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ABSTRACT

Multiwall carbon nanotube (NC7000) supported mono-, bi-, and trimetallic catalysts were synthesized and tested in a multi-
batch reactor setup supported by data-driven modeling for the chemical hydrogenolysis of glycerol to 1,2-Propanediol (1,2-PDO)
at 220°C under 30 bar hydrogen pressure in aqueous solution. ICP-OES, N,-physisorption, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDX), powder x-ray diffraction (XRD) and x-ray
photoelectron spectroscopy (XPS) were used to investigate the physico-chemical properties of the synthesized catalysts. Interesting
structure-activity-selectivity correlations could be deduced from the different metal ratios and combinations. While Ru was by far
the most active monometallic species (X = 100%), followed by Pt (X = 80%) and Ir (X = 65%), it suffered from a very low 1,2-PDO
selectivity (S < 10%). Combining Ru with the more selective transition-metals RuX, (X = Fe, Co, or Ni) maintained the high activity
(X > 95%) but only moderately increased 1,2-PDO selectivity (S = 20%-30%). Interestingly, combining Ru with Cu in a bimetallic
RuCu, catalyst slightly decreased activity (X = 81%) but drastically improved 1,2-PDO selectivity (S = 58%). Moreover, a trimetallic
combination of RuMCu, (M = Pt, Pd, Ir) did not further increase activity (X = 50%-70%) but could push 1,2-PDO selectivity up
to 79% for the trimetallic RulrCu, catalyst. Most prominently, a final metal ratio variation for the RuCu, catalyst was derived
with the help of the data-driven models producing the most promising RuCu,;/NC7000) catalyst combining both high activity
(X = 78%) with a very high 1,2-PDO selectivity (S = 79%) resulting in the highest 1,2-PDO yield of 58% in a nearly closed carbon
balance (C > 95%). This lays the foundation for implementing this highly active and selective catalyst in a future SMART reactor
for glycerol valorization.

1 | Introduction fossil resources, there is a growing interest in the substitution of
fossil fuels through green alternatives. Biodiesel synthesis could
be a sustainable alternative to fossil diesel production. Biodiesel is

afatty acid methyl ester, which is obtained through the transester-

Due to rising greenhouse gas emissions, the global climate has
changed significantly in recent decades, and the effects are also

becoming increasingly apparent as extreme weather events occur
more frequently [1]. Because of these circumstances and the fact
that the production of most platform chemicals is still based on

ification of fats and oils, where glycerol is obtained as a by-product
[2]. Since the production of sustainable glycerol has increased
in tandem with the current growth in biodiesel production, its
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price has decreased, making it appealing for new applications
that it was previously too costly for [3]. One method to utilize
the less expensive glycerol is to use it as a platform chemical,
to chemically modify it into higher value-added products [4, 5].
One of these higher value products is 1,2-Propanediol (1,2-PDO),
which can be obtained by the hydrogenolysis of glycerol. 1,2-PDO
is used as a monomer for the polymer industry, pharmaceuticals,
cosmetics, food, and animal feed industry [6, 7].

Glycerol goes through selective hydrogenolysis to produce 1,2-
PDO in a two-step chemical process (Scheme 1). In the first
step, glycerol undergoes acid-catalyzed dehydration to produce
the intermediate Prop-2-en-1,2-diol, followed by a keto-enol-
tautomeric rearrangement to produce acetol. In the second step,
acetol is selectively hydrogenated to 1,2-PDO [8]. The biggest
challenge is to develop a catalyst that avoids the formation of C2
and C1 products like ethylene glycol or methanol through C—C
bond cleavage but favors initial dehydration. At the same time, the
dehydration needs to take place at the primary hydroxy group in
order to avoid the parallel reaction leading to 1,3-PDO formation
[9]. The dehydration of the secondary hydroxy group is kinetically
controlled, while the reaction via the primary hydroxy group
is thermodynamically preferred [10]. Moreover, the subsequent
hydrogenolysis resulting in the formation of monohydroxy alco-
hols needs to be inhibited, presenting a challenging optimization
issue for the development of an efficient catalyst [6, 11]. Several
heterogeneous catalysts based on noble metals like Pt, Pd, Ru,
Rh, and Re or transition metals like Cu, Ni, Co, Fe, or Zn have
been used for the hydrogenolysis of glycerol [11, 12]. Noble metals
provide a high activity toward glycerol conversion, especially in
the hydrogenation step. However, their ability to perform C—C
bond cleavage leads to a lower selectivity. Wang et al. tested
different noble metals, like Pt, Pd, Ru, and Rh, supported on
monoclinic ZrO,, where Ru showed the highest activity [13]. This
could be confirmed by other studies, as long as the Ru has acidic
species [12, 13]. Nonacidic Ru mainly forms undesired short-

chain alkenes via thermal-induced formation of acrolein, which is
followed by decomposition to CO [14-16]. Conversely, transition
metals possess high selectivity toward 1,2-PDO, but lack activity
compared to noble metals. Within the group of transition metal-
based catalysts, Cu catalysts have been the ones most widely used
for the production of 1,2-PDO, both in liquid and vapor phase
[17]. Cu supported on different materials like TiO,, Al,O5, MgO,
and SiO, showed promising results [18-21]. Ni was also found
to be a promising candidate for glycerol hydrogenolysis, which
can be immobilized on various supports like SiO,, C, and Al,O;,
despite not being as widely used as Cu [7, 22, 23]. Co hasn’t been
used that frequently for the reaction because of its low intrinsic
activity [10]. Fe is also discussed as a promising candidate for the
reaction because of its low cost and low environmental footprint.
For example, Soares et al. reported the use of Fe to dope the
Pt/Al,O; catalyst. The Pt-Fe interactions generated new active
sites for glycerol hydrogenolysis [24].

This approach of combining two different metal species on
a support material is a widely known technique in catalyst
development. In the case of glycerol hydrogenolysis, the idea is
to combine the activity of noble metals with the selectivity of
transition metals. For the role of the noble metal, Ru seems to
be well suited, as the acidic Ru sites help in catalyzing the first
protonation step [25]. In the literature, several such bimetallic
catalysts have been reported. For example, Li et al. used a carbon
nanotube-supported RuFe bimetallic catalyst, where they were
able to achieve complete conversion with a selectivity up to 75%
[26]. The high catalyst activity was explained by the synergetic
effects between RuFe bimetallic nanoparticles and the interaction
of these nanoparticles and Fe oxides on a carbon nanotube (CNT)
support. By using Cu-Ru NPs supported on CNTs, Wu et al. were
able to find out that in their catalyst system, tiny Ru clusters didn’t
perform in the hydrogenolysis of glycerol, but instead activated
and generated hydrogen by glycerol reforming [17]. This activated
hydrogen was transferred to the Cu surface nearby via hydrogen
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spillover, therefore increasing catalyst activity compared to the
pure Cu catalyst. Liu et al. synthesized RuCu bimetallic catalysts
supported on different supports like SiO,, TiO,, Al,Os, and ZrO,
and tested them under harsh reaction conditions of 100 bar H,
pressure. Supporting the nanoparticles on ZrO, gave the best
results with full glycerol conversion and a selectivity of 78% [27].
Moreover, Sherbi et al. were able to add Cu to Ru nanoparti-
cles dispersed on a commercial CNT support via an improved
wetness impregnation method [28]. This significantly enhanced
the reducibility and modified the surface of the resulting Ru-
Cu species. The resulting bimetallic Ru-Cu/CNT catalyst, as
well as the surface interaction between Cu and Ru, led to a
promoting effect resulting in a preference for C—O bond cleavage
promoted by Cu over C—C bond cleavage catalyzed by small Ru
nanoparticles. By employing this catalyst for the hydrogenolysis
of glycerol, a superior 1,2-PDO selectivity of 93.4% was achieved
[29].

The aim of this study was to verify the most important structure-
activity-selectivity correlations for the production of 1,2-PDO by
systematically synthesizing various mono-, bi-, and trimetallic
CNT-supported catalysts. With the help of a rigorous predictive
data modeling approach, the optimal ratio between Ru and
the most promising second metal was selected and verified by
experimental testing.

2 | Results and Discussions
2.1 | Catalyst Characterization

The carbon nanotubes that were used as a support for all
catalysts synthesized in this study were commercially available
multi-walled CNT NC7000 by Nanocyl SA., Belgium, which is
a nanoparticle powder widely applied in industrial-scale CNT-
modified materials (Table S2). First, a series of various mono-, bi-,
and trimetallic catalysts supported on NC7000 was synthesized
based on an established wetness impregnation method described
in the Materials and Methods section. Table S1 shows a compila-
tion of all synthesized mono-, bi-, and trimetallic catalysts used
in this work. The desired metal ratios and metal loadings could
be achieved by the applied synthesis method for all synthesized
compounds.

Table 1 summarizes the textural properties of the synthesized
bi- and trimetallic catalysts. The corresponding data for the
monometallic ones are shown in Table S3. In general, the catalysts
exhibit a type IVa isotherm, as expected for mesoporous materials.
Compared to pure CNTs, the total surface area decreases after
metal impregnation. This decrease can be attributed to metal
particles either being deposited within the pores or blocking their
entrances. However, the total pore volume increased upon metal
loading, suggesting that the metals were primarily deposited on
the outer surface of the CNTs, possibly near the pore openings.
This could lead to an extension of the accessible pore system,
thereby increasing its volume. If the metals were deposited deep
within the pore channels, a decrease in pore volume would be
expected. Additionally, the average pore diameter was found to
be slightly larger in the bimetallic catalysts compared to pure
CNTs. This may indicate that smaller pores are more likely to
be blocked by metal particles, rendering them inaccessible and

shifting the average diameter toward larger values. In contrast,
wider pores are less likely to be completely blocked, which helps
explain the observed increase in pore volume. No significant
changes in the range of pore sizes and overall mesopore volume,
0.97 + 0.10 cm?/g on average, were observed due to metal loading,
as seen in the pore size distributions, shown in Figures S2 and S3.
The slight decrease in specific surface area of loaded samples as
compared to the pristine reference might be attributed to (a) the
additional weight of metallic components and (b) to blockage of
some smaller mesopores, as indicated in a slight loss of mesopore
volume in the range of pores <9 nm in the case of bi- and
trimetallic catalysts.

The x-ray photoelectron spectroscopy (XPS) results of the
monometallic Ru (Figure S7) and Cu (Figure S8), as well as the
bimetallic RuCu, catalyst is shown in Figure 1. The spectra prove
that Ru is in its metallic state, indicated by the Ru3d5/2 peaks
with a binding energy of 280.4 eV for the monometallic Ru as well
as for the bimetallic catalyst, respectively. It was observed that
adding transition metals to the monometallic Ru catalyst doesn’t
influence the oxidation state of Ru. Looking at the oxidation state
of Cu, the Cu2p at 932.4 eV corresponds to Cu in its metallic state.
The Auger peaks of the Cu at 570.3 eV confirmed that Cu has
an oxidation state of +2 [30]. This indicates that Cu is present in
both oxidation states in the bimetallic catalyst. As confirmed by
the TPR results (Figure 4), the temperature program exhibited the
reduction of both metals. However, post-reduction, air exposure
of Cu could be responsible for its partial oxidation, which could
impact the performance of the catalyst negatively, as metallic Cu
is the catalytically active species. Ru, as a noble metal, is less
reactive with air, so its oxidation state is more stable. Interestingly,
for the monometallic Cu/NC7000 catalyst (Figure S8), it was
observed that the ratio of Cu (+2) decreased in comparison to the
bimetallic Ru-Cu catalyst. This indicates that the presence of Ru
promotes Cu oxidation. For the RuFe,/NC7000 catalyst, the 2p3/2
signal at 710.8 eV, shown in Figure S4, is a strong indicator that the
Fe in the catalysts is present in its oxidized form (+3). Unlike the
Cu system, there is no indication of elemental Fe present, showing
that the Fe particles are less stable under atmospheric conditions
during their short exposure. The bimetallic Co and Ni catalysts
exhibited Ru in its elemental form, while the corresponding
transition metal was present in its oxidized form, as shown in the
spectra in Figures S5 and S6, respectively.

Morphological analysis of the bimetallic catalysts with trans-
mission electron microscopy (TEM) and energy dispersive x-ray
(EDX) mapping is shown in Figures 2, S10, and S11. The EDX
mapping of the bimetallic RuCu, catalyst showed that Ru and
Cu were well dispersed over the surface of the CNTs. This was
confirmed by a very high dispersion of 72.5%. The particle size
distribution showed that the metal particles were the smallest
compared to the other bimetallic catalysts. This resulted in a
better surface-to-volume ratio, leading to more active sites on
the surface. Moreover, it was observed that after reduction, the
particle size increased. This may be due to the sintering of the
metals or the increased radius of the elements compared to their
ions, which could be an indicator of a change in the oxidation
state. The same was observed for the bimetallic RuFe, catalyst.
In the bimetallic RuCo, catalyst, it was observed that the Co was
agglomerated at the surface. This can be explained through Co
impurities, which were found in the pure CNTs (Table S2), as Co is
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TABLE 1 | Physico-chemical properties of the used catalysts.
2Total surface bPore bPore ‘Metal “Particle ‘Particle diameter
Catalyst/support area(m?g~') volume(cc/g) diameter(nm) dispersion(%) diameter(nm) after reduction/nm
NC7000 252 0.919 14.8 — — —
RuCu,/NC7000 205 +2 1.155 22.6 72.50 114 +0.21 1.83 +0.43
RuFe,/NC7000 193 +1 0.924 19.3 66.00 1.50 + 0.39 2.01 +0.89
RuCo,/NC7000 197 +2 1.039 21.3 18.70 1.73 +£0.23 7.08 + 0.40
RuNi,/NC7000 209 + 2 1.042 20.1 50.50 1.25 +0.26 2.63 + 0.67
RulrCu,/NC7000 209 +2 0.946 18.4 35.40 3.74 +£5.29 —
RuPdCu,/NC7000 200 +2 0.899 18.2 46.60 2.85+1.29 —
RuPtCu,/NC7000 175+1 0.832 19.2 30.25 4.39 +3.04 —
#Determined with N,-physisorption using the BET method,
YDetermined with N,-physisorption using the BJH method,
¢Determined with HR-TEM [26].
7.04 = 7.50
6.89 7.16
867 < § 6.82
S 658 - & 648
£ =
6.42 = 6.14
6.27 | = 5.80
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FIGURE 1 |

one of the typical metals used in CNT production. The bimetallic
RuNi, catalyst showed in its EDX map large Ru chunks, resulting
from agglomeration, as in the other metal combinations. Taking
a look at the EDX-mapping of the trimetallic catalysts shown in
Figure S12, it could be observed that Ru, Cu, and Pd are nicely
distributed at the surface of the CNT; little agglomerations of Pd
could be seen. The Pt-containing catalyst shows agglomerated
particles of all three elements. This could be due to the effect that
ethanol was used in the synthesis as a solvent due to the different
solubility of the precursor used. In contrast, a nice distribution
could be observed for all three elements for the RulrCu, catalyst.

The high-resolution transmission electron microscopy pictures
(HR-TEM), shown in Figure 3, indicate that after the catalyst
synthesis, the structure of the CNTs remained intact, as the
multiwalled structure showed no changes compared to the pure
CNTs shown in Figure S9. It was also observed that the metal

272

968 964 960 956 952 948 944 940 936 932 928 924
Binding Energy / eV
T T T

CuO

Intensity / keps

6.46 = 1 1 1 1 1 1 1 1 3
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Binding Energy / eV

XPS spectra of the bimetallic RuCu,/CNT catalyst. (a) Ru 3p, (b) Cu 2p, (c) Ru 3d5 region, (d) zoom on 3d5 signal of Ru.

particles were distributed at the surface of the CNTs. The presence
of these active sites is desirable, as they are more accessible for the
glycerol molecules. As this was observed for all the synthesized
catalysts, the impregnation method provided similar results when
using different metals. After the reduction of the catalysts in
the tube furnace observed for the bimetallic RuCu,, RuFe,,
and RuNi,, no changes in the HR-TEM images were observed,
confirming that no structural changes in the CNTs or sintering of
the metal particles were observed. However, the RuCo, catalyst
exhibited a damaged CNT structure.

The catalysts were further analyzed by powder x-ray diffraction
(PXRD), the diffractograms are shown in Figures S13 and S14.
The pure CNT support showed the two broad characteristic peaks
at 26° and 43° that can be assigned to the graphitic carbon in
the CNT. Whereas, in the case of the monometallic Ru/CNT
catalyst, no characteristic reflexes of Ru were observed, even
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FIGURE 2 | TEM-EDX mapping of the bimetallic catalysts.
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FIGURE 3 | HR-TEM of the bimetallic catalysts before (top line) and after (bottom line) the reduction.

though the presence of Ru in this catalyst was confirmed by
ICP-OES and TEM-EDX mapping. This may be because the Ru
particles in the catalyst are very small or well dispersed, which
cannot be observed in the diffractogram, as they get overlaid by
the amorphous signal of the CNT. The same goes for Ru in every
bi- and trimetallic catalyst. The Fe/CNT catalyst, it showed a
reflection at 33°, which isn’t present in the bimetallic catalyst. By
adding another metal while keeping the overall loading constant,
the intensity of the reflex decreased and was overlaid by the noise
of the CNTs, as seen in Figure S14.

Figure 4 represents the results of the H,-temperature pro-
grammed reduction (H,-TPR) for the bimetallic catalysts. For the
RuCu,/CNT catalyst, the reduction peaks of Ru (+3) and Cu (2+)
to its metallic state have been merged together in a wide peak
between 300 and 550°C. The additional peak at around 800°C can
be assigned to the formation of methane from the CNTs, which is

catalyzed by the Ru metal in the catalyst [31]. For the RuFe,/CNT
catalyst, the Ru reduction peak was merged with the reduction of
Fe (4+3) to Fe (+2). The shoulder that can be observed is assigned
to the reduction of Fe (+2) to Fe (0) (Figure S15). Compared to the
literature, the Ru reduction temperature is increased, due to the
higher Fe ratio (Figure S15) [22]. The decomposition to methane
can be observed at a lower temperature. This behavior can also
be observed for the Co and Ni containing catalysts (Figure S15).
It seems that those catalysts have not only a higher activity in
the valorization of glycerol, but also in the decomposition of
the CNTs. For the Co-containing catalyst, this can explain the
partial decomposition of the CNTs as observed in the HR-TEM
images. Comparing the TPRs of the trimetallic catalysts with
the RuCu,/CNT catalyst (Figure S17), it was observed that the
reduction maximum was slightly decreased. It indicates that the
addition of an additional noble metal increases the reducibility
toward lower temperatures, as the H, is adsorbed on the surface

ChemCatChem, 2026
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FIGURE 5 | Catalytic performance of monometallic Ru, Fe, Cu,
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ing = 5 wt.%, T = 220°C, py, = 30 bar, t = 20 h, n = 1000 rpm,
c(Gly) = 20 wt.%, 10 g reaction mixture.

more easily [32]. In addition, the peak of the Pd- and Pt-based
trimetallic catalysts seems to be broadened in comparison to the
RuCu,/CNT (Figure S16), suggesting that there are more metallic
sites on the surface that are being reduced, leading to a higher
hydrogen consumption.

2.2 | Catalytic Hydrogenolysis Experiments

Control experiments without a catalyst showed that only neg-
ligible glycerol conversion occurs by pure thermal activation
(<1%). The pure NC7000 shows a very low blind activity of 3.7%,
which might be caused by metallic impurities like Al and Fe
stemming from the CNT synthesis (Table S5). The results of
the glycerol hydrogenolysis experiments for the monometallic
catalysts containing Ru, Fe, Cu, Co, or Ni as active species
supported on NC7000 are shown in Figure 5.
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FIGURE 6 | Catalytic performance of the bimetallic RuM, catalysts
with M = Cu, Fe, Co, and Ni supported on CNT. m¢, = 200 mg, metal
loading = 5 wt.%, T = 220°C, py, = 30 bar, t = 20 h, n = 1000 rpm,
c(Gly) = 20 wt.%, 10 g reaction mixture.

The Ru catalyst showed complete glycerol conversion. However,
as Ru also exhibits excessive C—C-bond cleavage [14], the catalytic
experiment resulted in a very low yield for the desired 1,2-PDO
of only 4%, while a high yield of undesired methane was formed,
which is the reason for the low carbon balance in this experiment.
The transition metal catalysts are a lot less active with glycerol
conversions around 20% after 20 h reaction time. At the same
time, they showed a way higher selectivity toward the desired 1,2-
PDO between 45% (Fe) up to 88% (Cu). As those metals cannot
perform C—C-bond cleavage, only the dehydration route of the
reaction network can take place (compare Scheme 1), showing
their clear preference for C—O bond cleavage. Because of their
low activity, those catalysts were not able to perform the follow-up
hydrogenolysis of 1,2-PDO to iso or n-propanol under the applied
reaction conditions of 220°C and 30 bar H, pressure. While the
monometallic Cu, Co, and Ni catalysts have a similar conversion
of glycerol of about 20%, the Cu catalyst possessed the highest
selectivity, resulting in the highest overall 1,2-PDO yield in this
series (Y = 19%), making it the most promising of the tested
transition metals. The lower activity of the Fe-based catalyst can
be explained by its low stability, as the Fe gets oxidized during the
reaction.

In the next step, a strategy to combine the activity of Ru with
the selectivity of the transition metals was implemented. A ratio
of 1:2 based on the previous study by Sherbi et al. was chosen
for all bimetallic catalysts tested [28]. The results are shown
in Figure 6. Reproducibility studies (Figure S22) confirmed the
standard deviation for the conversion of 1.09%, 2.29% for the 1,2-
PDO yield, and 2.18% for the 1,2-PDO selectivity, as well as 1.56%
for the carbon balance. The combination of Ru with another
transition metal improved the overall yield for all bimetallic
catalysts. Full conversion was achieved by the bimetallic catalysts
containing Ru and Fe, Ni or Co, while the bimetallic RuCu
catalyst showed a glycerol conversion of 85%. Despite being the
least active catalyst, the RuCu catalyst attained the highest yield
of 1,2-PDO, exceeding 40%. This result is due to Cu enhanced
selectivity consistent with the previous studies [28]. In contrast,
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on CNT. m¢,, =200 mg, loading =5wt.%, T=220°C, py, =30bar, t=20h,
n =1000 rpm, ¢(Gly) = 20 wt.%, 10 g reaction mixture.

the bimetallic catalysts containing Fe, Ni, and Co exhibited
comparable lower 1,2-PD selectivities to the Cu system between
60%-75%. In comparison to the other bimetallic systems, the
RuCu,/NC7000 catalyst has the highest pore volume, implying
a good accessibility of the active sites and higher diffusion rates
compared to the catalysts with a smaller pore volume. The high
surface area leads to more active sites that are accessible for
the adsorption of glycerol molecules. At the same time, the
catalyst has the smallest particle diameter of the investigated
systems, which is an indicator for well-dispersed metal particles
and a good surface-to-volume ratio. Besides the inferior structural
properties of the Fe, Co, and Ni systems, other parameters could
also be responsible for their worse performance compared to the
Cu system. The TEM-EDX pictures of Ni/NC7000 in Figure 2
show that the Ru particles are slightly agglomerated compared
to the other catalysts. For the Co/NC7000 catalyst, the damaged
structure of the CNTs after reduction could have a major impact
on the catalyst activity. This effect may also be responsible
for the rise in particle size compared to before the reduction.
Those bigger metal particles have a lower surface-to-volume ratio,
resulting in a worse utilization of the active metals. As seen in the
XPS-measurements in Figures 1 and S4-S8, the transition metal in
the observed systems is susceptible to oxidation when exposed to
air during the reaction procedure, which can negatively influence
the catalytic activity.

In the next step, it was investigated if doping the bimetallic RuCu,
catalyst with a noble metal improves the catalytic performance
even further by enhanced hydrogen adsorption and spillover, as
suggested by literature [17, 24]. Therefore, several monometallic
noble metal catalysts were synthesized and tested for the glycerol
hydrogenolysis (Figure 7). While the Ag and Au-based catalysts
showed only very low conversion of glycerol <5%, the other three
catalysts containing Pt, Pd, and Ir appeared to be promising
with conversions between 35%-80%. This can be explained by
the low metal loading for Ag, as it can be deduced from the ICP
results in Table S1, and the low reactivity for Au-based catalysts
in this reaction system, as Au is usually used as a promoter in
the catalytic conversion of glycerol to 1,3-propanediole [31]. The

X m Carbonbalance ® Y (1,2PDO) ® S (1,2PDO)
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FIGURE 8 | Catalytic performance of the trimetallic RuCu,M cata-
lysts supported on CNT, with M = Pd, Pt and Ir. mc,; = 200 mg, metal
loading = 5 wt.%, T = 220°C, py, = 30 bar, t = 20 h, n = 1000 rpm,
c(Gly) = 20 wt.%, 10 g reaction mixture.

Pt-containing catalyst has the highest activity with a glycerol
conversion of 80%, while the Pd one has a high 1,2-PDO-selectivity
of >90%. Despite the fact that the Ir-based catalyst (S = 82%) is not
as selective as the Pd catalyst or as active as the Pt-based catalyst,
it produced the highest overall 1,2-PDO yield of 52%.

As a result of these experiments, trimetallic catalysts containing
Ru, Cu, and one of the noble metals (M = Pt, Pd, Ir) were syn-
thesized and tested. The results of the catalytic experiments with
these trimetallic catalysts are shown in Figure 8. The maximum
achieved 1,2-PDO yields were 48.6% (RuPtCu,NC7000), 40.2%
(RulrCu,/NC7000), and 38.8% (RuPdCu,/NC7000), respectively.
The reason is probably the resulting lower Ru loading in those
systems, as the total metal loading was kept constant at 5 wt%
to guarantee comparability. Therefore, by keeping the overall
metal loading constant, the Ru ratio in the trimetallic catalysts
was lower than in the bimetallic catalysts. As a result, the
catalyst loses activity compared to the bimetallic ones. The
same can be observed for the Cu ratio in trimetallic catalysts,
as reducing Cu levels by introducing a third, less selective
metal results in decreased overall selectivity to 1,2-PDO (79% for
RulrCu,/NC7000).

Building on the experimental results, simplified polynomial mod-
els were implemented in MATLAB, making use of the Statistics
and Machine Learning toolbox to analyze the data and deduce
statistical correlations for further catalyst improvement (Table
S6). Moreover, strategies were derived for further improving 1,2-
PDO selectivity and glycerol conversion. Details can be found
in the Data Modeling Section of the Supporting Information.
As indicated by the model statistics in Table S6, the models
accurately describe the experimental data with statistically sig-
nificant parameters (adjusted R? = 0.953 for conversion, 0.985 for
selectivity). To assess generalization, the models were validated
against 12 held-out experiments not used for fitting, yielding val-
idation R? values of 0.813 for conversion and 0.939 for selectivity
(Figure 9). The models further highlight the parabolic shape of
the achievable 1,2-PDO yields that supports the improvement by
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Parity plots for conversion (a) and selectivity (d) comparing training and validation data, alongside model predictions of conversion

(b), selectivity (c), and yield (e) as a function of Ru-fraction for the bimetallic RuCu catalyst. Shaded regions indicate 95% prediction intervals.

the bimetallic catalyst and the improvements for the catalyst mass
of 100 mg.

Figure 9 shows an illustration of the parity plots and predicted
1,2-PDO selectivity as well as glycerol conversion and resulting
1,2-PDO yields.

As highlighted by the model statistics in Table S7 and the
parity plots in Figure 9, the models accurately represent the
experimental data with statistically significant parameters. While
they provide valuable insights, the small and sparse experimen-
tal dataset, combined with missing measurements in certain
regions of the design space, limits their predictive reliability,
particularly near pure precursor compositions at low catalyst
mass. Nevertheless, the models demonstrate robust general-
ization when evaluated on 12 held-out experiments not used
for fitting (Figure 9a,d). To further improve data coverage and
enable surrogate-based optimization strategies such as Bayesian
optimization, a follow-up experimental campaign guided by
statistical design of experiments (DoE) is recommended to
systematically explore undersampled regions of the design
space.

In addition to the validated RuCu model, an extended polynomial
model was fitted to the full set of 16 mono-, bi-, and trimetallic
experiments spanning all five metals (Ru, Cu, Pt, Pd, Ir) to
explore the broader design space (Table S7). Given the small

dataset relative to the number of features, these predictions
should be interpreted with caution (Figure S23). Optimization of
the extended model in the confined design spaces indicated that
the highest yield was obtained for the bimetallic RuCu catalyst,
while the trimetallic RuPtCu, catalyst also provides potential
for competitive or superior results, considering a ratio of 1:2:1,
instead of the experimentally investigated 1:1:2 ratio, as illustrated
in Figure 8. Furthermore, the model predicts 1,2-PDO yields
above 50% for other bimetallic combinations such as RuPt and
PtCu, which remain to be validated experimentally in future
studies.

In the final step of the catalyst development, the ratio between
the two most promising components, Ru and Cu, as suggested
by statistical data modeling, was varied. The catalytic results are
shown in Figure 10. The outcome aligns well with the earlier
findings. As expected, the catalyst with the highest Ru ratio,
Ru,Cu, achieved the highest glycerol conversion of 86%, due to
the high activity of Ru. Due to its high activity, this catalyst
underwent more side reactions and exhibited the lowest 1,2-PDO
selectivity of only 60%. With increasing Cu content, the 1,2-
PDO selectivity was drastically improved up to 80%; however, the
activity of the catalyst was found to decrease with increasing Cu
content. This resulted in a maximum 1,2-PDO yield of 58% at the
ratio of Ru:Cu; of 1:3. With this catalyst, we performed a recycling
study, where the catalyst was separated from the reaction solution
by centrifugation and reduced again in the reduction oven, to

8 of 12

ChemCatChem, 2026

85U017 SUOWILIOD BANERID) 3|eo1[dde 8y} Aq peuA0b 88 SaILe WO ‘SN JO Sa|nJ 104 ARIgIT8UINUO /8|1 UO (SUORIPUOD-pUR-SLLBIALIOD" A3 | IMAfeIq1BU 1 UO//SANY) SUOTIPUOD puUe SWe | 8y} 89S *[9202/60/60] Uo AIqITaUIIUO AB]IM YRUI0IIGSTEIS AN BINqUIRH BISBAIUN 343SIUYS L AQ 87/ TOGZ0Z 9190/200T OT/I0p/L0D" A3 | 1M Are.q 1 jpuuo adoane-A1s ILsyo//Sdiy Loy papeojumod ‘G ‘920z ‘668€L98T



X ® Carbon balance ® Y (1,2PDO) @ S(1,2PDO)

100 4 100
xX
< . ]
@ 90 L] 90
% L} m
T~ 804 - - 80
8 —F— = : ®
. -

& 704 L70 >
£ . g
8 604 [ : ¥ S L60 B
he] 1 Qo
c 7 ©
& 504 F3 ° 150 B
[ * °©
o C
B 407 L 40 g
° o
> ]

30 30 &
S >
o
3 204 20
8
> 104 L 10
O]

O T T T T T O
RuCu5 RuCu3 RuCu2 RuCu Ru2Cu
RuxCuy/NC7000

FIGURE 10 | Catalytic performance of the bimetallic catalyst with
different RuCu ratios supported on CNTs. mg, = 100 mg, load-
ing = 5 wt.%, T = 220°C, pyp = 30 bar, t = 20 h, n = 1000 rpm,
c(Gly) =20 wt.%, 10 g reaction mixture.

counteract the oxidation of Cu during air exposure. The results
are shown in Figure S24. However, a drop in conversion to 33%
for the first recycle step, resulting in a 1,2-PDO yield of 28%,
was observed. This drop in performance might be attributed
to particle agglomeration, as already discussed in the literature
[12].

3 | Materials and Methods
3.1 | Chemicals

The glycerol used for the experiments was purchased from Alfa
Aesar with a purity of 99+% and used without further purifica-
tion. The used NC7000 CNTs were purchased from Nanocyl. For
the catalyst synthesis, the following metal precursors were used:
RuCl,*3H,0 (Sigma-Aldrich, 38%-42% Ru), Cu(I)(NO,),*3H,0
(Sigma-Aldrich, 99%), Fe (NO;);*9H,0 (Merck, 98%), CoCl,
anhydrous (Sigma-Aldrich, 98%), NiCl, (Sigma-Aldrich, 98%,
AgNO; (Roth, 99.9%), Palladium(IT)acetate (VWR, 98%), Plat-
inum(II) acetylacetonate (98% from ABCR), Hydrogen hex-
achloroiridate(IV) hydrate (Sigma Aldrich, 36%-44% Ir), Tetra-
chloroauric(III) acid trihydrate from (VWR, 99.99%).

3.2 | Catalyst Preparation

The powder catalyst was synthesized using an improved proce-
dure reported by Sherbi et al., [28]. via wetness impregnation.
In a usual synthesis for a 2 g batch of catalyst, 1.9 g of the
Nanocyl NC7000 was added to a round-bottom flask. The metal
precursors were dissolved in 200 mL of water, except for the Pt-
based catalysts, where ethanol was used as a solvent, and the
precursor solution was added one after another in the round-
bottom flask. The catalyst solution was heated to 80°C and stirred
at 110 rpm using a rotary evaporator for 5 h. After that, the liquid

3.3 | Reaction Procedure

Before the reaction, the catalyst was reduced in a tube furnace
(Nabertherm R50/250/12) using forming gas with 5vol% H, in N,
at 550°C for 8 h with a heating rate of 120°C/h and a gas flow of
50 L/h.

The hydrogenolysis reactions were carried out in a 4-fold multi-
batch reactor setup using high-pressure stainless-steel reactors
(material number: 1.4571) with a reaction volume of 21 mL (Figure
S1). Normally, 200 mg of catalyst was used, unless otherwise
specified. In addition to the catalyst, 10 g of a substrate solution
consisting of 20 wt-% glycerol and demineralized water was added
to the reactor, as well as a PFTE stirring bar. The reactors were
closed and placed on the heating blocks made of aluminum on
a stirring plate and connected to rupture discs and the gas inlet.
The stirrer was set to 300 rpm, and the reactors were then flushed
three times with N,, and a pressure of 30 bar was built up for
the pressure test. If the pressure remained constant for over one
hour, the pressure was released. The reactors were then flushed
twice with H, and then pressurized to approximately 30 bar,
so the pressure reached a value of approximately 50 bar at the
desired reaction temperature. After the reaction temperature was
reached, the stirrer speed was set to 1000 rpm to start the gas
entrainment. After a typical reaction time of 20 h, the reaction was
stopped by switching off the heat supply, and the reactors were
cooled down to room temperature. After the reactors reached
room temperature, gas samples were taken from the reactor using
gas bags and analyzed by GC. The catalyst was separated by
filtration. The liquid phase was then analyzed via HPLC and 'H
and C NMR spectra to confirm the identity of the products.

3.4 | Calculations

The glycerol conversion was calculated according to Equation (1).

C(), Glycerol — CGlycerol
X = e TR0 % 100% 1)
CO, Glycerol

The yields of both liquid and gas-phase products were calculated
by Equation (2).

C;
Y, = — - x100% 2)
CO, Glycerol

The selectivity to the desired product 1,2-PD was calculated by
Equation (3).

S—Yi 100% (3)
1T X 0

In order to fully reveal the reaction mechanism, the carbon
balance for each experiment was calculated by Equation (4).

Y n; X number of carbons

was removed. The catalyst was mortared carefully and dried in an Carbon balance = Momo X3 x100% (4)
Cero.

oven (Nabertherm 1.9/11) for 8 h at 110°C. !
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The productivity of the catalysts as an evaluation, shown in Table
S9, criteria was determined using Equation (5).

_ M, >_ppo
cat = L 5)
Mycive metal R

P

3.5 | Analytics for Catalyst Characterization

3.5.1 | Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES)

The sample preparation is described in the Supporting Infor-
mation. The elemental concentrations of the following elements
were determined by inductively coupled plasma optical emission
spectrometer (ICP-OES, Perkin Elmer, Avio 550): Al (analyt-
ical wavelength: 396.153 nm), Fe (238.204 nm), Cu (327.393),
Co (228.616 nm), Ru (240.272), Pd (340.458), Pt (265.945) and
Ir (205.222). To check for reproducibility and accuracy, indi-
vidual sample splits were measured three times and checked
against quality control standards with known certified concen-
trations. The concentrations of the samples were determined
via external calibration against standards with known concen-
trations. Blanks were usually negligible but were subtracted
from the individual sample element concentrations if significant.
The quality control standards were usually between 90% and
110%. If significant outliers were detected, measurements were
repeated.

3.5.2 | X-Ray Photoelectron Spectroscopy (XPS)

The XPS measurements were performed on an ESCALAB 220iXL
(ThermoFischer Scientific) with monochromated Al Ka radiation
(E = 1486.6 eV). Samples are prepared on a stainless-steel holder
with conductive double-sided adhesive carbon tape. The electron
binding energies were obtained without charge compensation
and referenced to the C 1s peak, assuming sp? carbon as the main
component at 284 eV. For quantitative analysis, the peaks were
deconvoluted with Gaussian-Lorentzian curves using the soft-
ware Unifit 2023, the peak areas were divided by the transmission
function of the spectrometer, and the element-specific sensitivity
factor of Scofield.

3.5.3 | Powder X-Ray Diffraction (PXRD)

Crystal structure determination was performed through powder
x-ray diffraction (p-XRD) using a Panalytical MDP X’Pert Pro
diffractometer, operating in Bragg-Brentano geometry with Cu
Ka radiation (4 = 0.1541 nm). The diffraction angle was measured
over a range of 5 to 90°, with a sampling rate of 0.013° and a time
per step of 72.42 ms.

3.5.4 | Scanning Electron Microscope (SEM) and Energy
Dispersive X-Ray (EDX)

SEM imaging with various magnifications was done at 5 kV
acceleration voltage using a LEO Gemini 1550 (Zeiss) equipped
with an Inlens detector and an ESB detector. The EDX data was

recorded within the same setup at 20 kV using the EDX detector
Ultim Max 100 (Oxford Instruments). An integration time of 80 s
was set for all EDX measurements on several areas of each sample,
respectively. The software AzTec (Oxford Instruments) was used
for data evaluation.

3.5.5 | High Resolution Transmission Electron
Microscopy (HRTEM) and Energy Dispersive X-Ray (EDX)
Mapping

For high-resolution images of the samples a JEM-2200FS (JEOL)
TEM operating at 200 kV was used. EDX mapping was performed
in STEM mode using an Oxford X-Max 100 TLE detector.

3.5.6 | Temperature Programmed Reduction (TPR)

Temperature programmed reduction using H, was measured
using a ChemBET Pulsar (Fa. Quantachrome Instruments). Prior
to the experiment, the samples (0.05 g) were exposed to a N,
gas flow (80 NmL/min) and heated up to 200°C (20°C/min) for
10 min to remove surface H, O, followed by cooling down to 40°C.
The sample was heated up again under H,/N, (5/95 v/v) gas flow
(80 NmL/min, 30°C/min) to 850°C. The H, uptake was measured
by a thermal conductivity detector (TCD).

3.5.7 | N,-Physisorption

Low temperature N, adsorption-desorption analysis was used
(Nova 3000e Surface Area Analyzer, Quantachrome Instruments)
to determine the mass specific surface area (S,,), mesopore size
distribution, and mesopore volume (V) of the catalysts. An
overall sample mass of ~20 mg was used for each analysis. Sam-
ples were degassed under vacuum at a temperature of 100°C for
6 h prior to analysis. Sm was estimated using the BET (Brunauer—
Emmett-Teller) method based on highly correlated linear fitting
of the BET model (p/p, range = 0.027-0.27, R2>0.9998) derived
from Type IV N, adsorption isotherms. V., and the mean
mesopore diameter (dyore, mean) Were estimated via the BJH
(Barrett-Joyner-Halenda) method.

3.6 | Analytics for Experimental Evaluation

3.6.1 | High Performance Liquid Chromatography
(HPLC)

The liquid phase collected after the reaction was analyzed
by high-performance liquid chromatography (HPLC) for vari-
ous products. For this purpose, each sample has been filtered
(0.45 um) prior to analysis. The used HPLC is a Nexera 40 from
SHIMADZU with a polymer phase organic acid column, 300 m
x 8 mm from the company Chromatographie-Service GmbH. The
eluent used was a sulphuric acid solution with a concentration
of 4 mmol/L at a flow rate of 0.8 mL/min at 25°C. The detection
sensor after the column is a refractive index detector (RID).
The detected products were calibrated. A sample chromatogram
containing all possible compounds of the reaction is shown in
Figure S18, whereby Table S4 shows the measured retention
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times. Figure S19 shows the calibration curves of the detected
compounds.

3.6.2 | Gas Chromatography (GC)

The gas samples were analyzed with a Varian 450-GC equipped
with a Shin-Carbon-ST-Column of 2 m X 0.75 mm. The samples
were injected through a 250 pL sample tube and were passed
through the column in a stationary phase. The temperature
program includes an initial temperature of 40°C, for 2.5 min. After
that column is heated to 250°C in 11.5 min. This temperature is
kept for an additional 12 min. The front column pressure was
set to 70 psi, the one in the middle to 10 psi. The products were
analyzed with a Thermal Conductivity Detector (TCD) with a
setpoint of 300°C and a Flame Ionization Detector (FID) that is set
to 200°C. The detectable products have been calibrated. Example
chromatograms of the TCD and FID are shown in Figures S20 and
S21.

3.6.3 | Nuclear Magnetic Resonance Spectroscopy
(NMR)

The liquid samples have been analyzed qualitatively by using 'H
and BC NMR. All NMR spectra were measured with a Bruker
AVANCEII at 600 MHz. The samples were prepared as follows:
600 pL of the filtered reaction solution and 100 uL D,O as a
deuterated solvent were filled in an NMR tube. The NMR analysis
was done with the software MestReNova.

4 | Conclusions

This study showed a rigorous catalyst optimization study for an
efficient CNT-supported glycerol hydrogenolysis catalyst. This
included the synthesis and characterization of several mono-, bi-,
and trimetallic catalysts for the hydrogenolysis of glycerol to 1,2-
propanediol. Combining the activity of Ru with the selectivity
of Cu and supporting them on commercial NC7000 carbon
nanotubes using a simple wetness impregnation method resulted
in a highly dispersed catalyst that showed a 58% yield of 1,2-
PDO at 220°C with a high selectivity for the desired product
of 81%. Motivated by a statistical modeling approach, the ratio
between the two most promising metals, Ru and Cu, was further
optimized. The experimental results prove the benefits of the
bimetallic catalyst, and the model-based analysis indicates fur-
ther potential for improvement. To advance toward a data-driven
catalyst design, a systematic experimental campaign guided by
DoE is recommended, targeting intermediate compositions and
catalyst masses where the current model uncertainty is highest.
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