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Figure S4. Comparison between the single and double membrane configurations on the formic acid conversion

at different temperatures [8].

1. Materials and Methods
1.1 Materials

Zinc Chloride (ZnClz, 98%), potassium tetrachloropalladate (II) (K2PdCls, 99.99%) and sodium
borohydride (NaBH4, 99.99%) were used without any pre-treatment for the catalysts synthesis and
they were purchased from Sigma-Aldrich (Haverhill, MA, USA). All the catalytic tests were carried
out using FA (295%, Sigma-Aldrich) and deionised water as the substrate and the solvent,
respectively. CNFs PR24-HHT (High Heat-Treated carbon nanofiber) were obtained from Applied
Science Company (Cedarville, OH, USA).

1.2 Catalyst preparation

The following procedure was employed to synthesise 0.5 g of 2 wt% bimetallic catalysts Pd6Zn4
supported on HHT-CNFs. The whole process was conducted in inert atmosphere in order to avoid
Zn oxidation. 500 mL of milliQQ water were previously degassed in vacuum for 1h and then purged
in N2 for 30 minutes. At this point, 100 mL of degassed milliQ water were used to previously disperse
0.5 g of support, due to the hydrophobic behaviour of HHT. The solution of the two precursor salts
(6.67 x 10-2 mmol of Pd and 4.44 x 10-2 mmol of Zn) were added into a baker containing the remaining
400 mL of milliQ water. Then, polyvinyl alcohol (M/PVA =1/0.65) was added. After 3 minutes NaBH4
(metal/NaBH4 1/8 mol/mol) was added to the mixture and the instantaneous formation of metallic
colloid was proved by the change in colour of the solution, which became darker. After 30 minutes, ,
the support was added to the collodail solution in order to anchor the NPs. Sulfuric acid (H2504) was
added to the suspension until pH 2 and stirred for 30 minutes to guarantee the total immobilisation
of NPs. The solid was then filtered, washed with 0.5 L of deionised water and dried in oven at 80 °C
for 48 h obtaining the final catalytic materials.

1.3 Catalyst characterisation

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo
Scientific K-alpha+ spectrometer equipped with a monochromatic Al X-Ray source operating at 72 W,
with the signal averaged over an oval-shape area of 600x400 u. Data were recorded at 150 eV for
survey scans and 40 eV for high resolution (HR) scans with a 1 eV and 0.1 eV step size, respectively.
CASAXPS (v2.3.17 PR1.1) was used for the analysis of the data. Transmission electron microscopy
(TEM) experiments were performed on a double Cs aberration-corrected FEI Titan3 Themis 60-300
microscope equipped with a mono-chromator, a X-FEG gun and a high efficiency XEDS ChemiSTEM,
which consists of a 4-windowless SDD detectors. HR-STEM imaging was performed at 200 kV and
using a high-angle annular dark-field (HAADF) detector with a camera length of 11.5 cm. XEDS
mappings were performed using a beam current of 200 pA and a dwell time per pixel of 128 us. To
im-prove the visual quality of the elemental maps obtained, these were filtered using a Gaussian blur
of 0.8 using Velox software. Based on the STEM-HAADF images of the catalysts, the diameters of
more than 200 metal particles randomly selected were measured and the corresponding metal particle
size distributions (PSD) were determined. Based on these PSDs, the average particle diameter (d) was
calculated according to the following expression: d = }'nidi/} ni, where ni > 200. Likewise, the total
metal dispersion was calculated according to D = Ns/Nt, where N is total number of surface metal
atoms and Nt is total number of atoms in the metal particle. For particle size calculation Image]
software was used.

1.4 Catalytic tests
1.4.1 Batch reactor

FA transformation was carried out in a two-necked round bottom flask containing a reflux
condenser and a magnetic stirrer and placed in a water bath. 10 mL of an aqueous solution of FA was
added in the reactor. Different concentrations of the FA solution were utilised, 0.5, 0.4, 0.3, 0.2 and 0.1
M. Upon reaching the chosen temperature, the catalyst with a FA:metal molar ratio of 2000:1 was
added and the mixture was stirred at 1400 rpm. The effect of the reaction temperature was
investigated, varying from 30 to 60°C, where the temperature within the reactor was measured using



thermocouple and was found to be uniform. The reaction conditions have been selected based on
optimization from previous reported papers from our group [1]. A schematic diagram of the batch
reactor set-up is depicted in Figure S1.
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Figure S1. Schematic diagram of the batch reactor set-up.

1.4.2 Packed bed reactor

Liquid-phase FA dehydrogenation in a fixed bed reactor was tested with a bed length of 7 cm
(50 mg 2%PdeZns/HHT-CNFs and 50 mg HHT-CNFs). The bed was heated to a constant reaction
temperature of 30 °C. 0.1 M FA was inserted into the reactor with a flow of 0.1, 0.3 and 0.5 mL min-".
Figure S2 presents the schematic diagram of packed bed reactor set-up.
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Figure S2. Schematic diagram of packed bed reactor set up.

1.5 Product analysis

An H+ chromatographic column was employed (Alltech OA- 10,308, 300 mm 7.8 mm) with UV
detector settled at 210 nm. Liquid samples of 200 pL were withdrawn periodically and diluted to 5
mL with the eluent of the analysis, a H2SOs solution (0.005 N). An online mi-cro-gas chromatograph
(Agilent 3000A) equipped with two different columns: (a) a molecular sieve module and (b) an OV-1
module (stationary phase of polydimethylsiloxilane), and a TCD detector, was used to analyse the
gas phase (CO: and CO) after 2h of reaction. Measure of CO2 and CO were performed using
calibration curves obtained from commercial standards.

2. Modelling methodology



2.1 Reaction pathway

The decomposition of FA follows two pathways, depending on factors such as the catalytic
material, reaction temperature, and the reactants concentrations. Equation (1) represents the
dehydrogenation of FA, while Equation (2) illustrates the dehydration reaction. Since the first
reaction is slightly exothermic and the second reaction is endothermic, the choice of catalyst can
influence which pathway is more likely to occur in the decomposition of FA[2], [3].

HCOOH - CO, + H, 1)
HCOOH - CO + H,0 @)

In a previous experimental study [4], the results of the decomposition of FA were fitted to the
power-law model formula, therefore the reaction rate presented below was used for the model.

r=k xC" ®)

where 7 is the reaction rate, k is the reaction rate constant, C is the FA concentration and # is the
order of reaction. The order of the reaction was calculated by the previous study and the estimated
value is 0.2, same with the Pd/C catalyst, which validated the experimental results accurately. The
activation energy was calculated by the experimental data obtained from this study, approximately
at 22 kJ/mol.

2.2 Batch reactor modelling

In the case of the batch reactor, a closed, ideally mixed system of constant volume is assumed,
since no flow enters or leaves the system. Reactants in gas phase are assumed to be ideal gases while
reactants in liquid phase assumed to be incompressible and ideal. Based on these assumptions; the
decomposition of FA can be modelled in 0D adopting the Batch reactor feature using the Reaction
Engineering interface of the Chemical Reaction Engineering Module in COMSOL.

The mass balance equation for each species, i, that is solved in the Reaction Engineering

interface is expressed as:

dc;
d—ct= R; 4)

where ciis the components molar concentration (mol/m3) and Ri represents the sum of each
reaction’s contribution to the reaction rate (mol/(m?)). By default, the energy balance for the batch

reactor is calculated according to:
dp

dar
Ve 2 6iCpir = Q + Qexe + Vo ©)

where V: is the reactor volume (m?), Cpi denotes the molar heat capacity of the components
(J/(mol'K)), T is the temperature (K), and p the pressure (Pa). On the other side of the formula, Q is
the heat due to chemical reaction (J/s), and Qex: signifies the external heat (J/s). The heat of reaction
can be expressed as shown in the equation below:

Q=-V. X Hn (6)

where Hiis the molar enthalpy (J/mol), and r; is the reaction rate (mol/(m?3s)).
2.3 Packed bed reactor modelling

A 2D configuration was used to model the packed bed microreactor assuming that
temperature, mass, and velocity profiles occur only in the radial and axial directions. Further
hypotheses were made for the modelling of the packed bed microreactor model such as (a)
unsteady-state and laminar flow; (b) isothermal operation of the microreactor; (c) fluids in the gas
phase behave as ideal gases; (d) constant axial fluid velocity with uniform physical properties and
transport coefficients. The solid catalyst utilised for the study is PdeZns@HHT (spherical particles),
and deionised water is used as a solvent.

The mass balance equation given below incorporates the diffusion and convection for the
species in the packed bed:



aCi

at+V']iSb+U,'VCi=R (7)

where u is the velocity (m/s) and Ji is the molar flux diffusive vector (mol/(m2.s)). The active
specific surface area, Sy, is the exposed area of the catalyst pellet to the reacting species (excluding
the inside of the pores) in the packed bed and is depicted as:

Sp= r,,%ﬂ — &) ®)

where 7y is the radius of the catalytic particle (m) and ¢» represents the void fraction of the
packed bed.

The molar flux, i, is rate determined and is relative to the mass balance and the particle-fluid
boundary conditions. This can be displayed based on the external mass transfer coefficient:

Ji = hi(ci — Cips) )

Sh'D;
h; = e (10)

_
Sc = o (11)
2Tpe’pux

Re = Zpetx (12)

u
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Sh = 2 + 0.552RezSc3 (13)

where Fi is the external mass transfer coefficient (m/s), cips is the species concentration at the
surface of the catalyst, and Di expresses the molecular diffusion coefficient in the bulk (m?/s).
Schmidt (Sc), Reynolds (Re) and Sherwood (Sh) numbers are dimensionless and related to the mass
transfer occurring at the pellet-fluid interface. u and p are the viscosity (Pa.s) and density (kg/m?) of
the reacting fluids, respectively.

The bulk diffusivity coefficient, D;, of the reactant in the fluid phase was estimated using the
Reddy-Doraiswamy correlation [5]:

D;=1x10"1¢ @ (14)
uvy

where M is the molecular mass of the fluid (g/mol), and Vi is the molar volume at normal
boiling point (m3/kmol).

The heterogeneous chemical reaction that takes place in catalyst pellets can be simulated using
the Reactive Pellet Bed feature in COMSOL®. The extra dimension is the radial microscale dimension
inside of the catalyst pellet particle. Therefore, the mass balance across a spherical shell at 74 and a
predefined 1D extra dimension (v = rain/tpe) is given by:

4TN{r?ri,epe 6;”:‘i + Ve (=12D; o Vepe ) = T?14R,0} (15)
where N is the number of pellets per unit volume of the bed, Di.s is the effective diffusion
coefficient of the reacting fluid within the pores of the catalyst, and Ry. is the reaction rate per unit
volume of pellet (mol/(m?3.s)).
The effective diffusion coefficient of the fluids into the pores of the catalytic particle are
obtained by relating the diffusion coefficient to either the bulk or the Knudsen diffusivity:
Di®poe

Diesr =— (16)
where @,, o, and 7 are the pellet porosity, constriction factor and tortuosity, respectively.

Typical values of these can be found in literature and are, g, =0.8, 7=3.0 and ¢, = 0.4 [6].



The Navier-Stokes equation is used for the modelling of the hydrodynamics of the
microreactor. The continuity equations demonstrating the conservation of mass and momentum are:

X +V-(pu)=0 17)
pZ—?+p(u-V)u=V-[—P1+T]+F (18)
where P is pressure (Pa), t is the viscous stress tensor in Pa and F is the volume force vector

(N/m3).
The boundary conditions used for the packed bed reactor in this study are given as:

atx =0; ¢; = ¢4p (19)
— . 8ci
at x = x;; o 0 (20)
aty =0;¢; =0 (21)
atr=1; ¢;p = Cips (22)
— . % _
atr =0; 5 = 0 (23)
3. Results
3.1 Catalyst characterization
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Figure S3. XPS analysis of PdsZns catalyst.

Surface properties of the PdZn catalyst were analysed using XPS analysis , in particular Pd/Zn
atomic surface ratio and Pd and Zn oxidation state. The Pd/Zn atomic surface ratio detected by XPS
(85-15) is higher than the atomic ratio calculated by STEM-XEDS highlighting an enrichment of Pd
on the bimetallic surface compared to the bulk. The binding energies of the Pd 3d3/2 and Pd 3d5/2
electrons were approximately at 341.0 eV and 335.6 eV respectively and could be deconvoluted into
two pairs of doublets. The two peaks at high binding energy of 342.8 eV and 337.3 eV were assigned
to Pd(II) species, whereas the other two peaks at low binding energy of 340.8 eV and 335.6 eV can
be attributed to metallic Pd(0) (Figure S3 a). The percentages of Pd(0) was calculated as 75.8%. Figure
S3 b shows the high-resolution XPS spectra for the Zn 2p electrons. The two peaks from the Zn 2p1/2
and Zn 2p3/2 electrons could be deconvoluted into a pair of two peaks, at BE of 1046.1 eV and 1022.7
eV) could be ascribed to Zn(Il), whereas the two peaks at 1044.6 eV and 1021.4 eV were assigned to
Zn(0) species [7]. The percentages of Pd(0) was calculated as 89.2%.

3.2 Packed bed flow reactor validation



In a previous work conducted by our group [8], different reactor configurations were
investigated including single and double membrane packed bed microreactors, using a commercial
Pd/C catalyst, to improve the performance of the reaction. The membranes were selectively
removing CO from the other gas fluids to avoid the poisoning of the catalyst. The removal of CO
prevented and minimised the deactivation of the catalyst prolonging the activity of the catalyst, and
also, the separation can enhance the purity of Hz in order to be used as PEM fuel cell. Figure 54
presents the comparison of the conversion of FA within the single and double membrane

configurations at different reactor temperatures.
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Figure S4. Comparison between the single and double membrane configurations on the formic acid conversion
at different temperatures [8].
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