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Heat and mass transport phenomena

Table S1. Properties of reaction gasses.

Molar Molar | Diffusion | Bulk Viscosity Thermal Heat

fraction | mass volume?® | diffusivity®? conductivity | capacity
Reactant | [-] x1073 x107° x10® x10® x103 J/(molK)

kg/mol | m3/mol m?/s Pas W/(mK)

Butadiene | 0.3% 54.09 7.79 n.a.? 8.66—10.5% | 15.0—24.33 79.9—97.7%
Propylene | 30% 42.08 6.14 6.50—9.63 8.96—10.7% | 17.0—25.6°> | 63.8—78.8°
Hydrogen | 20% 2.016 0.707 4.01—5.94 | 8.93—10.47 | 179—2108 28.7—28.9°
Helium 49.7% 4.003 0.288 3.41—5.05 19.7—23.17 | 154—1808 18.5—17.2°
Mixture 100% 15.18 n.a. 1.52—2.45" | 14.3—16.8 | 118—139 34.3—37.4

2 Defined as the diffusivity of butadiene in the other gas. ® 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:
Prix = Z(xi P)

where P; is the property of interest and x; 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 H, and He.

Eq. S1

Diffusion volumes (v;) of each reactant were estimated for CsHs, CsHg, He and H,.*® The diffusion of
butadiene (BD) in the individual gasses (Dpp ;) was calculated from Fuller, Schettler and Giddings" as:
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where T is the temperature (K), m; 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-equation®! as:

Xi Eq.
Dapmix = (1= xap) X () 5= 953
i
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which results in a bulk diffusivity of 1.52—2.45x10® m?/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
(Dg) is calculated as
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where R is the ideal gas constant (8.3145 m3 Pa K~! mol™1) and r is the estimated pore radius:
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where .4 is the catalyst porosity (0.82 m3/m3,,), pcq: is the catalyst density (657 kg/m2,.) and S
is the surface area of the catalyst (500x10° m?/kg). This results in an estimated pore radius of
3.1x10° m (3.1 nm) and Dk between 7.1—8.0x107 m?/s.

From the combined resistivity of Knudsen diffusion and bulk diffusivity of butadiene, the effective
diffusivity of butadiene (Dgp ¢fr) is calculated as:
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where 7 is the catalyst tortuosity, which can be estimated from T = 1/4/e .** This results in an Dgp 5
of 3.5—3.9x107 m?/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:

- TOF D Mimetal Pcat Eq.S7
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where TOF is the intrinsic surface-averaged activity (molecules surface-atom™1 s™1)3, D is the
catalyst dispersion** and M,,,c¢4; 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) Eqg. S8

with A as the pre-exponential factor and E,; the activation energy of the reaction (J/mol). From the
logarithmic relation of the ratio, the activation energy can be determined.
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from the slope of a Rin(r) vs. plot. This relation can also be used to derive a temperature from

Hence, can be derived from the slope of an In(r) vs. % plot. Similarly, E, . can be directly obtained

known E ., one relative activity (r;) value at known temperature (T;), and one activity (r;) at
unknown temperature (T,) as follows:
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Heat transfer

The adiabatic temperature rise (AT,4) in the reactor due to exothermic reactions can be calculated as:

_ 2i=sp,ppa-but(X; Xi | ArHy|) Eq. S15
AT, 4 = C

b.gas

where A.H; is the hydrogenation reaction enthalpy of each reactant (see section 2.4 in the main text).
Cp,gas 1s 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.?

AToo = Zi:BD,PP,n—but(Rgflii | A-H;|) Eq. S16
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where in R%’f_i X | A,H;| the produced heat by hydrogenation of butadiene, propylene and butene.

ay is the transfer coefficient (W/(m?2K)), which is defined as:

_ Nudgg Eq.S17
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where A4, is the thermal conductivity of the gas (Table S1) and Nu is the Nusselt number, defined as:
Nu =2 + 1.1Re"®pr!/3 Eq.S18
Where Prandtl number, Pr, is defined as:

Pr = Cp,gas 2 Eq S19
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To exclude external heat transfer effects to alter the catalytic activity by more than 5%, AT, should
be less than 0.05y, /T, where T is temperature and y, is the dimensionless activation energy:

_ Eact Eq. S20
14 RT

with Egc in J/mol, which for E, ¢ of 50x10° J/mol results in ATy;;,,,<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:

dpz 2i=BD,PP,n—but(R1(;)¢?ls.,i | A-H;|) Eq.S21
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where A4 is the heat conductivity of the catalyst grain, which because of the high heat transfer
properties of graphite!®, we assume to be limited by Pd (72.1-73.5 W/(mK) for 25-100 °C)Y’.

Analogous to external heat transport, deviations less than 5% of the catalytic activity when
AT;<0.05y,/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.

oo Ruol _Cop- csvrl 0,05 Eq. 522
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where, RI%S is the volumetric reaction rate of the catalyst (mol m.,. =3 s71), kg is external mass

2

transfer coefficient (m3 m=2 s™1), a, is the external surface area of the catalyst grain (6/d, for

spherical shape, where d,, is the average catalyst grain size in meters), C,§D is the concentration of
butadiene in the bulk (C3p= 0.3 mol% = 0.123 mol mgas‘3 at 25°C) and at the external surface of the

grain (C5%™') which can be rewritten to determine surface concentration as:
Cap” = Chp(1 = Ca)=Texe Cp Eq. 523
where 1., is the effectiveness factor of external diffusion.
The external mass transfer coefficient, kg, is calculated as
kg = Dgpmix ay Sh Eqg. S24

where Dgp iy is molecular diffusivity of butadiene in the gas mixture (see Eq. S3) and Sherwood
number, Sh is defined as:*®

Sh =2+ 1.1Re®05c1/3 Eq. S25

where the Reynolds number, Re, is defined as:
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with pgqs the gas density (0.62-0.50 kg m™3), u the superficial gas velocity (0.067-0.084 m s~1) and u
the gas mixture viscosity (Table S1).

The Schmidt number, Sc, is defined as:

S = K Eq. S27
pgas DBD,mix

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).®®

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

Toer °C 25 100 Tser °C 25 100
Xc,n, % 26 91 ATinepue | °C | 0022 | 035
Xcun, % 0.07 5 AT,y °C 3.4 59
Sc,Hyo % 0.5 10 Ca - 0011 0031

RObs mol/m3s 14.1 253 Next % | 989 96.9

AT fitm °C 0.03 | 044 ) - 0.09 0.3

AT it aw °C 0.012 | 0.23 Nint % | 95.0 87.0

Additional catalyst characterisation
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Figure S1. X-ray diffractograms of Pd/C catalysts, normalised to carbon peak at 30° 26.



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 pg 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.



Selectivity
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Figure S4. Butene selectivity overview for all tested catalysts. All reactors are loaded with 2.50 mg of
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(diluted) Pd/C catalyst, resulting in 0.50 pg Pd per reactor.
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Figure S5. Selectivity to butenes, considering only the C4sHx molecules, as a function of butadiene

conversion.



Internal effectiveness factor
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References

1 E. N. Fuller, P. D. Schettler and J. C. Giddings, Ind. Eng. Chem., 1966, 58, 18-27.
2 A.J. D. Lambert, K. J. Cotton, M. W. Pailthorpe, A. M. Robinson, J. Scrivins, W. R. F. Vale and R.

10

11

12
13
14

15
16
17
18
19

M. Young, Proc. R. Soc. London. Ser. A. Math. Phys. Sci., 1955, 231, 280-290.

H. Senftleben, Z. angew. Phys, 1964, 17, 86—87.

D. A. C. Compton, W. O. George and W. F. Maddams, J. Chem. Soc. Perkin Trans. 2, 1976,
1666-1671.

M. J. Assael, A. Koutian, M. L. Huber and R. A. Perkins, J. Phys. Chem. Ref. Data, 2016, 45, 1—
22.

K. Bier, G. Ernst, J. Kunze and G. Maurer, J. Chem. Thermodyn., 1974, 6, 1039-1052.

N. Sakoda, T. Hisatsugu, K. Furusato, K. Shinzato, M. Kohno and Y. Takata, J. Chem.
Thermodyn., 2015, 89, 22-26.

P. Mukhopadhyay and A. K. Barua, Br. J. Appl. Phys., 1967, 18, 635—640.

M. W. Chase, J. Phys. Chem. Ref. Data, 1998, 9, 1-1951.

EUROKIN spreadsheet on requirements for measurement of intrinsic kinetics in the gas-solid
fixed-bed reactor, EUROKIN_fixedbed_html, http://www.eurokin.org/wp-
content/uploads/webtool/EUROKIN_fixed-bed_html.htm.

R. H. Perry and D. W. Green, Perry’s Chemical Engineers’ Handbook, McGraw-Hill Education,
8th edn., 2008.

M. Puncochaf and J. DrahoS$, Chem. Eng. Sci., 1993, 48, 2173-2175.

M. Boudart, Chem. Rev, 1995, 95, 661—-666.

K. S. W. Singh, J. Rouquerol, G. Bergeret, P. Gallezot, M. Vaarkamp, D. C. Koningsberger, A. K. .
Datye, J. W. Niemantsverdriet, T. Butz, G. Engelhardt, G. Mestl, H. Knézinger and H. Jobic, in
Handbook of Heterogeneous Catalysis, Wiley, Weinheim, Germany, 1997, vol. 1-5, pp. 427-
582.

D. E. Mears, J. Catal., 1971, 20, 127-131.

A. W. Smith, Phys. Rev., 1954, 95, 1095-1096.

M. J. Laubitz and T. Matsumura, Can. J. Phys., 1972, 50, 196—205.

N. Wakao, S. Kaguei and T. Funazkri, Chem. Eng. Sci., 1979, 34, 325-336.

O. E. Brandt Corstius, J. E. S. van der Hoeven, G. J. Sunley and P. E. de Jongh, J. Catal., 2023,
427, 115103.



