𝑻𝒇𝒊𝒍𝒎 °C 0.03 0.44  Φ - 0.09 0.3 

∆𝑻𝒊𝒏𝒕,𝒂𝒗 °C 0.012 0.23  𝜂𝑖𝑛𝑡 % 95.0 87.0 
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Catalytic tests 
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Figure S2. Butadiene conversion overview for all tested catalysts. All reactors are loaded with 
2.50 mg of (diluted) Pd/C catalyst, resulting in 0.50 µg Pd per reactor. 
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Figure S3. Arrhenius plot of catalysts depicted in Figure 2A of the main text. Dashed lines indicated the 
fitted data used for the determination of apparent activation energy. 
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Selectivity 

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

A

2.6_Pd/C

 19 µm

 56 µm

 112 µm

 180 µm

B
u

te
n

e
s
 s

e
le

c
ti
v
it
y
 (

%
)

Butadiene conversion (%)

B
u

te
n

e
s
 s

e
le

c
ti
v
it
y
 (

%
)

Butadiene conversion (%)

0.4_Pd/C

 19 µm

 56 µm

 112 µm

 180 µm

B

B
u

te
n

e
s
 s

e
le

c
ti
v
it
y
 (

%
)

Butadiene conversion (%)

0.06_Pd/C

 19 µm

 56 µm

 112 µm

 180 µm

C

B
u

te
n

e
s
 s

e
le

c
ti
v
it
y
 (

%
)

Butadiene conversion (%)

0.01_Pd/C

 19 µm

 56 µm

 112 µm

 180 µm

D

 
Figure S4. Butene selectivity overview for all tested catalysts. All reactors are loaded with 2.50 mg of 
(diluted) Pd/C catalyst, resulting in 0.50 µg Pd per reactor. 
 

 
Figure S5. Selectivity to butenes, considering only the C4Hx molecules, as a function of butadiene 
conversion. 
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Internal effectiveness factor 
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Figure S6. Internal effectiveness factor. Derived from the Weisz-modulus by Eq. 12 for the data in 
Figure 5 of the main text. 
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