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The influence of carbon support structure on the dispersion, oxidation state, and catalytic activity of rhenium
species was systematically investigated in the deoxydehydration (DODH) of bio-based glyceric acid towards
acrylic acid. Rhenium-based catalysts (targeting 5 wt% Re) were prepared by incipient wetness impregnation on
activated carbons, carbon black, graphite, glassy carbon, and multiwalled carbon nanotubes. Comprehensive
characterization by Ny physisorption, scanning transmission electron microscopy, X-ray fluorescence, CO pulse
adsorption, and X-ray photoelectron spectroscopy revealed that the support choice strongly affected rhenium
particle size distribution, accessibility, and stabilization of oxidation states. Catalytic tests conducted at 150 °C
under inert atmosphere in methanol solvent, identified activated carbon supports as the most effective, reaching
combined selectivities up to 83 % toward DODH products (acrylic acid and methyl acrylate), comparable to those
of the commercial Re/C catalyst. In contrast, the carbon black — supported catalyst exhibited very low activity
toward DODH products, while the other carbon materials were practically inactive. The superior performance of
activated carbon supports is due to the high surface area and mesoporous structure, which promotes better
dispersion and accessibility of the active high valent Re species. These results highlight the decisive role of
carbon support morphology and surface chemistry in governing the performance of rhenium catalysts, providing
guidelines for the rational design of carbon-supported systems for biomass valorization.

1. Introduction have been investigated. Among heterogeneous catalysts different oxide

supports [17-19], particularly CeOy [20-24], and carbon-based mate-

To reduce dependency on fossil fuels and petrochemical processing
for polymer industry, the utilization of renewable alternatives such as
biomass has gained increase attention. Biomass derived feedstocks
present a sustainable and more environmentally friendly alternatives for
producing acrylic acid (AA) and acrylate esters, which are widely used in
coatings, adhesives, and absorbents [1-3]. One of the promising
bio-based precursors to acrylic acid is also glycerol, a main byproduct of
bio-diesel production [4,5]. The valorization of bioglycerol into acrylic
acid depends on reducing its oxygen content through several reaction
pathways [3,6,7], among which the deoxydehydration (DODH) reaction
represent direct conversion of polyols to alkenes [8-11]. For DODH
reaction, rhenium (Re) catalyst have shown significant potential [12].
Both homogeneous [13-16] and heterogeneous rhenium-based catalyst

rials [25-30], have been intensively studied.

Carbon materials have been widely applied as versatile catalyst
support for many reactions and applications, owing to their good ther-
mal stability, chemical resistance to acidic and basic conditions,
adjustable hydrophobicity and polarity, and cost-effectiveness relative
to many conventional supports [31-33]. The catalytic properties of
carbon-supported catalysts vary with the underlying carbon structure
[34-36]. The main categories of carbon-based catalysts include gra-
phene [37,38], graphitic carbon nitride [39], carbon nanotubes [40-42]
and activated carbon [18,25,43-51]. These latter materials provide high
surface area and porosity, with surface-active sites arising from diverse
functional groups—such as carboxyl, phenol, lactone, ether, and
nitrogen-containing groups [52-54].
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Carbon-based materials serve as supports for a wide range of metals,
including rhenium. Various studies have been made on rhenium on
carbon support for different reaction of hydrodeoxygenation [44,55,56],
hydrogenation [57,58] and deoxydehydration [25-27,30,59,60]. How-
ever, most of these focus on the effect of reaction condition, such as
temperature and reactant composition, rather than the effect of the
catalyst structures. Blanco et al. observed how different surface func-
tional groups on carbon supports can significantly influence the alloying
state of metallic rthenium [48-50]. The carbon materials commonly
investigated in these studies are mostly activated carbon and carbon
nanotubes.

In our previous work of DODH conversion of mucic acid to adipic
acid [26,27,30] and glyceric acid to acrylic acid [25,59] the commercial
rhenium on carbon support showed exceptional activity. Therefore, this
study was conducted to find out whether the catalytic activity of
rhenium supported on various carbon materials for the DODH of glyc-
eric acid is comparable to that of the commercial Re/C catalyst. The
synthesized catalysts were tested under the optimal conditions identi-
fied in our previous study on commercial Re/C, namely at 120 and
150 °C in methanol, used as both solvent and hydrogen donor. The
morphology and surface chemistry of carbon supports influence the
dispersion and chemical state of rhenium species [49,61,62], therefore
different types of activated carbon materials, carbon nanotubes and
graphite carbon were tested as supports for the DODH reaction with
rhenium. Demonstrating that the synthesized rhenium-on-carbon cata-
lysts can achieve performance comparable to, or exceeding, that of
commercial counterparts would offer a cost-effective and customisable
alternative, enabling the rational design of catalysts for industrial-scale
applications. Although the present study employs commercially avail-
able carbon supports, the same preparation method can readily be
applied to bio-based carbons. Using renewable supports would reduce
dependence on fossil-derived materials and align with circular-economy
principles, thereby improving the overall sustainability of the catalytic
process. In the long term, integrating bio-based carbon supports with
efficient rhenium-based DODH catalysts could enable a fully bio-derived
route to acrylic acid production, combining environmental benefits with
economic viability.

2. Experimental
2.1. Synthesis of catalysts

The catalytic materials were prepared by incipient wetness impreg-
nation (IWI) with an aqueous solution of ammonium perrhenate
(NH4ReOy; Sigma Aldrich, Germany). The metal loading was calculated
as 5 wt% Re on carbon. A range of commercial carbon-based supports
with different structural and physicochemical properties were used in
this study. The supports and the corresponding abbreviations referred to
in this article are summarised in Table 1.

Before impregnation, the carbon support was crushed with a mortar
and pestle, and sieved to obtain a homogeneous sample, which was then
dried at 110 °C for 2 h. The calculated amount of NH4ReO4 (0.072 g of
NH4ReOy4 for 1g of catalyst) was dissolved in a 10 ml of deionised water
and added directly onto the carbon material in a mortar while thor-
oughly mixing to ensure uniform distribution. After impregnation with
the ammonium perrhenate, the catalysts were dried in an oven at 110 °C
overnight. Immediately after drying, the catalysts were reduced in a
tube furnace for 3 h at 400 °C (5 °C min’l) in a hydrogen stream (0.2 Ly
min’l).

2.2. Catalyst characterisation
All catalyst were characterized by the following techniques.
To obtain adsorption and desorption isotherms the Ny physisorption

experiments at —196 °C were performed for all fresh catalyst. From
those, the respective specific surface area (using the BET model), pore
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Table 1
Listed carbon-based supports with supplier and origin information.
Abbreviation of ~ Support Name Description Supplier
catalyst
ReO4/AC1 High Surface >98 %; Riogen Inc., USA
Area Carbon
Support
ReO,/AC2 Activated 100 mesh particle size, Sigma Aldrich,
Charcoal powder; Germany
DARCO
ReO,/AC3 Mesoporous surface area: Sigma Aldrich,
Carbon >500 m? g ~!, BET; Germany
pore size:
0.4-0.7 cm® g~ !
mesoporosity
0-0.25 cm® g !
microporosity
ReO,/CB Carbon Black 325 mesh residues, Cabot
Vulcan XC 72 powder; Corporations,
USA
ReO,/GC Glassy Carbon Glassy, spherical Sigma Aldrich,
powder, 2-12 pm, Germany
99.95 % trace metals
basis;
ReOy/GP Graphite 200 mesh, 99.9 %; Thermo Scientific
Powder Chemicals, USA
ReOy/MWCNT Multi-Walled >99 %; NTL Composites,
Carbon India
Nanotubes

volume and average pore width ware determined. The measurements
were performed on a Micromeritics ASAP 2020 analyser (Micromeritics
Instrument Corporation, USA), degassing at 200 °C to 3 pm Hg for 17 h
with 70 mg of the sample. Size of rhenium species and their distribution
on carbon supports was observed by Thermo Fisher Scientifiry Talos
F200i (USA) scanning transmission electron microscope (STEM) oper-
ated at 200 kV. High-angle annular dark-field (HAADF) and bright-field
(BF) detectors were used simultaneously. Elemental maps were acquired
using Energy dispersive X-ray spectroscopy EDXS in STEM mode. The
dry samples were dispersed in isopropanol, deposited on a carbon-
coated Cu specimen grid and left to dry naturally. Energy-dispersive
X-ray fluorescence (XRF) spectroscopy was used to quantify elemental
composition of the samples. Measurements were conducted with a
Thermo Scientific™ ARL™ QUANT'X EDXRF Spectrometer, equipped
with an SDD500 silicon drift detector. Samples were mounted in dedi-
cated sample holders and analysed under vacuum conditions to enhance
the detection of light elements. For the detection of rhenium, the mea-
surement was performed using a Pd Medium filter at 20 kV and 2 mA
tube current, under atmospheric pressure, with a total acquisition time
of 30 s. A calibration curve was made using ammonium perrhenate
(NH4ReOy4; Sigma-Aldrich, Germany) as the standard, deposited at
varying concentrations onto carbon support (Riogen Inc., USA). Data
were processed using the instrument's proprietary software, utilizing
both fundamental parameter models and external calibration where
applicable. Carbon monoxide pulse adsorption (CO-PA) measurements
were performed on both fresh and spent catalysts using a Microtrac
BELCAT II chemisorption analyser coupled to a BELMASS II-62 quad-
rupole mass spectrometer (Microtrac, Haan, North Rhine-Westphalia,
Germany). Prior to analysis, the catalysts were pre-treated in a 5 vol%
Hy/Ar gas mixture (30 ml rnin’l) at 400 °C (4 °C min’l) for 180 min.
After pre-treatment, the samples were exposed to ten pulses of 5 vol%
CO in He. Each CO pulse was monitored using the CO fragment (m/z =
28), and the area under each peak was integrated. The last 3 pulses,
exhibiting the constant areas, were used to calibrate the signal to the
number of moles of CO injected. The chemisorbed CO for each earlier
pulse was calculated by comparing its area to the saturated average. The
total CO uptake was obtained by summing the CO consumption over all
unsaturated pulses. The dispersion (D) of the Re was calculated by
dividing the Re surface metal atoms to the total number of Re atoms
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present in the catalyst. The oxidation states of rhenium were determined
by X-ray photoelectron spectroscopy (XPS) with the PHI VersaProbe 3
AD (Phi, Chanhassen, USA), which uses a monochromatic Al Ko X-ray
source. For charge neutralisation, the charge of the sample was atten-
uated with two beams (electrons and ions). The peak shift caused by the
neutralisation was corrected by shifting the peaks of the random carbon
species to 284.8 eV. The spectra were measured at a transit energy of
224 eV with a step size of 0.8 eV. The high-resolution spectra were
measured with a transit energy of 50 eV and a step size of 0.05 eV. Two
sweeps were performed for the survey spectra, while 10 sweeps were
performed for the high-resolution spectra. The spectral deconvolution
was performed with the Khervefitting software.

2.3. Catalytic activity

Catalytic deoxydehydration experiments were performed in high-
pressure, high-temperature autoclave batch reactors (Parr 5000 Multi
Reactor System, 75 mL total volume per reactor). Each reactor was
independently heated (controlled by a thermocouple inside the reactor
vessel) and stirred via magnetic stirrers and was equipped with pressure
gauges, gas inlet (N, 5.0, Messer, Germany) and outlet valves and a
liquid sampling line. In a typical catalytic experiment, 500 mg of
aqueous glyceric acid (GA; 1p-2,3-dihydroxypropanoic acid; 20-22 wt%
in water, TCI Chemicals, Japan) and 45.0 mL of methanol (MeOH;
>99.8 %, J.T. Baker, USA) were weighed and added to the autoclave
reactor vessel to obtain a 20 mM reactant solution. The catalyst was
added to this solution, e.g. 140 mg of pre-reduced selected catalyst. The
reactor was closed, sealed and purged three times with Ny gas before
setting a N3 pressure of 5 barg. The stirring speed was set to 800 min~l.
The reactor was heated to the final reaction temperature (usually
150 °C) within about 30 min and kept at that temperature for 72 h. The
reactor was then cooled down to room temperature, depressurized,
purged with N3 and opened to collect the product mixture. This liquid
product mixture and the liquid samples taken during the reaction were
filtered and analysed by gas chromatography (GC) and high-pressure
liquid chromatography (HPLC). GC was used to determine the pres-
ence of methyl acrylate (MA), methyl glycerate and methyl propanoate,
while HPLC analysis was used to determine the concentrations of glyc-
eric acid and acrylic acid. Propanoic acid could not be detected under
the HPLC conditions used, and therefore no results are reported for this
compound. With GCMS it was possible to quantify propanoic acid,
however due to overlapping with acrylic acid, quantification was not
possible. For GC analysis a Shimadzu GCMS-QP 2010 Ultra (Japan) gas
chromatograph equipped with a Zebron ZB-5MS capillary column (60 m
x 0.25 mm x 0.25 pm), a flame ionization detector (FID) and a quad-
rupole mass spectrometry (MS) was used. The Thermo-Fisher Scientific
UltiMateTM 3000 UHPLC with DAD and RI was used to determine the
amount of acrylic acid and glyceric acid. The column used was the
Supelcogel 8 % (9 pm particle size, L x LD. 30 cm x 7.8 mm) (Sigma
Aldrich, Germany), with a guard column of the same type. The mobile
phase was 5 mM H3SO4 (18.2 MQ). The column was kept at 40 °C with a
flow rate of 0.6 mL min~!. Detection was performed with the UV de-
tector at a wavelength of 205 nm. After quantification of the products
using 5-point calibration curve, the conversion (C [%]) and selectivity (S
[%]) were calculated using the following equations:

0 _
C o] = e — el 149
C6a

S [%] = <Podeti  100

Cproducm

In this equation c2, is the initial amount of glyceric acid (to), csa(t) is the
molarity of the glyceric acid at a time t, Cyroguc: ; is the amount (mol L™H
of the product i. The carbon balances, based on the quantified compo-
nents during the experiments, consistently exceeded 75 %.

Carbon 249 (2026) 121244

To assess the stability of the catalyst and extent of rhenium leaching
into the liquid phase, the reactor was first cooled to room temperature
after the catalytic reaction. The solid catalyst particles were separated
from the reaction mixture by filtration through polytetrafluoroethylene
polymer (PTFE) filters (0.2 pm). The collected liquid was then analysed
using XRF spectroscopy to quantify the total concentration of dissolved
rhenium.

3. Results and discussion
3.1. Catalyst characterization

The textural properties of the bare untreated supports and the syn-
thesized Re-based catalysts after impregnation were determined using
Ny sorption isotherms. The corresponding surface areas, total pore vol-
umes and average pore width are given in Table 2. Some clear differ-
ences can be observed among the supports, all activated carbon supports
(ACX) exhibit very high surface area (above 550 m> g’l), CB and
MWCNT have a moderate surface area (174 and 90 m? g1, respectively)
with a high pore volume and GC and GP have very low surface area (2
and 3 m? g7, respectively) and pore volume, suggesting negligible
porosity. The pore size distributions derived from BJH analysis are
shown in Fig. S1. Activated carbon based catalysts (ReOy/AC1-3) exhibit
dominant mesopores centred at approximately 4-5 nm with contribu-
tion of pores below 2 nm. ReOy/CB shows broader mesoporosity,
without distinct maximum peak. In contrast, ReOy/MWCNT displays a
very broad pore size distribution extending up to 30 nm, characteristic
of intertubular voids rather than intrinsic porosity. As shown in
Table S1, the surface areas and pore volumes of the supports without Re
were consistently higher than those of the corresponding catalysts. This
trend is generally attributed to partial pore filling or pore blocking by Re
species deposited during the incipient wetness step, and is consistent
with previous studies on Re-based catalysts prepared by similar methods
[48]. The significantly higher surface areas and pore volumes of acti-
vated carbon compared to other carbon supports arise from its intrinsic
mesoporous structure, which is developed during the activation process
[63].

The nitrogen adsorption-desorption isotherms are presented in
Fig. S2. ReOx/AC1, ReOx/AC2, and ReOyx/AC3 exhibit hybrid Type IV
isotherms, with a steep Ny uptake at low relative pressure (p/pg < 0.1)
followed by an H4-type hysteresis loop. This combination is character-
istic of mesoporous carbons with slit-shaped pores. ReOy/CB shows a
Type IV isotherm with pronounced H3-type hysteresis at high relative
pressures, confirming the presence of mesopores. ReOy/MWCNT also
presents a Type IV isotherm but with a smaller hysteresis loop, reflecting
mesoporosity arising from the cylindrical channels of the nanotubes. In
contrast, ReOy/GC and ReOyx/GP show nearly flat isotherms with
negligible adsorption over the entire range of relative pressures,
consistent with their non-porous or very low-porosity nature [64].

To get a better insight into the size and dispersion of Re (species)
over the carbon supports in the selected catalysts, the STEM analysis (of
pre-reduced catalyst at 400 °C with Hy for 3 h) was conducted. In all the
cases size of Re species is below 1 nm. Because of low number of atoms
that clusters contain and consequently low contrast they appear smeared
with not well-defined edges. For this reason, their precise size

Table 2
Textural properties of the synthetised catalysts.

Sper [m* g 7' Pore volume [cm® g~!]

ReO,/AC1 761 0.38
ReO,/AC2 828 0.51
ReO,/AC3 550 0.11
ReO,/CB 174 0.53
ReOy/GC 2 0.002
ReO,/GP 3 0.02
ReOy/MWCNT 90 0.70
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distribution cannot be reliably determined. Catalysts ReOy/AC1 and
ReOy/AC2 share similar morphology (Fig. 1a-d). Small Re clusters are
uniformly distributed over the shapeless carbon support particles. Closer
inspection reveals that in the case of ReOy/AC1 Re clusters are the
smallest among catalysts with a narrow size distribution (Fig. 1b-S3 and
Table 3) while in the case of ReOy/AC2 those are significantly larger
(Fig. 1d-S3 and Table 3) and their size distribution is pronouncedly
skewed toward larger sizes (Fig. S3). In addition to Re clusters some
well-defined roughly 20-50 nm sized Fe or Fe-carbide nanoparticles are
clearly seen in ReOx/AC2. Their elemental analysis showed only pres-
ence of Fe and C therefore eliminating presence of Fe-oxides. Since those
are already present in AC2 sample and Fe or Fe carbides are known for
not being active catalyst for DODH of glyceric acid [8] their exact
identification was not conducted. Re distribution in the ReOy/AC3
catalyst is rather different (Fig. 1e and f). Besides small Re clusters (only
those were measured and reported in Table 3) that are nearly twice in
diameter as Re clusters in ReOy/AC1, large agglomerates of Re nano-
particles are also clearly visible (Fig. 1f). The Vulcan carbon (CB) is
composed of nearly spherical 10-40 nm sized particles that form loose
agglomerates. Re clusters are non-homogenously distributed over their
surfaces (Fig. 1g and h). Average size of Re clusters is slightly smaller
than in the case of ReOy/AC3 however it is significantly broader (Table 3
and Fig. S7) spanning well over 1 nm. MWCNTs are several microns in
length, 10-20 nm in diameter and regularly contain Fe or Fe-carbide
nanoparticles. Those are most likely residue since Fe nanoparticles are
used as catalysts for MWCNT production [65]. Re clusters are rather
uniformly dispersed over the MWCNTs surface (Fig. 1j) and of narrow
size distribution with an average value close to average size of Re
clusters in ReOy/AC3 and ReOy/CB (Fig. S3 and Table 3). Glassy carbon
is in the form of several microns sized spherical particles which are not
transparent to electron beam and consequently Re clusters were not seen
or detected by EDXS. Graphite powder is in the form of several micron
sized agglomerates of thin graphite sheets decorated with agglomerates
of ZrO4 nanoparticles, which are not active on their own for DODH re-
action (Fig. S4) [66]. Those are contamination due to processing of
graphite powder by the supplier. In ReOy/GP subnanometre-sized Re
clusters are visible on thin edges of the graphite sheets (Fig. S5).

To determine whether the actual Re loading after the reduction on
each catalyst matched the expected value of 5 wt%, the XRF analysis was
performed. The quantified Re content (wt.%) of each supported catalyst,
measured before and after reduction, is presented in Table S2. Minor
discrepancies in Re content before and after reduction can be attributed
mostly to sample inhomogeneity, as Re being present in the clusters on
the supports (Fig. 1, Fig. S6). For clarity and consistency in the article,
these post-reduction XRF values will be used in all subsequent discus-
sions of Re loading. For activated carbon supports, the Re loadings after
reduction are 4.09, 5.46, and 3.72 wt% for AC1, AC2, and AC3,
respectively. For other carbon supports, the post-reduction loadings are
5.34, 4.99, 2.30, and 4.60 wt% for CB, GC, GP, and MWCNT, respec-
tively. These values suggest that on all carbons, Re was successfully
impregnated in the range of 2.30-5.46 wt%, but since this does not
represent the actual Re species available on the surface, CO-PA mea-
surements were performed to determine the metal dispersion, quantify
the surface Re sites, and estimate the size of the Re nanoparticles on the
different carbon supports (Table 3).

For the activated carbon-based catalysts (ReOx/AC1l, ReO4/AC2,
ReOy/AC3), a clear linear trend can be observed between the CO uptake
and the specific surface area. The highest CO uptake was achieved with
ReOx/AC1 and ReOx/AC2, which also agrees with the STEM results,
showing highly dispersed Re nanoparticles mostly below 1 nm. On the
other hand, the CO uptake is slightly lower for ReOx/AC3, which could
be attributed to the agglomeration and formation of larger clusters
observed with STEM. A relatively high CO uptake was observed for the
ReOy/CB catalyst, although it has a lower surface area compared to ACX
activated carbons. This indicates that CB causes a stronger stabilization
of the Re nanoparticles, which is also evidenced by a homogeneous

Carbon 249 (2026) 121244

100 nm

Fig. 1. Lower magnification and higher magnification HAADF-STEM images of
the (a, b) ReOy/AC1, (c, d) ReOx/AC2, (e, f) ReOy/AC3, (g, h) ReO/CB and (1, j)
ReOy/MWCNT. Red arrows point to Fe nanoparticles while white point to
Re clusters.



M. Gabric et al.

Table 3
CO absorption and metal dispersion size of rhenium catalysts determined by CO-
PA and rhenium clusters size determined from HAADF STEM images.

Catalyst CO adsorption capacity [pmol g.,c ~ Dispersion dstEm
- 1% [nm]
ReO,/AC1 12.0 4.5 0.27 +
0.07
ReOy/AC2 22.3 8.3 0.41 +
0.23
ReO,/AC3 7.1 2.6 0.68 +
0.18
ReO,/CB 8.2 3.1 0.61 +
0.25
ReO,/GC <0.5 n.a. n.a.
ReO,/GP <0.5 n.a. n.a.
ReOy/ <0.5 n.a. 0.53 +
MWCNT 0.05

*n.a.-not available; the catalyst were not able to be measured.

particle distribution and the absence of larger clusters in the STEM im-
ages. No CO uptake was observed on the catalysts ReOx/GC, ReOy/GP
and, ReOy/MWCNT indicating low metal availability on the surface,
which is also consistent with the STEM analysis and SEM-EDX mea-
surements. In Fig. S6 nonhomogeneous Re distribution and Re-rich ag-
gregates on these supports can be seen.

X-ray photoelectron spectroscopy was used to determine how
different carbon support stabilize various rhenium species. The Re4f
region can be deconvoluted into several peaks, indicating a very com-
plex oxidation profile of Re (Fig. 2). These results are consistent with
earlier reports in the literature [67]. Interestingly, the oxidation profile
is slightly different depending on the carbon. The highest amount of
metallic Re was retained on the CB support, suggesting that the metallic
Re nanoparticles are particularly stable on this support. In contrast, the
activated carbon support facilitates the deep oxidation of Re, with the
majority of Re in the 6+ oxidation state. The latter means that Re on
such supports is very active for the activation of bonds. These results
agree well with catalytic experiments in which the ReOy/ACX materials
clearly outperformed the other catalysts (vide infra).

It should be noted that the catalysts were exposed to air after the
reductive pre-treatment during transfer to the spectrometer—similar to
the exposure occurring during transfer to the reactor. Air exposure re-
sults in partial re-oxidation of Re, nonetheless, the objective of the study
was to determine which support is more conducive to stabilizing various
oxidation states of Re.
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3.2. Catalytic tests

The catalyst support screening test for the DODH of glyceric acid was
conducted at 150 °C for 72 h in inert atmosphere using seven different
pre-reduced Re-based catalysts with various carbon supports (Table 1).
To evaluate the potential catalytic activity of the blank reaction medium
and AC1 carbon support itself, control experiments were performed. In
both cases, no DODH products were detected (Fig. S7). The total selec-
tivities are represented in Fig. 3 and Table S3 with corresponding con-
versions of DODH products reported after 24 h and 72 h. The
reproducibility of the catalytic dehydroxylation of glyceric acid over
ReOyx/AC1 in methanol solvent at 150 °C was assessed by conducting
three independent experiments and calculating the corresponding

:l methyl glycerate [:l acrylic acid
l:l methyl acrylate l:] methyl propanoate
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average product selectivities and standard deviations (Table S4). The
results show decent reproducibility at all time points, with low standard
deviations in product distributions.

Among the tested catalysts, the ones on activated carbon supports -
ReOy/AC1, ReOy/AC2, and ReO4/AC3- showed the highest selectivity
toward the desired DODH products, AA and its ester MA, with combined
selectivities after 72 h of 77 %, 83 %, and 59 %, respectively. These
catalysts also displayed the highest turnover frequencies (TOFs) among
the series, with values of 0.7, 0.4, and 1.1 hfl, respectively (Table S5).
These results indicate that the synthesized catalysts are comparably
active to the commercially available Re/C catalyst [25]. After 24 h, the
DODH is more selective towards acrylic acids which is subsequently
esterified to methyl acrylate, consistent with the reaction mechanism
presented in our previous study (Fig. 4) [25]. After 72 h, methyl acrylate
can undergo further hydrogenation to form methyl propanoate, with
corresponding selectivities of 13 %, 2 %, and 30 % for ReOx/ACl1,
ReOy/AC2, and ReOy/AC3, respectively. This indicates that ReO,/AC2 is
the most selective toward primary DODH products, while ReOx/AC3
tends to favour further hydrogenation. Activated carbon supports (ACI,
AC2, AC3) have in common high surface areas and small pore volumes
among the screened materials. This provides many accessible sites for
rhenium anchoring and dispersion, a crucial factor for maximizing cat-
alytic activity. For the successful DODH, Re nanoparticles must be well
dispersed like on AC1 and AC2, where Re appears as highly dispersed,
uniformly distributed nanoparticles or clusters, predominantly below 1
nm in size (Table S3).

Among the remaining supports, ReOy/CB exhibited modest DODH
activity, achieving a combined 9.4 % and 17 % selectivity for MA and
AA, after 24 h and 72 h respectively. However, the dominant product in
this case was methyl glycerate, suggesting limited DODH reactivity and
a preference for esterification pathways, which can be correlated with
lower availability of Re on the support (Table 3) due to its lower specific
surface are (Table 2), and its non-homogenously distributed clusters on
the support (Fig. 1). The other carbon-supported catalysts, ReOx/GC,
ReOy/GP, and ReOy/MWCNT, showed minor or no activity toward
DODH products, with the product distributions dominated by methyl
glycerate after 24 h and further than fully converts to it after 72 h. This
indicates that Re is not available in the active form on these supports
with poor textural and structural characteristics for dispersing or sta-
bilizing Re species (Table 3). STEM and SEM analysis further confirms
the absence and not uniformly observable Re particles (Fig. 1, S6) for
ReO4/GC, ReOx/GP and ReOy/MWCNT.

To further investigate the influence of reaction temperature on
product distribution, selected pre-reduced catalysts—ReOy/AC1 and
ReOy/AC3—were evaluated at 120 °C and 150 °C for 72 h under an inert
Ny atmosphere. The product selectivities and overall glyceric acid con-
version are shown in Fig. 5 and Table S6. At the lower temperature the
selectivity toward the targeted DODH products decreased significantly.
Specifically, ReOx/AC1 achieved a combined selectivity of 46.4 % for
MA and AA, compared to 28.1 % for ReOy/AC3. At 120 °C, methyl
glycerate remained the dominant product—44.8 % for ReOx/AC1 and
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Fig. 5. Comparison of product selectivities at DODH for the selected carbon
supported Re catalyst after 72h at 120 °C and 150 °C under nitrogen atmo-
sphere in methanol. The bars shown after the dashed vertical line correspond to
the commercial 5 wt% Re/C catalyst, evaluated under identical reac-
tion conditions.

45.6 % for ReOy/AC3—indicating incomplete conversion of the inter-
mediate or a slower DODH step. However, the higher absolute yields of
MA and AA on ReOy/AC1 suggest more efficient DODH turnover on this
catalyst even at lower temperature. These results align well with the
proposed reaction mechanism previously observed for the commercial
Re/C catalyst (Fig. 4) [25].

While one important role of the support is to ensure adequate
dispersion of Re species for DODH of glyceric acid, another function is
the stabilization of Re and its appropriate oxidation states. In the
representative active catalyst ReOx/AC1, based on an activated carbon
support, Re is present in oxidation states ranging from +6 down to below

Table 4

Approximative surface concentration of rhenium oxidation states calculated
from the area ratios from XPS on pre-treated Re supported catalyst used for
glyceric acid conversion.

Relative content [%]

ReO,/AC1 ReO,/CB ReOy/GP ReO,/MWCNT
Re (0) 0 0 67 24
Re (NO) 11 21 19 22
Re (4+) 15 26 6 28
Re (6+) 74 52 8 9
Re (7+) 0 0 0 17

/

/

glyceric
acid (GA) 0
I
OH —=  ""OH
acrylic propanoic
acid acid (PA)
(AA)

Fig. 4. Proposed reaction pathway network of GA by esterification, DODH and hydrogenation reactions. The reaction pathway network is based on our published

paper [25].
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+2, indicating that AC1 can stabilize a broad range of Re species
(Table 4). We propose that other activated carbons (AC2 and AC3)
behave alike. A similar trend is observed for ReOy/CB, which also shows
activity in the DODH reaction. In contrast, in the inactive ReOy/GP
catalyst, Re is found predominantly in its metallic form (67 %), which is
consistent with previous reports indicating that metallic rhenium alone
does not account for DODH activity [28,64,65,67]. Interestingly, the Re
on MWCNT exhibits a broader distribution of oxidation states, with
appreciable amounts of each rhenium oxidation state, and it is also the
only one of the measured catalysts with Re(7+) present. As mentioned
above, the limited catalytic activity of this material may be attributed to
its relatively low amount of Re available on the surface. Nonetheless,
XPS still detects underlying Re species, suggesting the presence of a
subsurface Re-containing layer, although a detailed analysis of this layer
lies beyond the scope of the present study.

In our previous work [27], we stated that the interactions between
metallic Re and its high-valent oxo species are crucial for achieving high
activity in the DODH reaction. We propose similar mechanism also for
these catalysts. Although metallic form was not observed on XPS, due to
reoxidation of Re to lower valent species for XPS transfer, it is an
essential component of the active site, particularly for hydrogen acti-
vation. At the same time, the presence of high-valent Re oxo species
cannot be excluded and is, in fact, expected. These high-valent species
are widely recognised as crucial for the DODH step, while metallic Re
facilitates hydrogenation reactions. The catalytic performance therefore
most likely arises from a synergistic interplay between metallic and
oxidic rhenium species, where the balance between different oxidation
states is critical for achieving high activity and selectivity. To investigate
whether only high-valent Re species alone are catalytically active and
whether prior reduction is necessary, a control DODH reaction was
performed using non-reduced ReOy/ACl. The catalytic activity was
significantly lower, reaching only a 46 % combined yield of methyl
acrylate and acrylic acid after 72 h, compared to a 76 % combined yield
under standard (pre-reduced) conditions (Fig. S8). XPS analysis of the
non-reduced ReOx/AC, before reaction, confirmed that Re was present
in the +6-oxidation state (86 %) (Fig. S9 and Table S7). Based on these
results, catalyst pre-treatment provides multiple oxidation state and is
therefore beneficial for achieving higher DODH activity. Nevertheless,
the redox behaviour of Re during the reaction is complex, and the pre-
cise catalytic cycle involving different oxidation states remains difficult
to elucidate. This aspect should be explored in more detail in future
studies to gain a deeper understanding of the reaction mechanism.

Unfortunately, although the ReOx/AC1 catalyst exhibited excellent
activity toward DODH, recycling tests (Fig. S10, Panel A) at 150 °C
revealed a rapid loss of activity already after the second cycle, with the
yield dropping below 10 %. However, this trend was observed for the
commercial Re/C catalyst tested under identical conditions as well
(Fig. S10, Panel B); it also showed a pronounced loss of performance
after the first recycle, indicating that this deactivation is a general
challenge for Re-based catalysts under DODH conditions [68]. The
observed loss of catalytic activity may be partially attributed to rhenium
leaching into the homogeneous phase, which was investigated by per-
forming a hot filtration test on the Re/AC1 catalyst. As shown in
Fig. S11, following catalyst removal the reaction proceeded mainly via
esterification of acrylic acid to methyl acrylate, while only minor
additional DODH activity was observed. Compared to the heterogeneous
reaction, this contribution was negligible, indicating that the solid
catalyst is responsible for the dominant DODH activity. These findings
overall highlight the need to improve catalyst stability, for example
through stronger metal-support interactions or structural modifications,
to maintain activity and oxidation-state balance over multiple cycles.

4. Conclusion

This study investigated the influence of carbon-based supports on the
catalytic performance of pre-reduced rhenium -catalysts for the
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deoxydehydration (DODH) of glyceric acid in methanol. A series of Re-
supported catalysts were prepared using seven structurally and chemi-
cally distinct carbon materials and tested at 150 °C under inert atmo-
sphere for 72 h. Among the evaluated catalysts, activated carbon
supports, ReOy/AC1, ReO4/AC2, and ReO4/AC3, exhibited the highest
selectivity toward the targeted DODH products—acrylic acid and methyl
acrylate—with combined selectivities of 77 %, 83 %, and 59 %,
respectively.

These results demonstrate that activated carbon supports (AC1, AC2,
AC3) with high surface areas and mesoporous structures provide an
efficient platform for enabling the formation of catalytically relevant
rhenium species. In particular, the coexistence of high-valent Re species,
which are essential for DODH, together with lower oxidation states
required for hydrogen activation and hydrogenation, makes these cat-
alysts highly effective for the conversion of glyceric acid to acrylic acid.
In contrast, other supports such as CB, GC, GP, and MWCNT showed
lower surface areas, less homogeneous Re distribution, and limited
surface availability of Re species, correlating with their lower catalytic
activity.

Importantly, this work demonstrates that Re catalysts can be effec-
tively synthesized in-house, offering a cost-efficient alternative to
commercial Re/C catalysts. The use of solid catalyst, as well as methanol
as solvent and hydrogen donor for this process, present a great alter-
native for greener process, since both can be recovered and reused.
Nevertheless, catalyst recyclability remains a major challenge, and
improving the stability of supported Re species under reaction condi-
tions is a critical avenue for future work.
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