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Abstract: The selective production of hydrocarbons for the chemical industry from biogenic feedstock
is a significant challenge when ensuring hydrocarbon and fuel supply, despite the heterogeneity
of this feed. In this study, guaiacol, as a surrogate for complex lignin-based biomass resources, is
converted by an inert silica carrier material with different d-metal impregnation (Mo, W, Re, Fe,
Co, Ni, Cu, Pd, Ag) to reveal the reasons for different product selectivity to hydrogenated and
deoxygenated hydrocarbon products. Hydrogen at 15 bar (gauge) and guaiacol are converted on
metal/silica catalysts between 250 °C and 400 °C, while the physicochemical catalyst properties are
characterized before and after catalytic tests. Volcano plots for the conversion, hydrogenation and de-
oxygenation products versus the d-band energy, surface atom distance and fouling properties reveal
three groups of metals: (i) those that are less active and show high coking (Ag, «-Fe); (ii) those that
show high activity for hydrogenation (3-Co, Ni, Pd) and, therefore, preferably yielded cyclohexane,
cyclohexanol and 2-methoxycyclohexanol; (iii) those that preferably promote deoxygenation (Mo, W,
Re, Cu) and, therefore, promoted the formation of phenol, benzene, anisole and catechol. The results
are summarized in a pseudo van Krevelen diagram and interpreted as a complex interdependency
from Sabatier’s principle of geometric correspondence of hexagonal metal surface for hydrogena-
tion, electronic correspondence for the activation of hydrogen and electronic correspondence by
oxophilicity for deoxygenation from the d-band center model.

Keywords: hydrodeoxygenation; guaiacol; sabatier’s principle; electronic correspondence; geometric
correspondence; oxophilicity; volcano plot; pseudo van Krevelen diagram

1. Introduction

For almost one century, there has been steady development to reveal and apply the
mechanisms during the hydrogenation of hydrocarbon feedstock from fossil oil, coal and gas.
Based on the industrial hydrotreating catalysts, with components such as palladium [1-3],
nickel [4-6], platinum [7-9], cobalt [10-12], iron [13-16] or molybdenum [17-19], as well as
the bifunctional catalysts for hydrocracking made of metals and acidic support material,
which benefit from synergistic strong metal support interaction (SMSI) [20-22], there is
a discernible trend that some transition metals are particularly active or selective and are
therefore used with striking frequency. The complexity rises considering the exothermic
nature and strong pressure dependency of hydrogenation reaction and some materials, such
as platinum, which promote hydrogenation reactions at a lower temperature (250400 °C)
and higher pressure (10-50 bar) and dehydrogenation at higher temperature (450-700 °C)
and lower pressure [23,24]. In the literature, electronic and geometric factors are discussed,
which determine the strength of the hydrogen- and reactant-metal surface interactions to
guide the hydrogen and reactant to each other [25]. In the process, both the reactants must
form a reactive complex with different metal surfaces, react, and ultimately desorb the
products again. Those reactant-metal complexes are particularly successful here, which on
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the one hand, have a sufficient formation probability and bond strength, but on the other
hand, are labile enough to rerelease the reactive metal surface after product formation,
according to the Sabatier principle [26,27].

Opver the past two decades, there has also been a shift in thinking in the industrial sec-
tor. The toxicity and recyclability of transition metal-containing catalysts have become the
focus in the context of sustainability. Additionally, increasing pandemics, local and global
conflicts, and the climate crisis have led to a call for increased regional supply security
for the chemical industry to provide fuels, as well as base and specialty chemicals. Here,
the co-utilization of secondary and tertiary biogenic raw materials, such as bio-oils from
paper industry waste, for material use offers an option. Due to the associated challenge of
using oxygenated hydrocarbons, new concepts for deoxygenation are needed to expand the
existing refinery landscape through drop-in biotechnologies [23,28-32]. From a scientific
point of view, the concepts of the oxophilicity of a metal/support and metal-oxide support
catalyst from the d-band center model by Hammer and Norskov and the driving force of
deoxygenation by the formation of leaving groups such as water play an additional role
to the energetic and geometric factors of the hydrogenation processes on different metal
surfaces and edges (Figure 1) [33,34]. Based on the technical utilization of lignin surpluses,
a variety of products can be made selectively accessible in the hydrodeoxygenation pro-
cesses by a skillful choice of metal-carrier combinations, which can ensure the security of
supply in the chemical industry even beyond the age of fossil carbon carriers.
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Figure 1. Schemes of (top) the reaction routes and individual reaction steps for the hydrodeoxy-
genation of guaiacol and (below) the mechanistic backgrounds of (a) geometric correspondence for
reactant and metal surface, (b) electronic correspondence for hydrogen activation and transfer to
the reactant according to the Sabatier principle, and (c) oxophilicity of the metal surface affecting its
reactivity [23,26,33,35-39].
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For this reason, the characteristics of the conversion behavior of a typical lignin hy-
drolysate, called guaiacol, is investigated in this study, which is continuously converted at
15 bar (g) hydrogen pressure and 250 °C to 400 °C reaction temperature with supported
transition metal catalysts, partly selectively to highly relevant basic chemicals, such as phe-
nol, benzene, cyclohexanol or cyclohexane. Deeper scientific analysis of the characteristics
of different metal species has been ensured by using inert carrier material and neglectable
acidity after impregnation and final reduction to avoid the interactions known from more
complex bi-functional catalyst systems (e.g., SMSI). The physicochemical characterization
of the catalyst materials before and after the catalytic tests in a fixed-bed test reactor unit is
used to determine the differences in the conversion and selectivity behavior of different
transition metals. Summarized by volcano plots and van Krevelen diagrames, it is possible
to estimate which activity and selectivity of the supported metal(oxide) catalysts differ, and
why, with respect to a potential application for bio-based drop-in technologies at different
points of the existing refinery landscape.

2. Results and Discussion

The choice of a suitable, chemically inert support material was followed by the physic-
ochemical and catalytic characterization of different metal loadings, which then led to
Volcano plots and van Krevelen diagrams in the third section in orders, which ultimately
serve as the basis for the mechanistic discussions of the conversion pathways of guaiacol.

2.1. Choice of the Inert Silica Carrier Material

To study the properties of the metals with minimal influence on the support material,
a support material that is as inert as possible is necessary. The zeolite materials frequently
used in catalysis, such as HZSM-5 or HY, have acidic properties, thus catalyzing deoxygena-
tion and transalkylation reactions, and are therefore unsuitable for the investigations [24].
Similarly, basic centers, known for alkaline earth metal oxides such as CaO or MgO, should
be avoided for the hydrogenation processes because they contribute to proton abstraction
and isomerization [25]. In addition, interference due to the pore geometry of the support
material should be avoided, as has been demonstrated for zeolite-based materials such
as HY, HBeta, and HZSM-5 [40-42]. For these reasons, the commercially available fumed
silica Aerosil380 was chosen, which has a high surface area, of approximately 380 m?/g,
and was made available for research purposes by Evonik AG [43].

The adsorption and desorption curves of the nitrogen physisorption measurement of
the support material used, Aerosil380, are shown in Figure 2.
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Figure 2. Nitrogen physisorption isotherm of the carrier material Aerosil380. B.E.T. = 330 m2/ g
(p/po =0.001 to 0.23), B.J.H. = 300 mz/g (p/po = 0.3 to 0.95).

According to IUPAC, the hysteresis can be classified as type IV(a), indicating a mesoporous
material with multilayer adsorption [44]. This property can be attributed to the agglomeration
of the spherical silica particles, as confirmed by the scanning electron microscope (SEM) images
in Figure 3, and not to an ordered pore structure as known for other mesoporous silicates,
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e.g., SBA-15 [45]. The substrate has a B.E.T. surface area (p/pg = 0.001 to 0.23) of 330 m?/ g and
a B.J.H. surface area (p/po = 0.3 to 0.95) of 300 m?2/ g [46,47].

Figure 3. Scanning electron microscopy (SEM): an image of the support material Aerosil380 with
a magnification of x20,000.

The powder X-ray diffraction pattern (P-XRD) shows a strongly spread reflection
hill in the range between 15° 20 and 30° 2@ (Figure 4). This does not correspond to
a Bragg reflection, which is typically caused by crystalline materials with a long-range
order. Instead, it is caused by the Gaussian distribution of the most frequent distances to
the nearest neighbor atom, i.e., the near order within the silica [48,49].

Normalized reflex intensity

10 20 30 40 50 60 70

20 in degree

Figure 4. P-XRD of the carrier Aerosil380 normalized to the highest reflex.

No signals were detected in the temperature-programmed reduction and oxidation;
consequently, the substrate is neither oxidized nor reduced in the range below 600 °C (see
Figure A1 in the Appendix A). Similarly, no adsorption was observed during the subsequent
hydrogen chemisorption. Temperature-programmed ammonia desorption (TPAD) was
subsequently performed to determine the acidic properties. In Figure 5, the support
material is compared with a commercial acidic material, such as an HZSM-5 zeolite from
Clariant (HCZP 27). Based on the plot, the selected support material exhibits no significant
acidic properties. Accordingly, Aerosil380 meets the physicochemical requirements placed
on the support material for investigating the catalytic properties of different impregnated
metal species after reduction.

Analogous to the empty reactor measurements, the formation of a product gas phase
and an aqueous liquid product phase is not observed in the investigated temperature
interval, from 250 °C to 400 °C, in the catalytic test measurements of the Aerosil380 support
material. For low temperatures, from 250 °C to 340 °C, no conversion can be detected
in the condensable liquid phase. Higher temperatures of 370 °C and 400 °C led to a
negligible conversion of less than 10%. Demethoxylation and methyl transfer reactions are
predominantly observed, leading to phenol and 2-methylphenol. However, the proportion
of these compounds in the liquid phase is less than 3%. With a coke content of 11.9 £ 0.1%,
severe coking occurs above 370 °C. This is due to the thermal polymerization of guaiacol
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at the surface, which is favored by higher temperatures, particularly above the ignition
temperature of 385 °C [23,50]. As expected from the physicochemical characterization, the
Aerosil380 material is a catalytically nearly inert material, which makes it ideal as a support
for the following studies on the catalytic properties of different metals.
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Figure 5. Comparison of the TPAD of Aerosil380 with a commercially available HZSM-5 (Clariant).
ZSM-5 = 1260 umol/g, Aerosil380 = 90 umol/g.

2.2. Physico-Chemical Characteristics of Different Transition Metal/Silica Catalyst Materials
With the exception of the palladium- and rhenium-silica material, all of the catalyst
materials are prepared with a mass fraction of 10% of the metal, based on their reduced
form, by impregnating Aerosil380. For the palladium and rhenium catalyst, a mass fraction
of 1% was deviated from for economic reasons and the known high activity [29,51-54]. The
physicochemical properties of all the materials are summarized in Table 1.

Table 1. Summary of the results of the nitrogen physisorption measurements and the P-XRD mea-
surements of the different metal catalysts. The crystallite size was calculated based on the powder
diffractograms of the catalysts after TPROR measurement from TPR 1, TPO and TPR 2.

Results of P-XRD Physisorption of Nitrogen Results of TPR 2 ¢
Phase Analysis . Specific Surface Area
After Cryztfi‘ler&ze Exp. Theor.
After Catalytic  TPROR BET. BJ.H. inpmol  in umol
Calcination Test ; o in m?/g in m?/g (Ha)/g (Hy)/g
idi in nm
(Oxidized) (Reduced)
MoO3 MoO, 207 250 190 1710 2980
WO3 W)2 nd.? 305 260 970 ¢ 1590
NH;ReOy Re 26 290 260 2015 2060
nd.? Fe nd.? 305 270 1430 2575
Co304 Co 149 310 200 3990 2183
NiO Ni 274 310 285 2345 1660
n.d. Pd 6° 325 275 0 90
CuO Cu 42 285 255 1950 1535
Agr,O +Ag Ag 33 240 190 0 460

2 shallow signal—incomplete reduction is assumed; °: no evaluation possible due to strong fluorescence;
¢: temperature profile and parameters, see chapter 3 “Materials and Methods”; 4: Confirmed by hydrogen pulse
chemisorption Dy; = 1.7%; i.e., particle diameter = 47 nm; ©: Confirmed by hydrogen pulse chemisorption
Dpg = 38.6%; i.e., particle diameter = 2 nm.

The adsorption and desorption curves of the nitrogen physisorption measurements of
the loaded metal-supported catalysts are similar to those of the Aerosil380 support material
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(Figure 2). Therefore, they can be classified as Type IV(a) isotherms. The determined B.E.T.
and B.J.H. surfaces are summarized in Table 1. Due to the metal content of 10% and 1% (Re,
Pd), the specific surfaces of the metal catalysts are lower than those of the pure support
material, Aerosil380, due to the dilution effect.

For the analysis of the metal phases, powder X-Ray diffractograms (P-XRD) of the
calcined metal-silica systems were recorded before, i.e., in oxidized form, and after the reac-
tion, i.e., in reduced form (see Appendix A Figures A2-A10). Before reduction (calcination),
the metals of the catalysts are present in the oxidized form, except for rhenium, which was
further identified as ammonium perrhenate. During the pretreatment prior to the reaction,
as well as during the reaction with guaiacol, the metals are reduced, as demonstrated
by the P-XRD. For all the catalysts except the molybdenum and tungsten-silica material,
a complete reduction is assumed after the catalytic test measurement based on the P-XRD
measurements. Consistent with studies by Regalbuto et al. on molybdenum-silica systems
(also Aerosil380), only partial reduction to molybdenum(IV) oxide (MoO;) was detected
for the molybdenum-silica system using P-XRD (see Appendix A Figure A2) [55,56]. For
a complete reduction, 1100 °C would be required, which cannot be achieved due to the
stainless steel reactor and the furnace inside the catalyst test unit. The same applies to the
tungsten catalyst, for which a temperature of at least 800 °C is required for a complete
reduction (see Appendix A Figure A3) [57].

Due to the fluorescence by Cu-Ka radiation during the P-XRD measurements, which
usually occurs in iron-containing samples, and the associated high background noise, the
identification of iron in the reduced state is possible, but not of the metal oxide phase before
reduction [58]. Based on the P-XRD and MofSbauer spectrometry measurements of the
iron-silica materials known from the literature, it can be assumed that y-Fe,O3 (maghemite)
can be present, in addition to the most abundant naturally occurring modification, x-Fe;O3
(hematite) [59,60]. However, due to the maximum temperature of 550 °C used, it can
be assumed that predominantly the body-centered cubic x-Fe;O3 is present and not the
face-centered cubic y-Fe, O3 formed above 910 °C [61].

Cobalt, in addition to the more stable x-cobalt modification (hexagonally densest
sphere packing), can also exist as the (3-cobalt modification (face-centered cubic) formed
from 400 °C—450 °C [62]. Due to the reduction temperature of 550 °C during pretreatment,
the B-modification is assumed for cobalt. Nickel can be considered to be in a face-centered
cubic crystal structure [63]. Similarly, palladium, copper and silver crystallize are consid-
ered to be in a face-centered cubic crystal structure because they do not have any other
stable modifications under the selected reaction conditions [62,63].

In addition to identifying the metal phase, it is possible to estimate the metal particle
size using the Scherrer equation [64]. The calculations are based on the samples” P-XRD
results, according to TPROR up to 600 °C, and are summarized in Table 1. The palladium-
silica system has the smallest metal crystallite size, which was also confirmed by hydrogen
pulse chemisorption (Dpyg = 38.6%; i.e., particle diameter = 2 nm). The nickel crystallite size
was also checked and approved by hydrogen pulse chemisorption (Dy; = 1.7%; i.e., particle
diameter = 47 nm). Due to the strong background signal from the fluorescence of the
iron-silica material and the incomplete reduction in the tungsten-silica system, no metal
crystallite size was calculated.

To imitate the conditions during pretreatment in the catalyst test unit, a temperature-
programmed reduction, oxidation and renewed reduction up to a temperature of 600 °C
was recorded for all the catalyst materials used. Table 1 illustrates the amounts of hydrogen
consumed per gram of catalyst and the amounts of material theoretically required for
complete reduction. This showed a signal for the molybdenum-silica catalyst material
with a maximum at 500 °C, which can be attributed to the formation of molybdenum(VI)
oxide (MoO,) [56]. A second reduction stage to fully reduced molybdenum could not be
observed (see Figure 6a). For the tungsten catalyst, no complete reduction is observed up
to 600 °C (see Figure 6b). For this reason, another TPROR measurement was performed
up to 900 °C (see Figure 6¢), which, starting at 550 °C, shows two broad signal maxima at
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725 °C and 840 °C. These results confirm the hypothesis made in the P-XRD phase analysis
that only partial reduction in the tungsten-silica material occurs under the pretreatment or
reaction conditions.

Based on the TPROR measurement of the rhenium system, it can be shown, consistent
with the literature, that the ammonium perrhenate (NH4ReOy) used is reduced to rhenium
in one reduction step at about 350 °C (see Figure 6d) [65]. For the iron-silica material,
a broad signal with a maximum at about 400 °C can be observed (see Figure 6e). This is
probably a superposition of several reduction steps leading to a broad signal with Fe*
as an intermediate [66]. However, based on comparing the consumed hydrogen with
the theoretically required amount, it can be assumed that the reduction did not occur
completely (see Table 1). However, in an additional TPROR up to 900 °C, the same amount

of hydrogen per g of catalyst was consumed (see Figure 6f).
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Figure 6. Results of TPROR measurements up to 600 °C (a,b,d,e) and 900 °C (c,f): (a) Molybdenum-
silica system with a signal maximum of the second TPR at about 500 °C. (b) Tungsten-silica system
without significant signals for reduction up to 600 °C. (c¢) Tungsten-silica system with two signal
maxima of the second TPR at about 725 °C and about 840 °C. (d) Rhenium-silica system with
one signal maximum of the second TPR at about 350 °C. (e) Iron-silica system with a maximum of the
second TPR at about 400 °C, and (f) Iron-silica system with a maximum of the second TPR at about
400 °C and another at about 660 °C.

The cobalt-silica catalyst’s temperature-programmed reduction (TPR) shows two re-
duction maxima that merge into each other (see Figure 7a). The first maximum is at about
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290 °C and is attributable to the reduction of cobalt(Il, IIT) oxide (Co30y) to cobalt(Il) oxide
(CoO) [67]. The complete reduction causes the second signal to cobalt(0), with a maximum
at about 330 °C [67]. Temperature-programmed oxidation (TPO) also shows two signals,
which can be analogously assigned to oxidation to cobalt(II) oxide (CoO, first signal) and
the subsequent oxidation to cobalt(Il, III) oxide (Co3O4, second signal) [68].
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Figure 7. Results of TPROR measurements up to 600 °C: (a) Cobalt-silica system with two signal
maxima of the second TPR at about 290 °C and 330 °C. (b) Nickel-silica system with one signal
maximum of the second TPR at approx. 310 °C.

Due to palladium’s high standard potential, the palladium oxide reduction to palladium
already occurs at low temperatures. For this reason, in addition to the TPROR measurement
with a temperature profile between 40 °C and 600 °C (see Figure 8a), a low-temperature
TPR measurement starting at —70 °C was performed for palladium (see Figure 8b), in which
a positive signal for the reduction becomes visible at about 10 °C. Furthermore, a negative
signal is observed at about 90 °C, which originates from the desorption of hydrogen adsorbed
on the catalyst. Due to the low palladium content of 1% of the palladium-silica material and
the lower sensitivity of the TPO compared to the TPR due to the smaller difference in thermal
conductivities of helium and oxygen (Ar—3o0x = 129.2 mWm~!K~!) compared to argon and
hydrogen (Ar=300x = 168.9 mWm K1), only a shallow signal at about 300 °C can be
detected in the TPO with the usual temperature profile between 40 °C and 600 °C [69]. This
is attributable to the oxidation of palladium to palladium(Il) oxide (PdO) [62].
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Figure 8. Results of TPROR measurements of the palladium-silica system: (a) 40 °C to 600 °C
(b) —68 °C to 600 °C with a maximum of reduction (TPR 2) at about 10 °C and a negative signal due
to desorption of hydrogen at about 90 °C.

The TPR of the copper-silica catalyst system shows two superimposed signals, which
can be assigned to the reduction of copper(Il) oxide (CuO) to copper(I) oxide (Cu,O) and
the subsequent reduction to elemental copper (Cu). The signals can also be seen in the
TPO (see Figure 9a). For the thermally induced back reaction of copper(Il) oxide (CuO)
to copper(l) oxide (CupO) with oxygen splitting, higher temperatures from 800 °C are
necessary [63]. A similar thermal decomposition of silver(I) oxide (Ag,O) to elemental
silver (Ag) and oxygen (O;) already takes place from 230 °C. Therefore, no signal could
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be detected in the TPR as the silver oxide formed in the TPO already decomposes again
during the TPO measurement. (see Figure 9b) [63].
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Figure 9. Results of TPROR measurements up to 600 °C: (a) Copper-silica system with a maximum
of the second TPR at about 235 °C. (b) Silver-silica system without detectable signals due to thermal

decay of Ag,O from approx. 230 °C.

A deeper look into the ammonia desorption results (TPD, see Figure 10) reveals low to
no acidity after reduction by TPROR experiments compared to conventional acidic solid
catalyst materials, such as zeolite ZSM-5 (by Clariant, HCZP27, Si/ Al = 11). Only the iron,
molybdenum and nickel catalysts show small ammonia desorption signals, which are more

in the range of weakly bound ammonia.
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Figure 10. Comparison of TPAD of the investigated catalyst systems with a commercially avail-
able HZSM-5 (Clariant). ZSM-5 = 1260 umol/g, Mo/SiO, = 210 umol/g, W/SiO, = 135 umol/g,
Re/SiO; = 80 umol/g, Fe/SiO, = 220 pumol/g, Co/SiO, = 185 umol/g, Ni/SiOp = 105 pmol/g,
Pd/SiO, =75 umol/g, Cu/SiO; = 180 umol/g, Ag/SiO, = 35 pmol/g.
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2.3. Catalytic Trends during the Metal Screening by Volcano Plots and Pseudo van
Krevelen Diagram

The following results of the catalytic test measurements are described according to the
element group and period. The observation of the selectivities of low conversions is highly
susceptible to fluctuations and can therefore lead to misinterpretations, particularly by
overestimating the gas phase. To avoid this, only selectivities from a minimum conversion
of 15% are considered in the presentation of the results.

The aim of the investigations is to compare the catalytic properties of different metals
on silica supports in an initial screening. The focus here is on the different d-band occupancy
of the selected metals of subgroups 6 (d*) to 11 (d°). For the investigation of the observed
effects, a literature search summarized different substance data, as illustrated in Appendix B
in Table Al and Table A2. These include the electron configuration in the isolated atom,
the band occupancy in the metal crystal, the minimum energy configuration, the center
of the d-band, the percent d-character, the one-electron orbital energies and the bonding
energies metal-carbon, metal-oxygen, and metal-hydrogen, as well as the crystallographic
data, such as the lattice type, the covalent radius, and the shortest atomic distance. The
conversion of the investigated metal-silica catalyst systems is shown in simplified form in
Figure 11.
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Figure 11. Summary of the conversion curves in the test measurements of the metal-silica catalyst
systems. The dashed smoothing is based on a spline with A = 0.05 and the confidence interval.

The conversion shows a clear dependence on the temperature and the metal loading
(see Figure 11). For temperatures below 340 °C, there is an optimum for the metals
cobalt (d”) to palladium (d®). For higher temperatures, the activity and, thus, the guaiacol
conversion, decreases when these metals are used. In contrast, the activity of the other
metals, particularly molybdenum and tungsten, increases with the increasing temperature.
In Figure 12, a pseudo van Krevelen diagram exemplifies the possible changes in the
molar H/C- and O/C-ratios in the conversion of guaiacol [70,71]. Referring to the organic
liquid phase, Figure 13 shows the observed changes in the molar H/C-ratio and Figure 14
shows the change in the molar O/C-ratio due to the catalyzed conversion of guaiacol on
the different metal-silica catalysts. The observation of these ratios is used for the general
investigation of the processes taking place. For example, as shown in Figure 12, ring
hydrogenation increases the H/C-ratio while the O/C-ratio remains constant. In contrast,
the dehydroxylation of phenol with the elimination of water leads to a reduction in the
O/C-ratio, with the H/C-ratio remaining constant.
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Figure 12. Pseudo van Krevelen diagram of the conversion of guaiacol (black dot) to various products
observed during the hydrodeoxygenation of guaiacol (colored dots).

Analogous to the conversion, the change in the H/C ratio (see Figure 13) shows a max-
imum for low temperatures for the metals cobalt to palladium. The decreasing change in
the H/C ratio with the increasing temperature can be explained by the exothermic nature
of hydrogenation and the decreasing availability of hydrogen due to exothermic adsorp-
tion. However, due to its characteristic tendency to hydrogenolysis with the increasing
temperature, nickel shows a deviating behavior when considering the overall change in the
H/C-ratio, i.e., taking the gas phase into account. Therefore, cobalt, nickel and palladium
can be summarily classified as hydrogenation metals.
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Figure 13. Change in the molar H/C ratio in the liquid phase compared to the starting material
guaiacol (H/C =1.14). A positive change results from an increase in the H/C ratio, i.e., hydrogenation.
The dashed smoothing is based on a spline with A = 0.05 and the confidence interval.

Analogous to the observation of the H/C-ratio, the metals cobalt to palladium show
a maximum change in the O/C-ratio for low temperatures (see Figure 14). The deoxy-
genation activity and, consequently, the change in the O/C-ratio also decreases with the
increasing temperature. This can be justified by the preferential formation of phenol and
benzene observed for high temperatures. In contrast to the change in the H/C-ratio, but
analogous to the conversion, the change in the O/C-ratio increases for the other metals,
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particularly molybdenum and tungsten. For higher temperatures above 370 °C, the change
in the O/C-ratio of these metals exceeds that of the hydrogenation metals. This is due to
the high oxophilicity of the metals molybdenum, tungsten, and rhenium, which leads to
preferential deoxygenation, particularly for high temperatures. Based on the changes in
the H/C- and O/C-ratios shown in the pseudo van Krevelen diagram (see Figure 15), it
can be assumed that two different processes take place: hydrogenation and deoxygenation.
The hydrogenation process is predominantly a ring hydrogenation, which is why the se-
lectivities and yields of the ring hydrogenated products are also considered as a sum in
the following.

Temperature in °C
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Figure 14. Change in the molar O/C ratio in the liquid phase compared to the starting material
guaiacol (O/C =0.29). A negative change results from a decrease in the O/C ratio, i.e., deoxygenation.
The dashed smoothing is based on a spline with A = 0.05 and the confidence interval is shown as an
envelope curve.

The pseudo van Krevelen diagram shows the different catalytic trends for the individ-
ual metal-silica catalysts, as depicted in Figure 15.
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Figure 15. Pseudo van Krevelen diagram: Change in the molar O/C and H/C ratio in the liquid
phase compared to the starting material guaiacol (O/C = 0.29, H/C = 1.14). A negative change
in the O/C ratio results from deoxygenation, and a positive change in the H/C ratio results from
hydrogenation. The dashed smoothing is based on a spline with A = 0.05 and the confidence interval
is shown as an envelope curve.
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For the molybdenum and tungsten system, a strong deoxygenation to aromatic prod-
ucts is observed, which only slightly changes the H/C-ratio. In contrast, strong hydrogena-
tion is observed for the metals cobalt, nickel and palladium. However, these vary in their
activity for deoxygenation reactions, whereby cobalt tends to form cyclohexane, nickel
forms cyclohexanol and palladium forms 2-methoxycyclohexanol. The sharp drop in the
H/C-ratio for the palladium-silica catalyst can be explained by the strong deactivation
during the time on stream. The mechanistic reasons for these trends, shown by the pseudo
van Krevelen diagram (Figure 15), are discussed in detail in the following section.

2.4. Mechanistic Conclusions for Hydrogenation, Deoxygenation and Deactivation Processes

The initial investigations now lead to the conclusions for the special conditions which
must be given for process sequences of ring hydrogenation, deoxygenation and different
types of catalyst deactivation.

Hydrogenation of aromatic rings: Following the multiplet theory developed by Ba-
landin, the high or low tendency for the ring hydrogenation of the elements described can
be justified in part based on the presence or absence of a “geometric correspondence” [27].
The multiplet theory assumes that the formation of a reactant-surface complex occurs
between the adsorbed reactant and the catalytically active multiplet center [25,27]. The
reaction is favored if the arrangement and interatomic distances at the multiplet center
(catalyst) match those of the reactant and is therefore referred to as “geometric correspon-
dence”. In the case of the hydrogenation and dehydrogenation of benzene and cyclohexane,
respectively, we call this a sextet mechanism due to the number of adsorption centers
involved (see Figures 1a and 16).

H H

Figure 16. Schematic representation of the sextet mechanism of benzene hydrogenation and cyclo-
hexane dehydrogenation at metal centers (gray dots) with hexagonal symmetry, such as found in
platinum, palladium, and nickel following Balandin [25,27].

Figure 17 shows the yield of the ring hydrogenated products at an operating tem-
perature of 250 °C as a function of the shortest interatomic distance and the lattice type
of the respective metal loading. Cubic face-centered crystal systems, such as 3-Co, Ni,
Pt, Pd, Cu, y-Fe and Ag, and hexagonal crystal systems, such as x-Co, Mg, Re and Zn,
have crystal centers with hexagonal symmetry and therefore favor a sextet mechanism.
However, hexagonal symmetry is not found in cubic space-centered crystal systems, such
as Mo, W, and «-Fe. In addition to the symmetry, the interatomic distance at the multiplet
center also affects the interaction of the hydrogen with the sextet complex. Studies for
cyclohexane dehydrogenation show that interatomic distances between 0.2492 nm (Ni) and
0.2775 nm (Pt) are suitable. In contrast, larger distances, such as 0.2889 nm (Ag), are not,
despite their symmetric correspondence, because the interaction of the hydrogen with the
sextet complex is insufficient [25,27].

This explains the high yield of ring hydrogenated products starting from guaiacol
when using the hydrogenation metals under consideration, Ni, Co and Pd, but not the low
product yield for copper systems (see Figure 17).

Copper has an interatomic distance of 0.2556 nm between Ni and Pt and a face-
centered cubic crystal system (hexagonal symmetry). This example shows that geometric
correspondence is a necessary, but not a sufficient, criterion for high catalytic ring hydro-
genation activity. An associated high selectivity for the products 2-methoxycyclohexanol,
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cyclohexanol, cyclohexanone and cyclohexane are not observed for the copper-silica system.
The reason for this is the low carbon affinity of copper, which was attributed by Vollmer
et al., based on DFT calculations of the adsorption of CO on different copper surfaces to the
fully occupied d-band and the associated low 27*-d coupling, which makes the reactant
adsorption too weak according to Sabatier’s principle [25,72].
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Figure 17. Dependence of the sum of the yields of the ring hydrogenated products at a reaction
temperature of 250 °C as a function of the shortest atomic distance and lattice type. Hexagonal
symmetry is present within the hexagonal closest packing (hcp) and the face-centered cubic lattice
type (fcc), but not for the space-centered cubic (bcc).

Figure 18 shows the dependence of the yield of the ring hydrogenated products for
an operating temperature of 250 °C on the center of the d-band and the lattice type of the
metal used. The atomic orbital occupation behaves inversely to the center of the d-band in
the metal crystal. A low occupation of the atomic orbitals leads to an energetically higher
center of the d-band in the metal crystal. This results in a volcano curve with a maximum
for palladium.
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Figure 18. Dependence of the yield of ring hydrogenated products at 250 °C on the center of the
d-band (Hammer and Norskov) and the lattice type of the metal used [33,34]. The dashed smoothing
is based on a spline with A = 0.05.

The lack of geometric correspondence can explain the low ring hydrogenation activity
of «-Fe due to the lack of hexagonal symmetry in the crystal structure. However, the
v-Fe modification, also known as austenite, has a face-centered cubic crystal structure and,
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therefore, a geometric correspondence for ring hydrogenation. However, this modification
only forms above 910 °C and transforms again at lower temperatures [61]. However, the
austenite phase can be stabilized by the addition of nickel, carbon, cobalt, manganese,
and nitrogen. For example, by adding 50 wt% nickel, it is possible to stabilize the y-iron
modification to temperatures below 400 °C [73]. This also explains the high activity of
Fe-Ni catalyst systems in HDO described by Shafaghat et al. [37]. In addition to geometrical
correspondence, electronic correspondence is also necessary for ring hydrogenation, which
is given for the metals cobalt, nickel, and palladium.

Deoxygenation of functional groups: The tendency towards deoxygenation processes
can be justified based on the oxophilicity of the metals used. A high oxygen affinity,
i.e., a high oxophilicity, is necessary for these reactions. Based on the “hard and soft acids
and bases” (HSAB) concept, oxophilic elements are hard acids and bases. These possess
a high charge density and high electronegativity. It has also been shown that oxophilicity
is a function of the center of the d-band [74,75]. The correlation of the oxophilicity from
the center of the d-band, according to the d-band model of Hammer and Nerskov, can be
justified by the lower electron density in the antibonding metal-oxygen orbital [33,34,76].
The higher the center of the d-band is energetically and, thus, the closer it approaches
the Fermi energy (0 eV), the higher the distance to the antibonding metal-oxygen orbital,
resulting in a lower electron density in the latter and a concomitant increase in the metal-
oxygen bond strength (see Figure 19) [74,77].

Based on the change in the O/C ratios (see Figure 14), deoxygenation processes are
promoted by higher temperatures. The formation of oxygen-deficient/aromatic products
predominates. For this reason, Figure 20 shows the yield of the low-oxygen/free-aromatic
products at a reaction temperature of 400 °C as a function of the center of the d-band.
The trend expected based on oxophilicity is shown, according to which the yields of the
deoxygenated aromatic products decrease as the center of the d-band decreases, i.e., as the
d-band becomes increasingly filled.
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Figure 19. Schematic representation of the electron transfer from the metal into the binding (5) and
antibonding (6*) metal-oxygen orbital. The higher the center of the d-band, the stronger the transfer
into the antibonding metal-oxygen orbital, which decreases the bond strength assuming a 5-bond.
Visualization according to d-band model of Hammer and Nerskov [34,74,76].
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Figure 20. Dependence of the yield of aromatic products at 400 °C on the center of the d-band and

the lattice type of the metal used.

Coke formation as the cause of catalyst deactivation: Figure 21 compares the conver-
sion curves at 340 °C after 5 h ToS and 9 h ToS. A clear deactivation, i.e., decreased activity,
is observed for the cobalt, nickel and palladium silica catalyst systems. In contrast, the
activity of the molybdenum- and tungsten-silica systems increases after 9 h of ToS. This
can be attributed, for example, to a non-selective aging, i.e., a slow formation of the reac-
tive hydrocarbon intermediates or the further reduction in the MOy species (in particular,
M = Mo, W). In the case of incompletely reduced molybdenum oxide species, the slight
acidic functionality can also support coke formation at a higher temperature (compare

Figure 10).
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Figure 21. Comparison of the conversion curves in the test measurements of the metal-silica catalyst
systems at 340 °C after 5 h ToS (blue) and 9 h ToS (red) as a check of the deactivation of the material.
The dashed smoothing is based on a spline with A = 0 and the confidence interval.
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The deactivation and associated lower activity observed for the cobalt, nickel, and
palladium-silica systems may be due to the coking, sintering, poisoning, and leaching of
the active species [23,78-81]. Sintering can be ruled out as the main cause of deactivation
based on the comparison of the PXRD measurements of the catalyst materials before
and after catalysis. For example, the estimation based on the Scherrer equation indicates
a constant metal particle size for the nickel-silica catalyst system, of about 20 nm [64].
Therefore, consistent with the literature, the most likely cause of deactivation is thermal
polymerization at the catalyst’s surface, which is characteristic of bio-oils and particularly
occurs above the guaiacol ignition temperature of 385 °C [23,50]. To test this hypothesis,
a test measurement was performed for the most deactivating system, the palladium-silica
catalyst material, using a reversed temperature profile, i.e., starting at 400 °C and decreasing
to 250 °C (see Appendix A Figure A11).

For the reverse, when decreasing the temperature profile, a lower activity (conversion
17%) was observed already after 2 h ToS (T = 400 °C) than for the standard temperature
profile after 7 h ToS (T = 400 °C; conversion 32%). This is due to the strong deactivation
already occurring during the run-in phase (ToS 1 h). The hypothesis that the deactivation of
the catalyst is due to the coking and, thus, the blocking of the active sites is also supported by
the comparable coke content with respect to the catalyst mass after the reversed temperature
profile (10.64 £ 0.02%) compared to the standard temperature profile (10.19 & 0.02%).

The coke deposits after the test measurements were therefore examined by CHNS
analysis. Figure 22 shows the hydrogen and carbon mass fractions of the different metal-
silica systems. With the increasing carbon content, the hydrogen content also increases,
whereby it can be assumed that although the amount of coke deposition differs depending
on the catalyst system used, its composition in terms of carbon and hydrogen remains
almost constant. The molar H/C ratios also indicate that the coke deposits are aromatic.
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Figure 22. Dependence of the hydrogen and carbon mass fractions determined by CHNS analysis.
The dashed smoothing is based on a spline with A = 0.05.

As the composition of the coke deposits on different catalyst samples does not differ
significantly, the sum of the carbon and hydrogen mass fractions is summarized below as
the coke fraction. Compared to the unloaded supporting material (11.9%), the coke forma-
tion for metal-loaded-materials is reduced by hydrogenating- (Ni 4.9%) or deoxygenating-
(Mo 4.3%) catalyst systems (see Figure 23).
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Figure 23. Dependence of the coke content on the conversion at 400 °C. The dashed smoothing is
based on a spline with A = 0.05.

3. Conclusions

This study aimed to investigate the catalytic properties of different metals on com-
mercially available inert silica support in a screening survey. The focus was on the dif-
ferent d-band occupation and the crystal structure of the selected metals of subgroups
6 (d*) to 11 (d°). It was shown for ring hydrogenation that a geometrical correspondence,
i.e., a hexagonal symmetry with an optimal atomic spacing, in combination with an ener-
getic correspondence, i.e., a not fully occupied d-shell, are necessary. For the deoxygenation
prevailing at high temperatures, there is a dependence of the product selectivity of the
aromatic products on the center of the d-band, which correlates with the oxophilicity.
The catalyst deactivation processes are mainly attributed to coke formation, which oc-
curs for low-active hydrogenation catalysts at temperatures above 385 °C, the flash point
of guaiacol.

Everything considered, there are three groups of metals: (i) those which are less active
(Ag, o-Fe); (ii) those which show high activity for hydrogenation (3-Co, Ni, Pd); (iii) those
which preferably promote deoxygenation (Mo, W, Re, Cu). With respect to group (ii), due
to its higher oxophilicity than nickel, cobalt tends to undergo complete deoxygenation
with the formation of cyclohexene and cyclohexane. In contrast, due to the high ring
hydrogenation activity and the simultaneously low oxophilicity of palladium, almost no
deoxygenation occurs, resulting in the preferential formation of 2-methoxycyclohexanol.
Due to the geometric and energetic correspondence for selective ring hydrogenation and
the moderate oxophilicity, nickel is, therefore, a good choice for converting guaiacol to
incompletely deoxygenated products, such as cyclohexanol and cyclohexanone.

In consideration of the arrangement of the surface, atoms (geometric or steric factor)
and the interaction strength, reactant-surface (energetic factor), are of particular importance
in catalysis. Although some correlations of catalytic activity with the center of the d-band
are already presented in the literature, to the best of our knowledge, systematic studies of
the combined electronic and geometric influence of a large variety of different metals on
the HDO of bio-oils are missing. There is also a lack of continuous operation studies in the
literature, which are the first step toward a scalable economic application. The fundamental
insights presented in this paper enable the systematic development of new efficient catalyst
systems and allow a precise prediction of the expected product selectivity.

4. Materials and Methods

Thermogravimetric analysis (TGA): TGA was performed on a Mettler Toledo system
consisting of a TC15-TA controller, an MT5 precision balance and a TG50 oven and balance
(Columbus, OH, USA). TGA was used to determine the water content (35 °C to 300 °C,
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10 K/min, nitrogen), which is defined as the weight loss from 35 °C to 250 °C. The mass used
is corrected for this water content in all of the quantitative analysis methods. Further heating
was used to determine the amount of coke (35 °C to 850 °C, 10 K/min, compressed air).

Powder X-Ray diffraction (P-XRD): The crystallographic investigations were carried
out on STOE’s STADI-P powder diffractometer with Dectris Mythen 1K detector (Darm-
stadt, Germany). All measurements are made with Cu-Ka1 X-Rays (A = 0.154060 nm), an
accelerating voltage of 40 kV, a working current of 40 mA in the measurement interval
from 3.00 to 96.45° 20 with a step size of 1.005° 20 resulting in a resolution of 0.015° 26
and an exposure time of 30 seconds per step. For the background correction of the diffrac-
tograms, the software WinXPow (Version 3.06) from STOE was used. Comparison with
the reference diffractograms is performed in MATCH! using the COD-Inorg REV189751
(Version 2017.01.03) database [82]. The crystallite size (L) calculation is based on the
Scherrer equation.

Temperature-programmed reduction and oxidation (TPROR): The reductive and ox-
idative properties of the catalyst samples are investigated on the “TPDRO 1100 Series”
from Thermo Scientific (Waltham, MA, USA). For this purpose, approximately 150 mg
of the sample is weighed between two balls of quartz absorbent cotton in a quartz glass
reactor and installed in the reactor. Before the measurement at the analysis port, the sample
is calcined at the preparation port under argon up to the maximum temperature used in
the subsequent TPR and TPO measurement (600 °C). The measurement of a TPR, a TPO
and a second TPR, from now on referred to as TPROR, is performed until 600 °C each
with 10% Hj in Ar for TPR and 5% O; in He for TPO. The water produced during the TPR
measurement is removed with a molecular sieve before TCD.

Hydrogen pulse chemisorption: Hydrogen pulse chemisorption is performed follow-
ing the TPROR measurements up to 600 °C for the nickel and palladium silica catalyst to
mimic the conditions after pretreatment in the catalyst testing unit. The remaining hydro-
gen is desorbed first with argon at 600 °C for 1 h before. Subsequently, pulse chemisorption
is performed at 40 °C with 10% hydrogen in argon as pulse gas. The dispersity is calculated
based on the hydrogen consumed.

Temperature-programmed ammonia desorption (TPAD): The amount and strength of
acid sites is also determined on the TPDRO 1100 from Mettler Toledo (Waltham, MA, USA).
Approximately 150 mg of catalyst were used for all measurements. After a calcination step
up to 250 °C under argon for 1 h, pure ammonia (ammonia 3.8) is adsorbed at 120 °C for
10 min. After flushing with pure helium (helium 5.0) for 5 h, the measurement is carried
out at 10 K/min up to 550 °C with a dwell of 1 h. The desorbed gas is measured at a TCD.
The calibration of the signal is conducted by repeated direct injection over a sample loop
of a defined volume, whereby the calibration factor 7.353 x 10~7 mmol(NH3)/(mV-s)
was determined.

Physisorption of nitrogen: The measurements were carried out on the Thermo Scien-
tific “Surfer” (Waltham, MA, USA) to determine the isotherms, the specific surface area
according to B.E.T., the BJH pore volume and the mesopore surface area using the t-plot
(Lippens and de Boer) [46,47,83]. For this purpose, approximately 150 mg of the sample is
degassed under high vacuum at 250 °C. The measurement is performed under isothermal
conditions. The measurement is carried out under isothermal conditions at —196 °C by
cooling with liquid nitrogen. The nitrogen partial pressure is varied to record the adsorp-
tion and desorption isotherms. The evaluation is performed using the software “Advanced
Data Processing 6.24—12/10/2016".

Elementary analysis (CHNS): The elementary analysis is routinely used for the coke
determination of the catalysts after the catalytic test measurements. The measurement
is carried out on the “Vario MICRO CUBE” from Elementar (Langenselbold, Germany).
For this purpose, approx. 5 to 10 mg of the sample is weighed into a tin boat in triple
determination and burned at 1150 °C for 70 s under oxygen. Through the chromatographic
separation and quantification of the gases produced, the carbon and hydrogen content of
the catalyst is determined before and after the catalytic test.
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Scanning electron microscopy (SEM): The SEM measurements to investigate the mor-
phology of the samples were carried out on the scanning electron microscope SU8020
(Hitachi High-Tech Europe GmbH, Krefeld, Germany). For this purpose, the samples are
dried at 200 °C and fixed on a carbon support after cooling. Subsequently, the gold-coated
sample is measured in high vacuum at an accelerating voltage of 2 kV with a maximum
magnification of 8000.

Catalyst preparation: The impregnation of the carrier materials was carried out with
various water-soluble metal precursors (see Table A3 in the Appendix B). As standard,
20 g of catalyst are produced per batch. The amount of metal salt is calculated considering
the target metal content. The mass of the support material used is corrected for the water
content determined by TGA. For the calcination, the standard temperature profile according
to Table 2 is used. Impregnation according to the incipient wetness method is carried out
through the dropwise addition of metal salt solution to the carrier material under mortar.
According to the desired loading, the required amount of metal salt is dissolved in 10 mL
ultrapure water per 20 g catalyst. The solution is tempered to 60 °C for 30 min. Finally, the
water is removed step by step on the rotary evaporator. The chemicals used are listed in
the Appendix B Table A3.

Table 2. Standard calcination procedure in air of catalysts after impregnation.

Step . RamR TTagget Dwe':ll Time
in K/min in °C inh
1 1.1 120 1
2 1.1 540 12

Catalytic tests: All measurements were performed on a continuously operating fixed
bed reactor designed by TU Dresden (Inorganic Molecular Chemistry, Dresden, Germany)
with automation support by Amtech GmbH (Chemnitz, Germany). For each catalytic
test measurement, the reactor is loaded with 0.5 g (dry mass) of catalyst (315400 um)
between two spheres of 0.1 g quartz wool each. Empty reactor measurements without
catalyst loading are performed with quartz wool. Before each catalytic test, a pressure test
is performed at 5 bar(g) above the planned reaction pressure. The criterion for a successful
pressure test is that the pressure drop must be below the detectable limit of 0.05 bar over
a test period of at least 60 min. After a successful pressure test, a defined pretreatment
program is used for all catalytic test measurements (see Table 3).

Table 3. Standard pretreatment for the catalytic test measurements.

. Dwell
Duration Tstart Tziel Ramp .

Phase in min in°C in°C in K/h i?::ien Gas

Drying 120 RT 120 180 80 N>

Heating 180 120 550 180 37 N»
Oxidation 120 550 550 0 120 Syn. Air

Flushing N, 15 550 550 0 15 N,

Reduction 120 550 550 0 120 H,

Cooling 180 550 RT - - H,

RT = room temperature.

The following measurement parameters are defined as the standard conditions for all
measurements. Deviations from these standard conditions are declared accordingly. The
isothermal catalytic test measurements are performed over 5 h and 24 h ToS, respectively.
For the preliminary investigations on the influence of the catalytic properties of different
metals, a temperature profile from 250 °C to 400 °C is used (see Table 4).
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Table 4. Temperature profile for catalytic tests in the conversion of guaiacol. The temperature was
increased at the beginning of each hour time on stream (ToS) at 3 K/min. The test were conducted at
15 bar (gauge), 10 L/h hydrogen flow, 3 mL/h (liquid) guaiacol, and 0.5 g catalyst.

ToSinh 2 3 4 5 6 7 8 9
Temperatur in °C 250 280 310 340 370 400 340 340

The gaseous products are analyzed online by gas chromatography (Clarus 590 from
PerkinElmer, column DB-1, 100 m, ID: 0.25 mm, DF: 0.5 um, Waltham, MA, USA). The
liquid products are collected hourly, weighed and analyzed by gas chromatography. The
determination of the response factors and retention indices has recently been published by
us [84]. The coke content is determined by CHNS analysis.
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Appendix A

Additional diagrams for materials characterization and catalytic tests are illustrated in
the Figures below.
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Figure A1. Results of TPROR measurements of the silica carrier material Aerosil380, 40 °C to 600 °C;
total hydrogen consumption of 0.08 mmol(H)/g.
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Figure A2. P-XRD of calcined molybdenum catalyst before reaction (calc.) and after reaction.
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Figure A3. P-XRD of calcined tungsten catalyst before reaction (calc.) and after reaction.
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Figure A4. P-XRD of calcined iron catalyst before reaction (calc.) and after reaction.
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Figure A5. P-XRD of calcined rhenium catalyst before reaction (calc.) and after reaction.
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Figure A6. P-XRD of calcined cobalt catalyst before reaction (calc.) and after reaction.
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Figure A7. P-XRD of calcined nickel catalyst before reaction (calc.) and after reaction.
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Figure A8. P-XRD of calcined palladium catalyst before reaction (calc.) and after reaction.
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Figure A9. P-XRD of calcined copper catalyst before reaction (calc.) and after reaction.
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Figure A10. P-XRD of calcined silver catalyst before reaction (calc.) and after reaction.
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Figure A11. Conversion and selectivities of the test measurement with reversed temperature profile

of the palladium-silica catalyst material. Selectivities for conversions < 15% (Tos 3h to 9h) are not
shown for accuracy. Coke fraction = 10.64 £ 0.02%.
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Appendix B

The literature research revealed different geometric and electronic properties of the
metals used in this survey. Please find below a summary in Tables A1 and A2.

Table Al. Summary of substance data of the d-metals used—Part 1.

Minimum D- One-Electron Orbital Energy [85]
Electron Metal Enerev Con- Center of Charact
Metal Configuration of ~ Crystal Band 1er8y the d-Band aracter Calculations Spectroscopy
Isolated Atom Lineup [25] figuration [76] in eV [25]
[85] in % [l s d s d
Mo 4d55s? - 4d4618561735 0.35 43 0.4421 0.6700 0.532 0.672
W 4f145d%6s2 - 5d*6s? 0.77 43 0.5308 0.5776 0.621 0.557
Re 414535652 - 5d%1%7 651873 —0.51 46 0.5485 0.6691 0.626 0.644
Fe 3d®4s? 3d7/9545095 3d6:370451,630 —-0.92 39.7 0.4983 1.0242 0.5812 0.8567
Co 3d74s? 3d8245075 3d74%4g1575 -117 39.5 0.5104 1.0781 0.595 0.891
Ni 3d84s? 349454505 38469451581 -1.29 40 0.5225 1.1332 0.6045 0.9503
Pd 4410 4d°64550,%6 4d°/667550,333 -1.83 46 0.4129 0.7478 0.5466 0.7041
Cu 3d104s! 3d104s! 3d95114511489 —2.67 - 0.5340 1.1849 0.6192 0.9897
Ag 4d105s1 4d105s1 441051 —430 - 0.4737 1.0228 05569 0.9394
[al; corresponds to the d-orbital portion that contributes to the formation of the conduction band in the metal crystal.
Table A2. Summary of substance data of the d-metals used—Part 2.
. Shortest Atomic Bond Energy [86-88]
Metal Covalent Radius ;00 Type [25,60,68] Dist [25]
eta [25,63,68] in nm yp ,00, is .ances .M-O .M-C 'M-H
in nm in eV ineV ineV
Mo 0.1363 cubic space centered 0.27251 —4.73 - —2.30
W 0.1370 cubic space centered 0.27409 —5.64 —8.59 —-3.30
Re 0.1371 hexagonal tightest 0.2741; 0.2760 2] —494 - 291
packing
o-Fe 0.1241 cubic space centered ] 0.24823 ~5.55 —8.02 —291
v-Fe - cubic face centered [P} - —5.55 —8.02 —-291
«-Co 0.1253 hexagonal tightest 0.25061 —558  —673  —243
packing
B3-Co - cubic face centered [] - —5.58 —6.73 —2.43
Ni 0.1246 cubic face centered 0.24916 —5.46 —6.46 —2.52
Pd 0.1376 cubic face centered 0.27511 —3.60 —5.07 -1.73
Cu 0.132 cubic face centered 0.25560 —4.73 - —2.43
Ag 0.145 cubic face centered 0.28894 —3.64 - —2.04
[al: hexagonal tightest sphere packings have two sphere layers A and B, for which the shortest atomic distance need
not be identical; [Pl: under the selected pretreatment and reaction conditions, iron is present in the a-modification;
[c]; under the selected pretreatment and reaction conditions, cobalt is present in the 3-modification.
Table A3. Overview of the chemicals used for syntheses with their purity and manufacturer.
Chemicals Formula Purity Manufacturer
Nickel(Il)-nitrate-hexahydrate Ni(NO3),-6 H,O 99% Acros Organics (Geel, Belgium)
Iron (IlI)-nitrate-nonahydrate Fe(NO3)3-9 H,O >99% Acros Organics (Geel, Belgium)
Cobalt(II)-nitrate-hexahydrate Co(NO3),-6 H,O 99% Acros Organics (Geel, Belgium)
Ammoniumheptamolybdate- o
tetrahydrate (NHy)gMo07054-4 H,O 99% Merck (Darmstadt, Germany)
. . Thermo Fisher Scientific
Silvernitrate Ag(NO3) >99.9 (Waltham, MA, USA)
Ammoniumperrhenate NH4ReOy4 >99.9% Thermo Fisher Scientific

(Waltham, MA, USA)




Catalysts 2023, 13, 425 28 of 31

Table A3. Cont.

Chemicals Formula Purity Manufacturer
Palladiumnitrate-dihydrate Pd(NOs3),-2 H,O >99% T?xﬂﬁfﬁ?ﬁ Aslcggzglc
Ammoniumparaolframate (NH 1o W1:00) 599%  Merck (Darmstadt, Germany)
Copper(Il)-nitrate-trihydrate Cu(NO3),-3 H,O >99% Fluka (St. Gallen, Switzerland)
Aerosil380 SiO, >99.8% Evonik (Essen, Germany)
HZSM-5 (HCZP 27) H*«[(AIO)~x(SiO)y] - Clariant (Gendorf, Germany)
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