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Transition-Metal-Containing Bifunctional Catalysts: Design
and Catalytic Applications
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Chemical processes catalyzed by transition metals are widely applied and well estab-
lished in modern industry. Nevertheless, the scientific background and new approaches
to a catalyst’s synthesis are constantly developing. Research efforts are mainly directed
towards an improvement in catalytic activity and decrease in by-products and pollutants.
For heterogeneous catalysts, there are a lot of opportunities for their rational design in terms
of morphology and creation of different active centers in the same catalyst [1]. The multi-
functionality of catalytic systems became a research trend in recent decades. Bifunctional
catalytic systems are a particular case of multifunctional catalysis and are a promising area
of research [2–4], providing broad opportunities for carrying out simultaneously few cat-
alytic processes in a single apparatus. In this way, modern principles of “green” chemistry
and sustainable development of chemical production can be implemented.

Bifunctional catalysis is a broad concept represented by several types of systems:

- Bimetallic catalysts containing two different active metals or their oxides;
- Catalysts consisting of an active metal in combination with the Brønsted and/or Lewis

acid sites;
- Biocatalytic systems that include metal nanoparticles (NPs) and/or acid sites.

The combination of different functions in a single catalyst reduces the duration of
the multi-stage process and usually increases the overall yield of the target product. At
the same time, the implementation of cascade or tandem processes in the same apparatus
using multifunctional catalysts is associated with several difficulties. For example, optimal
conditions for each simultaneously proceeding reaction may differ; intermediate products
occurring at different active centers can affect each other; and finally, the diffusion of
reagents between active centers should be considered.

Due to the importance and complexity of catalysis using bifunctional systems, this
Special Issue, titled “Transition-Metal-Containing Bifunctional Catalysts: Design and Cat-
alytic Applications”, was organized. It consists of 11 contributions, including 2 reviews
and 9 research papers. The aim of this Special Issue was to present and summarize recent
advances in the development of bifunctional catalytic systems based on transition metals
for different applications.

In the review by Nikoshvili and Matveeva (contribution 1), a variety of Pd-catalyzed
tandem processes are described, which include not only truly tandem catalysis but also
cascade and orthogonal catalytic reactions. The problem of defining tandem and related
processes is discussed while emphasizing the role of distinct catalytic mechanisms and
active species. Among the large number of homogeneous Pd-catalyzed tandem reactions
presented, there are truly tandem processes, but also the related (one-pot, orthogonal, or
domino) reactions. They were clearly distinguished, since in the referred scientific papers
a double attribution was applied, being sometimes misleading. It is concluded by the
authors that in the field of homogeneous tandem catalysis, a variety of conditions, possible

Catalysts 2024, 14, 518. https://doi.org/10.3390/catal14080518 https://www.mdpi.com/journal/catalysts1



Catalysts 2024, 14, 518

additives, and reaction routes can be applied to provide the highest yields of desired
products with the lowest environmental impact. In contrast, in the case of heterogeneous
catalysis, the main direction of processes’ development is an improvement in support
properties, i.e., the use of supports bearing acid-base centers of Brønsted and Lewis. Such
Pd-containing catalytic systems are usually based on oxidic supports and metal-organic
frameworks and are often applied for the transformation of “platform chemicals” derived
from plant biomass. Another approach used for obtaining bifunctional catalysts that is
highlighted in the review is the combination of homogeneous and heterogeneous catalysis,
e.g., immobilized metal complexes or enzymes. The combination of metal catalysis and
biocatalysis is a promising alternative to traditional chemical routes of the synthesis of chiral
compounds with high enantioselectivity. Thus, the review covers all areas of development
regarding palladium-catalyzed tandem processes.

Another review (contribution 2) included in this Special Issue is the work of Stepacheva
et al., which is devoted to the application of plant-biomass-derived materials as catalytic
supports. Plant biomass is a renewable source used not only to produce fuels and “platform
chemicals” but also for cheap and effective sorbents and catalytic supports. The authors
of the review describe the current methods of biochar obtained from a variety of starting
materials in detail. It is shown that acid-functionalized biochars produced by pyrolysis
can be successfully used as catalysts for biodiesel production and for the transformation
of carbohydrates into furfural, 5-hydroxymethylfurfural (5-HMF), and other valuable
chemicals. Base-functionalized biochars are less used in biodiesel production due to their
high saponification activity and sensitivity to water. Despite such disadvantages, it is
noticed that base-functionalized biochars can provide high rates of transesterification
under mild conditions. Moreover, authors show that biochars and biocarbons can be
effective supports for a wide variety of transition metals (Mo, Co, Cu, Ni, Fe, Au, Ru,
Pd) and be applied in heterogeneously catalyzed organic reactions and in electrocatalytic
processes. This review can serve as a concise guide for the development of functionalized
biocarbon-based material for catalytic applications.

The topic of carbon-supported transition metal catalysts is continued in contributions
3 and 4 of this Special Issue.

In the contribution 3 by Taran et al., the synthesis of Ru-containing catalysts supported
on Sibunit® (commercial mesoporous carbon materials) and their application for reductive
catalytic fractionation (RCF) of spruce wood is described. Sibunit® was functionalized with
different oxygen-containing species, which allowed the researchers to prevent the sintering
of ruthenium particles under high temperatures, being responsible for acidic properties.
Thus, the series of bifunctional Ru/C catalysts was developed by varying the support
acidity, catalyst grain size, content, and dispersion of Ru. The yield and composition
of solid, liquid, and gaseous products of spruce wood RCF were carefully studied with
various catalyst types, reaction times, and temperatures. Moreover, solid products were
characterized with IR spectroscopy and XRD. Under optimal conditions (225 ◦C, 3 h)
using the most acidic Ru/C, the liquid products enriched with phenolic compounds were
synthesized, and the optimal trade-off between phenols (30.0 wt.%), polyols (18.6 wt.%),
and solid products containing 84.4 wt.% of cellulose was achieved.

Kustov and Kalenchuk (contribution 4) reported a series of mono- and bimetallic
Ni-Cr/C catalysts synthesized using Sibunite® as a support for the reaction of bicyclohexyl
dehydrogenation applied in hydrogen storage systems. The catalysts’ composition and
morphology were characterized by the XPS, XRD, TPR, HRTEM, and electron diffraction
methods. In contrast to the work of Taran et al. (contribution 3), the authors of contribution
4 highlighted the interactions between two active metals rather than the influence of the
support. Despite the formation of a Cr-Ni solution and the change of nickel crystal lattice
parameters, no obvious advantages for bimetallic Ni-Cr/C compared to monometallic
systems were found, though the authors observed strong positive effect for the trimetallic
Pt-Ni-Cr/C catalyst in an earlier study [5].
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Among carbonaceous supports, polymers can serve as a promising alternative to
chars. There is a big variety of functionalized polymeric materials for sorbents and catalytic
supports [6]. Hypercrosslinked aromatic polymers are of special interest [7] due to their
high porosity, chemical, and thermal stability.

Dutra et al. (contribution 5) developed bimetallic (Ru-Ni, Ru-Co, Ru-Cu) catalysts
containing 3wt.% of Ru and 0.1 wt.% of the second metal supported on commercial hy-
percrosslinked polystyrene (HPS), which were tested in the reactions of transformation
(hydrogenation, hydroformylation, oxidative cleavage, and deoxygenation) of canola fatty
acid methyl esters (FAMEs). High values of FAME conversion (up to 99%) were attained,
showing the prospect of HPS-based catalytic systems.

Though there are numerous carbonaceous materials available as supports, the syn-
thesis of multifunctional catalytic systems is commonly based on different oxides and
their mixtures. The series of contributions within this Special Issue were devoted to oxide
catalysts (contributions 6–8) and to transition metals supported on oxides (contributions 9
and 10).

The group of scientists from Brazil in contribution 6 reported the synthesis of cerium
oxide, molybdenum oxide, and mixed material Ce2(MoO4)3 for the conversion of fruc-
tose to 5-HMF. It is well known that the main issue of this reaction is the formation of
humins, which can be controlled by balancing acidity [8]. Ce2(MoO4)3 revealed lower
acidity compared to pure molybdenum oxide (see the data presented in contribution 6)
that inhibited the formation humins to some extent (selectivity to 5-HMF increased from
14.5% up to 27.5% at a high fructose conversion). Among other byproducts, different
acids (levulinic, acetic, formic, lactic), aldehydes (glyceraldehyde and pyruvaldehyde),
and dihydroxyacetone were found. The highest selectivity to 5-HMF was found in the
case of pure cerium oxide (70.2%); however, the conversion of fructose was about 50%
(150 ◦C, 6 h). The stability and reuse of Ce2(MoO4)3 was studied in four repeated runs
and revealed a negligible variation in conversion and selectivity. Similarly, in contribution
7, the conversion of fructose was tested using tin, niobium, and tin-niobium oxides ob-
tained with three different methods: coprecipitation (PPT), hydrothermal treatment using
cetyltrimethylammonium bromide (CTAB), and Pechini treatment using glycerol (GLY).
Independently of the synthesis method, mixed SnNb oxides were more active compared to
the corresponding pure oxides, and they were highly selective due to having an appropriate
balance between the Lewis and Brønsted acid sites. Among SnNb (GLY), SnNb (CTAB),
and SnNb (PPT) materials, the highest fructose conversion (76.9% for 2 h and >90% for
6 h at 150 ◦C) and selectivity to 5-HMF (about 80%) were found for SnNb (CTAB), which
makes SnNb oxides promising catalysts for the processes of biomass valorization.

Interesting work (contribution 8) devoted to oxide catalysts was presented by
Mukhtarova et al., who studied the hydrodeoxygenation (HDO) of guaiacol (lignin-derived
compound) to aromatics in the presence of MoOx and WOx generated in situ from corre-
sponding carbonyls. The detailed characterization of the catalysts was carried out with
XRD, XPS, HRTEM EDX, SEM, DRIFTS, and Raman spectroscopy methods. The influence
of reaction conditions (temperature and H2 pressure) on the conversion and selectivity
of guaiacol to different products was studied, and the HDO pathways were proposed.
Under the chosen reaction conditions (380 ◦C, 5 MPa of H2, 6 h, solvent—dodecane), the
benzene-toluene-xylenes fraction was obtained with high yield (96%) over WOx catalyst.

Shivtsov et al. in contribution 9 prepared a series of magnesium-aluminum oxides
(Mg-Al-Ox) with different Mg/Al molar ratios (4:1, 2:1, 1:1, 1:2, and 1:4) with the aerogel
method, which served as supports for Pd NPs. Chosen method of oxide synthesis allowed
them to obtain materials with high specific surface areas (up to 600 m2/g) for the develop-
ment of bifunctional catalysts (1 wt.% of Pd)of tetradecahydrophenazine dehydrogenation
with a high hydrogen evolution rate (252 mmol·gMet

–1·min–1). The authors of contribution
9 revealed that the most promising mixed oxides were characterized by significant concen-
trations of basic electron-donor sites responsible for the efficient stabilization of palladium
NPs and alteration of the dehydrogenation mechanism.
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Philippov et al. (contribution 10) reported transfer hydrogenation of biomass-like
phenolic compounds such as guaiacol and dimethoxybenzenes (DMB) over novel Ni-SiO2
and NiCu-SiO2 catalysts under supercritical conditions at 250 ◦C using 2-PrOH as the
only hydrogen donor. The role of copper in bimetallic catalytic systems was highlighted.
Detailed kinetic analysis was carried out, showing the negative effect of Cu addition on the
rate of guaiacol and 1,4-DMB conversion. However, in the case of 1,2-DMB and 1,3-DMB,
Cu promoted their transformation to corresponding dimethoxycyclohexanes. Moreover,
the addition of copper influenced the selectivity of the reaction products, which is an
interesting result deserving further study.

The most exciting multifunctional catalytic systems are those that combine the features
of transition metals, oxides, and carbonaceous materials. Thus, in contribution 11 presented
by Sorokina et al., novel Cr-Zn/Ni composite materials based on an oxide support (SiO2
or Al2O3) with embedded magnetic NPs and covered by a crosslinked pyridylphenylene
polymer (PPP) layer were described. The developed nanocomposites were applied for
CO2 hydrogenation to methanol. The necessity of all the components was proven by the
results of catalyst characterization and testing, as follows: PPP was found to prevent the
aggregation of catalytically active species and enhanced the adsorption of CO2 and H2;
magnetic NPs insured structural promotion, which was likely due to the formation of
oxygen vacancies, and allowed for the fast and simple magnetic separation of the catalyst;
the combination of the two metals (Cr-Zn and Cr-Ni) resulted in the creation of bimetallic
interfaces. All these features allowed the authors of contribution 11 to obtain a highly
active and stable catalytic system of methanol synthesis.

Finally, we are grateful to all the authors who contributed to this Special Issue. We
express our sincere gratitude to the editorial team of Catalysts for their assistance and
continuous support in the preparation of this Special Issue. Moreover, we would like to
thank the reviewers for their valuable contributions.
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Abstract: In recent years, Pd-containing catalytic systems for tandem processes have gained special
attention due to their enhanced catalytic properties and their possibility of performing several
reactions without the necessity of separating the intermediates. In this review, recent progress
in Pd-catalyzed tandem processes is considered. Three types of catalytic systems are described:
homogeneous catalysts (including immobilized Pd complexes); heterogeneous catalysts supported
on oxides, MOFs, COFs, etc., with particular attention to the supports containing acid/base sites; and
metal-enzyme catalysts for chemoenzymatic tandem processes applied in fine organic synthesis and
biotechnology. For homogeneous Pd-catalyzed reactions, different tandem reactions were considered,
i.e., cross-coupling, cyclization, carbonylation, isomerization, alkylation, arylation, etc.

Keywords: tandem processes; one-pot processes; palladium; bifunctional catalysts; bimetallic catalysts;
chemoenzymatic catalysis

1. Introduction

Multiple catalytic processes in one reactor are of high importance due to the time–
space economy and global tendency towards greener sustainable processes [1]. However,
at present, there are many misinterpretations in the terminology used. As was mentioned
by Camp et al. [2], such processes have different names: single-pot catalysis, one-pot
catalysis, dominocatalysis, dual catalysis, tandem-catalysis, and multifaceted catalysis.
Many papers use the term “tandem” for different processes proceeding one after another.
Fogg and dos Santos [3] defined the one-pot catalytic processes that are not tandem catalysis
as bicatalytic reactions, in which the second catalyst is added after the first one, which
completes the reaction. When all the catalytic species are present in the reactor together, it
can be defined as either domino or tandem catalysis. If all the reagents and catalysts are
simultaneously present in the reactor, and the functionality formed in the previous step
undergoes subsequent transformation, such a process can be classified as domino catalysis.
It is important to emphasize that in many cases, domino catalysis is equated to the tandem
catalysis, while Fogg and dos Santos [3] indentified of the domino/cascade catalysis as the
multiple transformations proceeding via a single catalytic mechanism (Figure 1).

In the instance of tandem catalysis, the substrate is sequentially transformed through a
number of mechanistically distinct mechanisms. Moreover, tandem catalysis can be divided
in orthogonal, assisted, and auto-tandem catalysis [3]. The difference between auto-tandem
and assisted tandem processes is that in the latter case, an additional compound is added
in the reactor, switching the second mechanistically distinct reaction. As was mentioned by
different authors [4–6], auto-tandem catalysis is an effective method for generating complex
molecules from basic starting materials since it can support several mechanistically distinct
reactions in a single reactor. When sequential C–C bond-forming processes take place in
the reactions, the adoption of the auto-tandem catalysis technique has a very significant
effect [6]. In contrast to auto-tandem catalysis, a linear synthetic method would not

Catalysts 2023, 13, 1213. https://doi.org/10.3390/catal13081213 https://www.mdpi.com/journal/catalysts6



Catalysts 2023, 13, 1213

be able to produce unstable or sensitive organic intermediates in situ. Although auto-
tandem processes have many benefits, it might be challenging to control them. Moreover,
interference from side reactions might make them more difficult, particularly when the
optimal conditions for certain catalytic cycles differ from one another [4].

Figure 1. Distinguish between one-pot, domino, and tandem processes (based on [3]).

Tandem catalysis is a powerful tool for the production of a wide range of organic
compounds by means of a variety of synthetic transformations, among which are arylation,
alkylation, cyclization, cycloaddition, carbonylation, cross-coupling, amination, isomeri-
sation, and other processes. Different metals such as Co [7], Cu [8], Ag [9,10], Au [11],
Ni [12], Ru [13], Pt [14,15], and Pd [16] in the composition of both homogeneous [17,18]
and heterogeneous [19] systems can catalyze tandem reactions.

Moreover, bimetallic catalytic systems (Cu-Zn [20], Cu-Ni [21], Pd-Cu [22,23], Au-
Pd [24,25], Ir-Pd [25], Pd-Ru [26,27], Pd-Rh [28], Ag-Pd [29], Pd-Ni [30], Au-Cu [31], Cu-
Ag [10,32], Cu-Bi [10], etc.) can be also used.

Among the transition metals applied for tandem processes, palladium is one of the
most widely used. Thus, this review is devoted to the recent advances (for the last five
years) in tandem reactions catalyzed by Pd complexes and nanoparticles (NPs), including
those catalyzed by bimetallic systems and metal-enzyme catalysts.

2. Pd-Catalyzed Homogeneous Tandem Catalysis

At present, homogeneous Pd-catalyzed processes, including the tandem ones, are
the most widespread in fine organic synthesis for the production of active pharmaceutical
ingredients (APIs) and polymers.

2.1. Coupling Tandem Processes

Palladium is known as a catalyst for the cross-coupling processes [33,34]. Both se-
quential and iterative Pd-catalyzed reactions can be carried out in tandem cross-coupling
reactions, and the order of C–C bond forms can be regulated by either the attenuated leav-
ing groups of the multireactive substrate or certain catalyst/ligand combinations [35–38].
Both the nucleophilic and electrophilic sites may be coupled in a specific manner. Addi-
tionally, in addition to halogen and metal leaving groups, the C–H bond can be used as an
appealing leaving group [35].

In the catalytic cycle of cross-coupling reactions, palladium constantly changes its
oxidation state from Pd(0) to Pd(II) and vice versa, hence the process can be catalyzed
by any form of the metal [39,40]. Lamb et al. [41] employed Pd(II) to catalyze in the
one-pot process the dehydrogenation of 2,2-disubstituted cyclopentane-1,3-diones and the
oxidative Heck coupling (Figure 2). It was postulated that Pd(II) was an active form, which
underwent partial decomposition during the reaction if the ligand loading was unsufficient.
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However, it was difficult to create the ideal one-pot conditions since the optimal conditions
for the dehydrogenation stage were inappropriate for the oxidative Heck process.

Figure 2. Scheme of the dehydrogenation of 2,2-disubstituted cyclopentane-1,3-diones and the
oxidative Heck coupling in a one-pot process [41].

By the example of Np-substituted cyclopentane-1,3-dione, it was shown that due to
the presence of unligated Pd, which was likely formed during the aerobic dehydrogenation
stage, the established one-pot reaction allowed for the achievement of a reasonable yield of
60% at moderate enantioselectivity at 74:26 e.r. In order to study the telescoped reaction, the
reaction mixture was filtered to remove any unligated Pd before the cross-coupling partner
was added. Such treatment enabled the e.r. to be comparable to the separate oxidative
Heck step (88:12 vs. 90:10 e.r.) with agood 70% yield [41].

The improved synthesis of indolines via tandem decarboxylative amination/Heck/annulation
reaction was carried out by Wang et al. [42] (Figure 3).

Figure 3. Scheme of the synthesis of indolines via tandem decarboxylative amina-
tion/Heck/annulation reaction [42].

Different palladium compounds (Pd(OAc)2, Pd(TFA)2,Pd2(dba)3, PdCl2) and ligands
((t-Bu)3P·BF4, Ph3P, etc.) were used. PdCl2 and (t-Bu)3P·BF4 revealed the best performance.
Among the bases (Cs2CO3, K2CO3, t-BuOK, DBU, and Et3N), Cs2CO3 was optimum.
Moreover, different solvents were used (benzene, toluene, xylene, MeCN, CHCl3, and
DMF), and benzene was the most preferable one. Toluene was the second in efficiency
allowing up to 70% yield of target product. In general, depending on the halogen, protecting
group, substituent, and nature of the second substrate, as well as on the reaction conditions,
up to 78% yield of the target product was achieved [42]. The reaction mechanism was
proposed to proceed via formation of the intermediate of an intramolecular decarboxylation
process. The cyclization product was then synthesized by reacting this intermediate with
norbornadiene using a tandem Heck-type reaction and nitrogen nucleophilic route. The
reaction followed a similar tandem Heck/intramolecular Tsuji–Trost pathway when the
1,3-diene substrate was used [42].

Song et al. [43] developed the synthesis of 2-(1-phenylvinyl)-indoles via the novel
Pd(0)-catalyzed intermolecular coupling reaction of 2-gem-dibromovinylanilines and N-
tosylhydrazones (Figure 4). Reaction conditions were optimized, (PdCl2(PPh3)2 was chosen
as a catalyst, and tBuOLi was chosen as a base (the other bases were DMAP, tBuOK,
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TEA, CsCO3, and CsF)). Using 2-gem-dibromovinylanilines as a substrate, the scope of
N-tosylhydrazones was studied. The reaction products were obtained in moderate to
good yields (from 42% up to 94%), depending on the substituents: electrondonating
(p-OMe and -OCH2O-) or electronwithdrawing (NO2 and CN). The substitutions on 2-gem-
dibromovinylaniline were also studied (-CO2Me, Br, F, Ns, Ph, 4-F-Ph, 4-Cl-Ph, 4-OMe-Ph,
4-tBu-Ph, 4-Me-Ph, N-Ac, N-Ms), giving good yields (>80% in most of cases).

Figure 4. Scheme of the tandem reaction of 2-gem-dibromovinylanilines and N-tosylhydrazones for
the synthesis of 2-(1-phenylvinyl)-indoles [43].

The reaction mechanism was also proposed, which included two catalytic cycles,
one of which was started from Pd(0) and included oxidative addition, deprotonation,
and reductive elimination, resulting in theformation of 2-bromo-1-tosyl-1H-indole. The
latter entered the second cycle that also started from an oxidative addition to Pd(0) with
the formation of the Pd(II)complex. Subsequently, alkylpalladium species were formed
with carbene intermediate generated from the diazo compound. Finally, β-H elimination
allowed for the synthesis of the desired product and the regeneration of Pd(0) [43].

In situ-produced vinyl fluorosulfate intermediates were coupled with electron-deficient
olefin partners (Figure 5) by Revathi et al. [44] to create a protocol for the one-pot conversion
of alcohols to 1,3-dienes. The use of DMSO as a solvent was mandatory, due to the involve-
ment in the reaction mechanism. Broad substrate scopes of alcohols were examined for
the SO2F2-mediated dehydrative cross-coupling. Different starting compounds containing
both electron-donating groups (alkyl, aryl, trifluoromethoxy, methoxy, ether, thioether) and
electron-withdrawing groups (nitro, trifluoromethyl) including halogens were investigated.
Corresponding products were synthesized with the yields varying from 40% up to 99%.
Moreover, the substrate scope of electron-deficient olefin coupling partners was studied.
The best results were obtained with acrylamide, which provided the corresponding product
at a 82% yield, and ethyl vinyl ketone, which produced the corresponding 1,3-diene at a
88% yield [44].

Figure 5. Scheme of dehydrative cross-coupling for the conversion of alcohols to 1,3-dienes [44].

The C–C/C–N bond formation in the reaction between N-methyl benzamide and aryl-
boronic acid was catalyzed by the dinuclear palladium(II) complex, resulting in the direct
synthesis of phenanthridinone (Figure 6) [45]. A broad range of phenanthridinones was
synthesized in good to excellent yields (from 79% up to 96%) using 1 mol.% of the catalyst
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and a variety of substrates, which also included condensed aromatics and heterocycles (in
the case of arylboronic acid).

Figure 6. Scheme of the synthesis of phenanthridinones [45].

It was proposed that the reaction proceeds via ortho-arylation [45]. First, N-methyl
arylamide was coordinated with the catalyst along with the ortho-C–H bond activation.
Then, the transmetalation reaction occurred with participation of an arylboronic acid,
leading to the formation of an ortho-arylated intermediate, which subsequently resulted
in the seven-membered palladacycle. In this process, one of the two Pd(II) nuclei was
transformed to Pd(0). Finally, the reductive elimination led to the desired product, while
Pd(0) was oxidized by air.

The Pd pincer complex supported by 2,6-bis(pyrrolyl)pyridine ligands was shown [46]
to be an efficient catalytic system for one-pot tandem Heck alkynylation (copper-free
Sonogashira coupling)/cyclization reaction) (Figure 7). It was shown that a wide range
of benzofuran derivatives can be obtained at 90 ◦C using 0.1 mol.% of catalyst loading for
10 h with high yields (up to 96%).

Figure 7. Scheme of the synthesis of benzofuran derivatives via the Heck alkynylation/cyclization
reaction [46].

The reaction mechanism included two cycles (Heck alkynylation cycle and intramolec-
ular cyclization cycle) associated with the product of Heck alkynylation, which under-
went the cyclization process. It is noteworthy that the first cycle was likely initiated by
Pd(II)/Pd(IV) transformations instead of the most common Pd(0)/Pd(II) chemistry [46].

In a similar way, microwave-assisted, domino [Pd]-catalyzed Heck cyclization fol-
lowed by intermolecular Sonogashira coupling was carried out by Karu and Gedu [47] for
the synthesis of substituted dihydrobenzofurans with yields of up to 99% (Figure 8). The re-
action was proposed to proceed via a single catalytic cycle including classical Pd(0)/Pd(II)
transformations. Initiated by Pd(0), the cyclization took place first, followed by Sono-
gashira coupling.
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Figure 8. Scheme of the synthesis of substituted dihydrobenzofurans via Heck cyclization followed
by Sonogashira coupling [47].

Such a kind of substituted heterocycles, containing a triple carbon–carbon bond,
can be a subject of further transformations. For example, Ho et al. [48] developed the
one-pot process for the dearomatising spirocyclization/cross-coupling of indole/pyrrole
derivatives (Figure 9). In the proposed protocol the use of Pd(PPh3)4or trans-PdBr(N-
succinimide)(PPh3)2 allowed up to 97% yields of target products. Palladium complexes
were proposed to play a dual role: (i) π-acid to activating the alkyne towards dearomatising
spirocyclization, and (ii) cross-coupling catalysts.

Figure 9. One-pot dearomatising spirocyclisation/cross-coupling [48].

Moreover, a variety of the spirocyclic pyrroline-based compounds, which are important
scaffolds in drug development, could be produced with the yields up to 80% via Pd-catalyzed
tandem Narasaka–Heck/C(sp3 or sp2)-H activation reaction [49] with γ,δ-unsaturated oxime
esters as starting materials via the five-membered spiro-palladacycle intermediate.

Functionalized benzofurans, indoles, and phthalanes can be also synthesized by the
tandem Ullmann–Goldberg cross-coupling and cyclopalladation-reductive elimination re-
actions, as well as by the related Pd-catalyzed processes involving hetero-Michael additions
and cyclization in a one-pot process [50].

The tandem Heck/Suzuki reaction can be applied for the enantioselective intramolec-
ular cyclization/cross-coupling of olefin-tethered aryl halides with various organoboronic
acids [51]. Under the optimized reaction conditions, a number of dihydrobenzofuran
derivatives were synthesized (Figure 10) with high yields (up to 99%) and e.r.s (up to 97:3).
Moreover, by the same approach, different indolines, chromanes, and indanes were synthe-
sized with yields of up to 99% and high e.r.s, depending on the substituents.
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Figure 10. Scheme of the tandem Heck/Suzuki process for the synthesis of chiral compounds by the
example of dihydrobenzofurans bearing a quaternary stereocenter [51].

Yokoya et al. [52] suggested fabricating the benzo[de]chromene ring followed by its
oxidation in order to produce benzo[de]chromene-7,8-dione derivatives, which are known
to have significant biological and pharmacological effects (Figure 11). Pd- and Cu-catalyzed
Sonogashira coupling and cyclization was applied to produce benzo[de]chromene-7,8-
dione derivatives with yields of up to 69%. It was found that the coupling process was
catalyzed by Cu and Pd complexes, according to the established mechanism, while the
further cyclization was catalyzed by CuI alone.

Figure 11. Tandem Sonogashira coupling and intramolecular cyclization with terminal alkynes for
the synthesis of benzo[de]chromene-7,8-dione derivatives [52].

For the one-pot synthesis of alkenyl-substituted boron dipyrromethene (BODIPY)
from Cl-BODIPY and alkyne, the coupling-reduction tandem process (Figure 12) was
reported [53]. In comparison to traditional approaches, this synthesis enabled higher
yields (up to 80%), a wider range of substrates, and a faster reaction rate by combining the
Sonogashira coupling and the reduction process, avoiding the use of a reductant.

Figure 12. Synthesis of alkenyl-substituted BODIPYs [53].
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One of the reactions attributed to the tandem Pd-catalyzed catalytic processes is
the synthesis of imidazole derivatives [54–56]. The tandem synthesis of imidazole-fused
polyheterocycles (Figure 13) from 2-vinyl imidazoles and aryl halides was reported by Li
et al. [54] and involved intermolecular Heck arylation of 2-vinyl imidazoles, followed by
an intramolecular aerobic oxidative C–H amination reaction.

Figure 13. Pd-catalyzed annulation of phenanthroimidazoles with aryl iodides for the synthesis
ring-fused phenanthroimidazoles [54].

In this tandem reaction, the Pd(0)↔Pd(II) catalytic cycle was used to simultaneously
break two or three C–H bonds, one C–X bond, and one N–H bond. Different catalysts
were used (Pd(OAc)2, PdCl2, Pd(PPh3)4, Pd2(dba)3), among which the palladium acetate
allowed the highest yields of the target products (up to 91%). Potassium carbonate was
chosen as an optimum base (other bases were Cs2CO3, NaOtBu, NaOH, and Et3N). DMF
was shown to be the most preferable solvent as compared to DMA, DMSO, toluene, and
1,4-dioxane [54].

A tandem reaction involving boronic acids and 2-(bromobenzylsulfenyl)-1-propargyl
benzimidazoles catalyzed by Pd was developed [55] (Figure 14). This process involved three
different reactions: (i) Suzuki debrominative cross-coupling; (ii) Cu-free desulfenylative
coupling at the 2-position of the benzimidazole; and (iii) intermolecular regioselective and
stereoselective hydrothiolation of the triple C–C bond of the N-propargyl benzimidazole.

Figure 14. Tandem Pd-catalyzed reaction between boronic acids and 2-(bromobenzylsulfenyl)-1-
propargyl benzimidazoles for the synthesis of substituted benzimidazoles bearing a stereodefined
alkenyl sulfide [55].

The whole procedure resulted in an alkenyl benzyl sulfide and doubled the amount of
boronic acid partner that was incorporated into the final structure. The developed tandem
process proceeded with moderate up to high yields (82%), depending on the substituents
and ligands. It is noteworthy that the heterocycles other than benzimidazole (i.e., imidazole
and indole) were studied, and Pd(PPh3)4 (15 mol.%) was found to provide higher yields of
target products as compared to Pd2(dba)3/PCy3 [55].
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Luo et al. [56] developed the cross-coupling reaction of isocyanides with α-diazoacetates
catalyzed by palladium to form ketenimines, which were subsequently underwent the
DABCO-catalyzed aza-Mannich type reaction (Figure 15) under mild reaction conditions
(80 ◦C, CH3CN—solvent). Different 2-mercaptoimidazoles or 1H-benzo[d]imidazol-2-oles
were transformed to 1,3-bis(β-aminoacrylate)-substituted 2-mercaptoimidazoles and 2-
benzimidazolinones with the yields up to 68%.

Figure 15. Scheme of the synthesis of 1,3-bis(β-aminoacrylate)-substituted 2-mercaptoimidazole
derivatives synthesized in one pot using sequential Pd and Brønsted base catalysis [56].

The proposed reaction mechanism involved two cycles: (i) Pd-catalyzed, and (ii) DABCO-
catalyzed. The starting isocyanide compound was coordinated with the palladium catalyst.
Then, the diazo compound reacted with the formation of the Pd-carbene intermediate
and the release of nitrogen. After that, the resulting intermediate produced ketenimine
with regeneration of the catalyst. Ketenimine was trapped by one of the NH groups
in DABCO-activated 2-mercaptoimidazole. The intermediate of this step reacted with
ketenimine to form the target product [56]. Choi et al. [57] reported the tandem Diels–
Alder/cross-coupling (either Stille or Suzuki) process using 2-bromo-1,3-butadienes as
substrates, which underwent intermolecular cycloaddition with a variety of activated
dienophiles in the presence of Lewis acids (e.g., BF3 · OEt2, TiCl4, SnCl4). The reaction
proceeded with high yields (>70%) and good endo diastereoselectivity with respect to vinyl
bromide cycloadducts, which further underwent cross-couplings in the presence of Pd
catalysts (Pd2(dba)3, Pd(Ph3P)4).

2.2. Isomerization Tandem Processes

Isomerization tandem reactions catalyzed by Pd are possible due to the simultaneous
existence of two oxidation states of this metal. Thus, there is double terminology for
these reactions: some authors attribute them to orthogonal catalysis [58], othersto tandem
catalysis [59]. Arroniz et al. [58] demonstrated the tandem orthogonal process of the
conversion of alkynyl epoxides to furans (Figure 14). The developed procedure allowed for
high yields (up to 93%) of furan derivatives.

It was found that the reaction proceeded through the formation of allenyl ketone
and β,γ-alkynyl ketone as intermediates. The prposed reaction mechanism involved
the oxidative addition of Pd(0) into the alkynylepoxide, resulting in the formation of
allenylpalladium(II) species, which underwent reductive elimination to enol (shown in
brackets in Figure 16). The latter tautomerized to alkynyl ketone and to allenyl ketone. The
furanylpalladium complex was formed by the Pd(II)-activated cyclization of allenyl ketone.
After the protodepalladation, the target furan’s derivatives were produced under mildly
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acidic conditions. Moreover, a possible alternative mechanism for the conversion of the
alkyne to the furan was suggested [58].

Figure 16. Dual catalytic isomerization of alkynyl epoxides for the synthesis of furans [58].

The synthesis of furans and pyrroles was carried out via the Pd-catalyzed tandem
addition/ring-opening/cyclization reaction of 2-(3-aryloxiran-2-yl)acetonitriles with aryl-
boronic acids in aqueous medium (Figure 17) [59].

Figure 17. Tandem reaction of epoxyacetonitriles with arylboronic acids for the synthesis of furans
and pyrroles [59].

Yu et al. [59] noticed that despite the advances in the Pd-catalyzed ring-opening of
epoxides with nonpolar multiple bonds (such as vinyl and alkynyl), the reactions of boronic
acids with epoxides with polar groups are less studied due to the lower reactivity.

As a result of the study, an efficient approach for the synthesis of furans and pyrroles
with high selectivity was developed, allowing, depending on the catalyst and additives
(p-toluenesulfonic acid, trifluoromethanesulfonic acid, D-camphorsulfonic acid, methane-
sulfonic acid, etc.), yields of up to 73% of furan derivatives (R1 = R2 = Ph) in aqueous
medium at 80 ◦C under air. It is noteworthy that the replacement of air to the oxygen
allowed for a noticeable increase in the yield of the target product (up to 86%). In the case of
the synthesis of 2,5-diarylpyrroles at 100 ◦C under nitrogen using ai-PrOH/H2O mixture as
a solvent, up to 84% yield was achieved, depending on the substituents. Moreover, it was
found that the steric effects of arylboronic acids primarily controlled the chemo-selectivity
of the developed tandem process: when 2-(3-aryloxiran-2-yl)acetonitriles were reacting
with the less sterically hindering arylboronic acids, the only products were furans due to
the hydrolysis of the ketimine intermediate, arising from the carbopalladation of the cyano
group, whereas when reacting with the more sterically bulky arylboronic acids, pyrroles
were selectively produced [59].

Another one example of isomerization tandem processes is the tandem isomeriza-
tion/hydrothiolation of allylbenzenes (Figure 18) [60]. In the case of n = 0, using Pd(OAc)2
(3 mol.%) as a catalyst in the presence of 3.9 mol.% of the ligand and 12 mol.% of CF3SO3H,
up to a 78% yield of the target product was able tobe achieved at 40 ◦C for 15 h, depending
on the substituents. When n = 1–3 and R = H or 4-OMe, the one-pot process was carried
out: (i) isomerization stage in the presence of PdCl2(PhCN)2 (5 mol.%) in toluene at 60 ◦C
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for 4 h; (ii) hydrothiolation stage in the presence of the ligand (10 mol.%), acid (22 mol.%),
and thiol at 50 ◦C for 22 h, which allowed an up to 43% yield of the target product.

Figure 18. Tandem isomerization/hydrothiolation of allylarenes for the synthesis of benzylic
thioethers [60].

It was demonstrated that the highly regioselective catalytic system composed of a
Pd(II) precursor, bidentate phosphine ligand, and strong Brønsted acid may convert a
wide range of 3-arylpropenes and thiols to branched benzylic thioethers. The reaction was
facilitated by an in situ-generated Pd hydride [60].

2.3. Carbonylation Tandem Processes

Over 80% of all the APIs are known to have heterocyclic aromatic rings, with predom-
inating N-containing aromatic heterocycles. Many APIs have the carbolinone ring system
as a substructure [61]. Thus, carbonylation reactions are in high demand by the modern
chemical industry. These reactions can be carried out in tandem with processes such as
cross-coupling, dealkylation, and dehydrogenation.

A tetracyclic isoindoloindole skeleton with three new C–C/C–N bonds that was simul-
taneously generated, for instance, could be constructed in a one-step process using tandem
Pd-catalyzed carbonylation and C–C cross-coupling via C–H activation (Figure 19) [62]. In
more detail, the production of 6H-isoindolo[2,1-a]indol-6-ones from commercially acces-
sible substrates involved the carbonylation of aryl dibromides with indoles and the C–H
activation of in situ-produced N-(2′-bromoaroyl)-indole. C–H activation likely occurred
via conventional Pd(0)/Pd(II) transformations. It is noteworthy that glyoxylic acid mono-
hydrate was used as an eco-friendly CO surrogate in the aminocarbonylation stage of the
proposed tandem process. As a result, a number of 6H-isoindolo[2,1-a]indol-6-ones were
produced with yields of 40–64%.

Figure 19. Tandem Pd-catalyzed carbonylation and C-C cross-coupling [62].
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Li et al. [63] reported the enantioselective dearomative carbonylation of N-arylacyl in-
doles (Figure 20). The following reaction conditions were varied: Pd source (Pd2(dba)3·CHCl3,
Pd(dba)2, Pd2(dba)3, Pd(OAc)2, Pd(TFA)2), chiral ligands, base additives (Et3N, DIPEA,
DABCO, K2CO3), and solvents (MTBE, MeCN, THF, Et2O, PhOMe, toluene). Under the op-
timal conditions (Pd2(dba)3, Feringa ligand (S,S,S)-L1, Et3N, MTBE) under the atmosphere
of CO, the target products were formed yields of up to 89%, up to 97% ee, and dr > 20:1.

Figure 20. The scheme of thetandem Heck/carbonylation process for the asymmetric dearomatization
of N-arylacyl indoles [63].

Wang et al. [64] developed the Pd-catalyzed multi-step tandem carbonylation/N-
dealkylation/carbonylation reaction with alkyl as the leaving group and tertiary anilines as
the nitrogen nucleophile, which allowed for the effective production of isatoic anhydride
derivatives (Figure 21). Moderate to good (up to 80%) yields were obtained, depending on
the substituents. Moreover, the developed approach was successfully used to synthesize
Evodiamine—a biologically active alkaloid—with a 70% yield. The reaction mechanism
involved two cycles. In the first cycle, the starting compound interacted with Pd(II) and
CO. After the CO insertion and reductive elimination, the intermediate was formed, which
then interacted with Cu(II) and O2 and underwent C-N cleavage. Then, the resulting
intermediate entered the second cycle and underwent another one CO insertion with the
participation of Pd(II). After the reductive elimination and formation of the target product,
the Pd(0) was oxidized by Cu(II) and O2 to regenerate Pd(II).

Figure 21. Tandem Pd-catalyzed carbonylation/N-dealkylation/carbonylation reaction of N,N-
dialkyl anilines for the synthesis of isatoic anhydride derivatives [64].
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For the synthesis of a variety of carbolinones under mild reaction conditions, Han et al. [61]
proposed an effective tandem oxidative C–H aminocarbonylation and a dehydrogenation
reaction co-catalyzed by Pd and Cu (Figure 22).

Figure 22. The scheme of the synthesis of β-carbolinones via the Pd/Cu co-catalyzed tandem C–H
aminocarbonylation and dehydrogenation [61].

Carbolinones, tetrahydro-β-carbolinones, and tetrahydro-γ-carbolinoneswere selec-
tively obtained with the yields of up to 90% by simply changing the reaction conditions.
Strychnocarpine, a natural alkaloid, and its analogs were also produced.

The reaction proceeded through the well-known Pd(0)/Pd(II) transformations. The
role of Cu(II) was in the oxidation of Pd(0) to regenerate Pd(II). In this process, Cu(II) was
reduced to Cu(I), which was reoxidized with O2.

A new P,O-hybrid ligand (L1) was developed by Zhao et al. [65] for the Pd-catalyzed
bis-hydroaminocarbonylation of alkynes, allowing for the effective production of N-aryl
substituted succinimides with the isolated yield of 57–90% (Figure 23) in the presence of
methanesulfonic acid (MSA) as an additive. The catalyst L1-Pd(CH3CN)2Cl2 system was
reused for five runs without the precipitation of Pd-black.

Figure 23. Pd-catalyzed bis-hydroaminocarbonylation of alkynes for the synthesis of N-aryl substi-
tuted succinimides [65].

One of the widespread reactions for the synthesis of cyclic compounds is the Diels–
Alder reaction, which can be also combined with the carbonylation process [66]. Such an
approach can provide a variety of functionalized carbocycles with complex architectures.
Most of the methods of the synthesis of lactone-containing bridged polycyclic compounds
are based on a stepwise protocol, restricting the overall scope and practicality of these
transformations.

Therefore, the Pd-catalyzed tandem carbonylative Diels–Alder process was developed
by Wang et al. [66] (Figure 24).
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Figure 24. Scheme of the reaction of aldehyde-tethered benzylhalides and alkenes via the Pd-
catalyzed tandem carbonylative lactonization and Diels–Alder cycloaddition [66].

It was proposed that the use of the aldehyde functionality as the reactive directing
group resulted in good chemo- and stereoselectivity. Moderate to high (93%) yields were
achieved, depending of the palladium source, base, and nature of substituents in the
initial compounds [66]. The reaction was catalyzed by RuPhos-stabilized Pd(0), which was
formed by the reduction of the Pd(II) precursor with CO or the ligand (RuPhos). Then, Pd(0)
reacted with the substrate (benzaldehyde compound), producing an intermediate, which
further underwent the insertion of CO. The subsequent reductive elimination resulted
in the regeneration of Pd(0) and the formation of an intermediate, which underwent
deprotonation due to interaction with NaOAc. Finally, the resulting benzopyran-2-one
(shown in brackets in Figure 24) underwent [4 + 2]-cycloaddition with an alkene.

2.4. Cyclization Tandem Processes

Cyclization is another type of reaction widely used in fine synthesis [67–76]. Such
reactions can proceed with the in situ-generated active species as a part of tandem catalytic
transformations. For example, in order to produce EGFR (epidermal growth factor receptor)
inhibitors, Ansari et al. [72,73] established a four-component procedure for the synthesis of
pyrazolo[1,5-c]quinazolines with a small polar substitution of the pyrazole ring (Figure 25).
In this tandem process, azomethine imine was generated in situ. Then, acetonitrile, having
the electron-withdrawing group (EWG) at α-position (malononitrile, α-cyanocaboxyalate,
orβ-ketonitrile), participated in the reaction.

Figure 25. Four-component one-pot synthesis of pyrazolo[1,5-c]quinazoline [72].

In order to create 6-fluoroalkyl-phenanthridines in the absence of an oxidant, Bao et al. [77]
developed a Pd-catalyzed tandem cyclization of fluorinated imidoyl chlorides using 2-
bromophenylboronic acid (Figure 26). The developed procedure allowed for high yields
(up to 97%) of target compounds using fluorinated imidoyl chlorides as fluorine-containing
synthons. The authors [77] proposed the generally accepted Pd(0)/Pd(II) mechanism
with Pd(0) as a starting active form, which interacts with fluorinated imidoyl chloride
to form Pd(II). However, it was mentioned that the other pathway Pd(II)/Pd(IV) cannot
be excluded.
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Figure 26. Synthesis of 6-fluoroalkyl-phenanthridines [77].

Another example of cyclization reactions proceeding with the participation of organic
cyanides is the Pd-catalyzed tandem reaction of cyanomethyl benzoates with arylboronic
acids developed by Dai et al. [78]. According to this approach, the selective synthesis
of oxazoles and isocoumarins, through the intermediate imine–Pd complex obtained by
carbopalladation of the nitrile, was found to depend strongly on substitution at the 2-
position of starting cyano-compounds. Thus, 2,4-diaryloxazoles were selectively produced
from cyanomethyl benzoates (3-benzoyl-4-aryl-isocoumarinsfrom 2-benzoyl-substituted
cyanomethyl benzoates) with yields of up to 93% (Figure 27). To achieve high yields,
different catalysts (Pd(acac)2, Pd(TFA)2, etc.), ligands (2,2’-bipyridine and its derivatives),
additives (TfOH, TFA), and reaction conditions, such as solvent nature (THF, dioxane) and
atmosphere (air, N2), were applied.

Figure 27. Scheme of the tandem reaction of cyanomethyl benzoates with arylboronic acids for the
synthesis of oxazoles and isocoumarins [78].

By using the Pd-catalyzed tandem reaction of 2-aminostyryl nitriles with arylboronic
acids, Xu et al. [79] developed a new protocol for the synthesis of 2-arylquinolines (Figure 28).
The proposed procedure is an alternative synthetic route as compared to the common
condensation reaction of (E)-2-aminostyryl ketones. It is noteworthy that the reaction was
catalyzed by Pd(II), which interacted with arylbotonic acid, the resulting aryl-palladium
complex, then reacted with the nitrile.
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Figure 28. Pd-catalyzed tandem reaction of 2-aminostyryl nitriles with ArB(OH)2 [79].

In a similar manner, Yao etal. [80] implemented the tandem Pd-catalyzed cascade
carbopalladation/cyclization/aromatization of arylboronic acids with 5-oxohexanenitrile
and its derivatives to synthesize 2-methyl-6-arylpyridines. Different catalysts (Pd(OAc)2,
Pd(CH3CN2)Cl2, Pd(CF3CO2)2, PdCl2, Pd(PPh3)2Cl2, Pd2(dba)3), ligands, and solvents
(THF, DMSO, DMF, 1,4-dioxane, toluene, acetone, MeOH, EtOH, nPrOH, iPrOH, nBuOH,
1-PeOH, H2O) were studied. As a result, the optimum conditions were found (Pd2(dba)3
(5 mol.%), 2,2′-bipyridine ligand (10 mol.%), MeOH), which allowed for up to 94% yields of
the target product for 12 h, depending on the substituents in the initial substrate molecules,
with CF3COOH as an additive at 90 ◦C in air.

Ye et al. [81] established a palladium-catalyzed approach for the tandem reaction
of 2-(arylamino)benzonitrile with arylboronic acids in water to produce 9-arylacridine
derivatives posessing estrogenic biological activity (Figure 29).

Figure 29. Tandem reaction of 2-(arylamino)benzonitrile with arylboronic acids for the synthesis of
9-arylacridine derivatives [81].

High yields of the desired products (up to 96%) were achieved via the proposed
tandem process, involving the nucleophilic addition of aryl Pd species to the nitrile to
produce an aryl ketone intermediate, which then underwent an intramolecular Friedel–
Crafts acylation and dehydration to produce acridines.

A method for the production of benzoxazinones or quinazolinones was reported by
Lang et al. (Figure 30) [82].
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Figure 30. Carbene-catalyzed tandem isomerization/cyclisation for the synthesis of benzoxazinones
or quinazolinones [82].

It was mentioned that other protocols are carried out under harsh conditions, restrict-
ing the functional group tolerance. According to the proposed strategy, benzoxazinone
skeletons were synthesized via utilizing an oxidative carbene-catalyzed tandem isomeriza-
tion/cyclisation process, which, under mild conditions, allowed for the production of a
number of valuable benzoxazinones or quinazolinones from a wide range of substrates.

By using a one-pot intramolecular C–N coupling cyclization reaction, Patel et al. [83]
created promising catalytic process to incorporate four-membered ring systems between
the benzimidazole and 4-phenyl quinoline cores (Figure 31). This protocol was proposed
to be an attractive route for the synthesis of different heterocycles, considering its high
efficiency (yields up to 94%), wide substrate scope, and mild reaction conditions [83].

Figure 31. Scheme of the Pd-catalyzed intramolecular C–N coupling cyclization reaction [83].

The reaction likely begun with the condensation of o-phenylenediamine with 2-chloro-
5-(N-substituted-2-methylquinoline-4-yl) benzaldehyde. The resulting intermediate then
underwent C–N coupling via conventional Pd(II)/Pd(0) chemistry, starting with the oxida-
tive addition to Pd(0) [83].

Another example of intramolecular cyclization is the work of Jin et al. [84], who
developed new method for the synthesis of a cyclopenta-fused acenaphtho[1,2-b]indole
(ANI) scaffold (Figure 32).
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Figure 32. Scheme of Pd-catalyzed intramolecular C–N coupling cyclization reaction [84].

This Pd-catalyzed cascade process involved indolization, peri-C–H annulation, and
N-dealkylation. Numerous o-alkynylanilines containing different substituents and tethered
with various polyaromatic hydrocarbons having a peri-C–H bond were studied, allowing
an up to 79% yield of the target product. It is noteworthy that, in contrast to the sec-
ondary aniline, the substrate with a N,N-dihexyl substituent resulted in an ANI with 100%
selectivity [84].

In a similar way, Siciliano et al. [85] carried out the cyclisation of o-alkynyl-anilines
using a ligand-free Pd(OAc)2 catalyst in 3 wt.% TPGS-750-M/H2O medium. Since the
amino group was unprotected, the 2-substituted indoles were obtained with a yield of
up to 76%, depending on the conditions (catalyst loading (2–10 mol.%), temperature
(80–100 ◦C), type of heating (MW or oil bath), additive (AcOH, C11H23COOH, DPBA), and
reaction duration (from 10 min to 16 h). Moreover, the tandem process Sonogashira/indole
cyclisation was implemented according to the Cu-free mechanism, with the Pd(II) as
the active species, which allowed for an up to 40% yield of the target product [85]. It
is noteworthy that 2-substituted indoles can be also obtained via tandem Sonogashira
coupling, followed by reductive cyclization with 1-halo-2-nitrobenzenes and terminal
alkynes as starting compounds [69].

The Pd-catalyzed cascade addition/cyclization/aromatization of heteroarenes (e.g., thio-
phenes, furans, pyrroles, and indoles) with 2-(cyanomethoxy)chalcones was shown to be a
promising approach for the synthesis of various benzofuro [2,3-c]pyridines (Figure 33) [86].
The following reaction conditions were varied: catalyst (PdCl2, Pd(CF3CO2)2, Pd(acac)2,
Pd(OAc)2), solvent (DMA, NMA, THF, DMF, toluene), temperature (60–120 ◦C), oxidant
(Ag2CO3, Cu(Oac)2, AgNO3, Ag2O, AgSbF6, AgCF3CO2), and additive (D-CSA, CF3CO2H,
CF3SO3H, p-TsOH, CH3CO2H). As a result, the optimum parameters were chosen (cata-
lyst Pd(OAc)2; solvent NMA; additive CH3CO2H; temperature ≥ 80 ◦C; and, optionally,
AgCF3CO2), which provided the yields of target products of up to 86%.
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Figure 33. Pd-catalyzed cascade reaction of 2-(cyanomethoxy)chalcones with heteroarenes [86].

A novel procedure for the tandem intramolecular addition of active methylene com-
pounds to internal alkynes, followed by coupling with aryl and heteroaryl bromides, was
described by Błocka et al. [87] (Figure 34).

Figure 34. Tandem Pd-catalyzed carbocyclizationcoupling of methylene compounds bearing an
internal alkyne group with aryl and heteroaryl bromides [87].

As a catalyst, third-generation (G3) Buchwald palladium precatalysts in combination
with diphenyl-2-pyridylphosphine (DPPPY) ligand was used. This method allowed for the
obtaining of a variety of vinylidenecyclopentanes with yields of up to 90%, providing high
regio- and stereoselectivity and tolerance to the wide range of substituents. Thus, the the
5-exo-dig intramolecular addition proceeded with high efficiency.

The mechanism involving oxidative addition, cyclization, and reductive elimination
was also confirmed by the computational study. The rate- and configuration-determining
step was found to be the 5-exo-dig intramolecular nucleophilic addition of the enol interme-
diate to the alkyne activated via coordination with Pd(II) [87].

2.5. Other Tandem Processes

There are many other tandem reactions homogeneously catalyzed by palladium.
Below, we provide several examples, among which are alkylation, alkenylation arylation,
cycloaddition, and carboannulation.

For example, Hu et al. [88] developed a one-pot approach for the synthesis of a triph-
enylene core under ligand-free conditionsusing commercially available (hetero)aromatic
carboxylic acids and cyclic diaryliodonium salts (Figure 35). The obtained triphenylenes
can be used as the electrontransport materials. The proposed reaction mechanism involved
an acid-directed ortho-C–H arylation/intramolecular decarboxylative annulation sequence
mediated by Pd(II)/Pd(IV) transformations.
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Figure 35. Scheme of tandem C–H arylation/decarboxylative annulation for the synthesis of func-
tionalized triphenylenes [88].

The novel procedure of arylation-cyclization was developed for the synthesis of 3-aryl-
2-quinolone (Figure 36) and 4-aryl-2-quinolone derivatives from simple E/Z geometric
isomer precursors using oxygen as a co-oxidant [89].

Figure 36. Scheme of tandem arylation-cyclization for the synthesis of 3-aryl-2-quinolones [89].

Ghosh and Chattopadhyay [74] identified the following Pd-catalyzed tandem proce-
dures, which can be applied for the synthesis of 4-aryl-2-quinolones:

(i) intramolecular hydroarylation of yanamides;
(ii) hydroarylation-heterocyclization of 2-aminophenyl propiolate;
(iii) Heck-heterocyclization;
(iv) oxidative Heck-heterocyclization;
(v) arylation of ortho-halo-cinnamides, followed by Buchwald-type intramolecular amidation.

In the developed approach, the unusual complementary regioselectivity was found in
the tandem C–H-arylation C–H-amidation of isomeric substrates. The origin of selectivity
was proposed at the C–H-arylation step [89].

Domańskiet al. [90] described the tandem Pd-catalyzed three-component reaction
that allowed for regio- and stereoselective perfluoroalkylative borylation of a variety of
terminal and internal alkynes in the presence of perfluoroalkyl iodide and (Bpin)2. Thus,
the first example of anti-addition across C–C multiple bonds of groups originating from
two separate electrophiles to functionalize alkynes by reductive dicarbofunctionalization
was shown. Iodoperfluoroalkylation, borylation, and coupling are the three fundamental
processes responsible for this sequential transformation, and mechanistic studies have
shown that their rates significantly differ (Figure 37).
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Figure 37. Proposed reaction mechanism of perfluoroalkylative borylation. Reproduced with permis-
sion from [90]. Copyright 2019 American Chemical Society.

According to the developed tandem process, from the same reaction mixture and under
the same reaction conditions, the fluoroalkyl-substituted vinyl iodides, vinyl boronates, or
olefins can be produced by changing the temperature program [90].

The Pd-catalyzed direct tandem C–O/C–H activation method for the C–C bond
formation was described by Fernández et al. [91]. To accomplish base-free direct C–H
alkenylation, the novel approach combined coordinated metalation–deprotonation of
functionalized heterocycles with a C–O oxidative addition at enol pivalates (Figure 38).

Figure 38. General scheme of Pd-catalyzed tandem C–O/C–H activation [91].
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According to mechanistic studies, the C–O oxidative addition to Pd(0) was shown to
be reversible, and the product of the Pd(II) C–O oxidative addition directly resulted in C–H
activation [91].

Zhang et al. [92] developed a prospective route for the synthesis of poly-substituted
quinolines via a three-component tandem reaction. 2-Aminobenzonitriles, arylboronic
acids, and ketones were used as the substrates. Pd-catalyzed aryl addition to the cyano
group was followed by hydrolysis and Friedländer-type cyclization to produce the quino-
line compounds, with the yields of up to 96%. The described above cyclization tandem
process developed by Xu et al. [68] resulted in lower yields, while comparing the same
structures of target products.

Through the three-component tandem arylation and allylic etherification of 2,3-allenol
with aryl iodides and alcohols, an effective approach for the synthesis of arylated allylic
ethers was implemented [93]. By this method, functionalized 1-arylvinylated 1,2-diol
derivatives were produced with yields of up to 83% and complete selectivities.

Tang et al. [94] reported a Pd-catalyzed tandem reaction of 3-allyloxybenzocyclobutenols
that involved proximal C–C bond cleavage, C–O bond cleavage, and allylic alkylation of
the C–H bond. Thus, a novel approach to meta-β-keto phenols bearing an allylic group
with 100% atom economy was developed. It is noteworthy that, by adjusting substituents
on various positions of benzocyclobutenols, sequential proximal or distal C–C bond cleav-
age/deallylation could be implemented.

Li et al. [95] developed a tandem process for the selective assembly of tri- or tetrasub-
stituted vinylsilanes. It was shown that using this method, ortho-vinyl bromobenzenes can
be formed in situ from 1-bromo-2-iodobenzenes and N-tosylhydrazones and disilylated to
produce two C–Si bonds and two C–C bonds (Figure 39).

Figure 39. General scheme of the disilylation of C(aryl),C(vinyl)-palladacycles. Reproduced with
permission from [95], RCS, 2020.

It was determined that the ortho-vinyl bromobenzenes produced from 1-bromo-2-
iodobenzenes and N-tosylhydrazones are the crucial intermediates needed to manufacture
vinylsilanes by disilylating the C(aryl),C(vinyl)-palladacycle, which is formed by a direct
vinylic C–H bond activation [95].

By the reaction with aldehydic N-tosylhydrazones, the treansformation of 1-aryl- and
2-aryl-1,2-dihydro-3H-indazol-3-ones into 1,2-di(hetero)aryl- and 2,3-di(hetero)aryl-2,3-
dihydroquinazolin-4(1H)-ones was carried out (Figure 40) [96]. The method involved a
cascade process that included base-mediated Pd-carbenoid production via the decom-
position of N-tosylhydrazones, a nucleophilic attack of indazolone on the Pd-carbenoid
complex, and intramolecular ring expansion by N–N bond cleavage.
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Figure 40. General scheme of Pd-catalyzed tandem C–O/C–H activation for the synthesis of 1,2-
di(hetero)aryl- and 2,3-di(hetero)aryl-2,3-dihydroquinazolin-4(1H)-ones [96].

An interesting approach to the synthesis of [4,5]-spirocycles in a cascade Pd-catalyzed
reaction was reported by Azizollahi et al. [97]. It was found that, when varying the type of
ligand, the reaction pathway can be switched from carbopalladation to β-C-elimination:
monodentate phosphine ligand (IMes·HCl, PCy3) affords [4,5]-spirocycles, while biden-
tate phosphines (Xantphos, DPPF, DPE-Phos) results in the formation of heteroaromatics
(Figure 41).

Figure 41. Ligand-controlled cascade synthesis of [4,5]-spirocycles from skipped dienes [97].

Another example of switchable cascade reactions was the oxidation of N-allyl-2-
aminophenols [98] in the presence of hypervalent iodines and Pd catalyst (Pd(OAc)2). In
the absence of palladium, the dearomatization of the substrate and intramolecular Diels-
Alder reaction occurred with the formation of tricyclic systems (yields of up to 72%), while
the Pd-catalyzed process resulted in the methylacyloxylated dihydro-1,4-benzoxazines
(yields of up to 86%).
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Activated tetrasubstituted alkenes made from phthalides or butyrolactone were combined
with vinylethylene carbonates in an unprecedented [5 + 2] cycloaddition/ring-contraction
tandem process by Xiong et al. [99] under Pd(0) catalysis (Figure 42). The proposed approach
was practical and mechanistically novel. In contrast to the traditional spirolactonization method,
benzo-[5,5]-spiroketal lactones and [5,5]-spiroketal lactones bearing two vicinal tetrasubstituted
centers can be obtained by this tandem [5 + 2] cycloaddition/ring-contraction mechanism with
moderate to high yields.

Figure 42. Pd-catalyzed [5 + 2] cycloaddition/ring-contraction tandem process [99].

It was proposed that the reaction was started from the formation of a zwitterionic
π-allyl palladium intermediate via the interaction of vinylethylene carbonate with Pd(0),
accompanied by the decarboxylation. Then, the intermediate reacted with activated ph-
thalide or butyrolactone through [5 + 2] cycloaddition. Thus, a complex of Pd(0) and a
spiro-oxepene phthalide was formed, which further facilitated the ring-opening reaction,
resulting in a new zwitterionic π-allyl palladium intermediate. Finally, the branched allylic
etherification occurred with the formation of a target product [99].

The first example of a transition-metal-catalyzed multicomponent carboannulation
reaction of [60]fullerene was reported by Liu et al. [100]. In a Pd-catalyzed three-component
tandem coupling–carboannulation process, [60]fullerene, 2-(2,3-allenyl)-malonates, and
(hetero)aryl iodides were converted into a variety of polysubstituted [60]fullerene-fused
cyclopentanes with a wide range of substrates and excellent functional group compatibility
(Figure 43).

Figure 43. Scheme of Pd-catalyzed tandem coupling–carboannulation for the regioselective synthesis
of polysubstituted C60-fused cyclopentanes. Reproduced with permission from [100]. Copyright
2020 American Chemical Society.

Different reaction conditions were explored: catalysts (Pd(PPh3)4, Pd(dba)2, Pd2(dba)3··
CHCl3), bases (Li2CO3, Cs2CO3, K2CO3, K3PO4, Rb2CO3, DMAP, and DABCO), and co-
solvents (CH3CN, THF, 1,4-dioxane, DMF, and DMSO). Thus, the optimal conditions
were found (Pd(PPh3)4, Rb2CO3, 100 ◦C, solvent 1,2-dichlorobenzene (ODCB), cosolvent
CH3CN), which allowed for an up to 62% yield of the reaction product [100].
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Zhang et al. [101] developed the Pd-catalyzed tandem synthesis of 2-trifluoromethylthio-
(seleno)-substituted benzofurans, benzothiophenes, and indoles (Figure 44) in acceptable
to good yields (up to 93%). The reaction likely proceeded via the intramolecular cross-
coupling followed by trifluoromethylthiolation.

Figure 44. Pd-catalyzedtandem synthesis of 2-trifluoromethylthio-(seleno)-substituted benzofurans,
benzothiophenes, and indoles [101].

Yang et al. [102] reported the asymmetric tandem C–C bond activation/Cacchi reaction
between cyclobutanones and o-ethynylanilines (Figure 45). The chiral σ-alkylpalladium
intermediates were formed via the enantioselective C(sp3)–C(sp2) bond activation of cy-
clobutanones and then promoted the cyclization of o-ethynylanilines, leading to one-carbon-
tethered chiral indanone-substituted indoles. An all-carbon quaternary stereocenter was
simultaneously formed, along with the two C–C bonds and one C–N bond. Under the
optimum conditions (catalyst: [Pd(allyl)Cl]2 (0.05 eq.), TADDOL-derived phosphoramidite:
L1 (0.1 eq.), base: K2CO3 (2.5 eq.), solvent: 1,4-dioxane, temperature: 90 ◦C), the indanone-
substituted indoles with both central and axial stereogenic elements were synthesized with
good yields (up to 85%) and excellent enantioselectivity (up to 99:1 e.r.).

Figure 45. Pd-catalyzed enantioselective tandem ring-opening/Cacchi reaction. Reproduced with
permission from [102]. Copyright 2021 American Chemical Society.
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The borrowing hydrogen (BH) reaction (hydrogen autotransfer) is another example
of Pd-catalyzed tandem processes that can be mentioned [103] as a powerful strategy
that combines transfer hydrogenation (avoiding the direct use of molecular hydrogen)
with one or more intermediate reactions to synthesize more complex molecules without
the need for time-consuming separation or isolation processes. The strategy of the BH
process relies on three steps, namely, (i) dehydrogenation, (ii) intermediate reaction, and
(iii) hydrogenation, among which the intermediate reaction works in tandem with the
metal-catalyzed hydrogenation/dehydrogenation step.

3. Heterogenized PdComplexes in Tandem Processes

Homogeneous Pd complexes can be anchored to the different organic or inorganic
supports. Such heterogenized complexes can be also used in tandem catalytic processes.

As for the examples of heterogenized Pdcomplexes reported for the last five years in terms
ofapplication in tandem reactions, the works of Fan et al. [104] and Esfandiary et al. [105] can be
mentioned. In both cases, Pd catalyzed the chosen tandem process homogeneously, while
the support facilitated the separation and reuse of the catalysts.

Fan et al. [104] synthesized a polyethyleneimine (PEI)-capped microcrystalline cellulose(MCC)-
supported polyamidoamine (PAMAM) dendrimer (MCC-PAMAMG2.5-PEI) for the loading
of Pd2+ and Cu2+ ions. In this catalytic system, PAMAMG2.5 served as the carrier to
immobilize Pd2+ ions, and PEI provided the coordinating sites to selectively chelate Cu2+

species. The Pd/Cu@MCC-PAMAMG2.5-PEI was tested in a Sonogashiracyclization tandem
reaction (Figure 46), revealing excellent catalytic activity, recyclability, and robustness. The
synergetic effect between Pd and Cu was observed.

Figure 46. Scheme of Pd/Cu@MCC-PAMAMG2.5-PEI-catalyzed Sonogashira cyclization tandem
reaction [104].

A novel magnetic γ-Fe2O3@Cu-LDH@Cysteine-Pd dual nanocatalyst system was
designed by Esfandiary et al. [105]. The surface of magnetic NPs was modified by the
substitution of Cu(II) metal cations with layered double hydroxide (LDH) cations. Then,
the Pd(II) complex was immobilized on the interface defect structure of LDH (Figure 47).

Using the synthesized catalyst, the A3 coupling followed by C–N coupling and in-
tramolecular cyclization was carried out for the synthesis of quinolines (yields of up to
94%) from 2-bromobenzaldehyde as a low-cost simple starting material (Figure 48). The
suggested nanocatalyst easily activated terminal alkynes in the absence of base using
recyclable choline azide as a green solvent and reagent. The catalyst could be reused up to
four times without significant loss of activity [105].

Meng et al. [106] created a bifunctional catalytic system based on a water-soluble thermore-
sponsive polymer (poly(ethane-co-N-isopropylacrylamide) and hollow-shell-structured meso-
porous silica as a support for Ru-(MesRuArDPEN) and Pdcomplexes (Pd2(dba)3 + PMe3). This
catalytic system (polymer@Pd@Ru) was applied in the cascade Suzuki cross-coupling/asymmetric
transfer hydrogenation reactions of various iodoacetophenones and aryl boronic acids, allow-
ing high yields and ee (up to 97%). By regulating the polymer layers on the outer silica shell,
two catalysts selectively controlled the catalytic behavior for the implementation of switchable
enantioselective cascades.
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Figure 47. Schematic procedure of the synthesis of γ-Fe2O3@Cu-LDH@Cysteine-Pd. Reproduced
with permission from [105], Elsevier, 2020.

Figure 48. Scheme of the synthesis of 2-substituted quinolines in the presence of γ-Fe2O3@Cu-
LDH@Cysteine-Pd [105].

Rajabi et al. [107] developed a new environmentally friendly universal protocol for
the one-pot conversion of aliphatic, aromatic, and unsaturated aldehydes into esters under
ambient conditions in the presence of oxygen using a palladium nanocatalyst supported
on mesoporous organosilica (SBA-15). Palladium bearing a functionalized cytosine (Cyt)
on the surface of mesoporous silica (Pd-Cyt@SBA-15) allowed for a selective large-scale
conversion of a broad range of short-chain alcohols with aldehydes, including aromatic
and aliphatic aldehydes to the corresponding ester products with yields of up to 98% and
TON (98,000). The catalyst Pd-Cyt@SBA-15 revealed high stability and reusability over ten
reaction runs.

4. Heterogeneous Pd-Catalyzed Tandem Processes

Aiming at the implementation of tandem catalysis, multiple reactions can be carried
out in one pot by using bifunctional heterogeneous systems for the simultaneous activa-
tion of substrates and reagents in various Lewis/Brønsted acid, acid/base, metal/base,
metal/acid, or metal/metal-catalyzed processes. The bifunctional catalyst can be designed
in such a way that the two different catalytic functions (e.g., acidic and basic site) act in
a collaborative way in the transition state, or each one catalyzes a different reaction in a
multistep process [19].

Besides the common approaches to the desing of the multifunctional catalyst, Cho et al. [15]
defined the following additional directions in the desing of tandem processes:

(i) size and shape selectivity, with active sites only accessible to substrates and interme-
diates with specific sizes and shapes;

(ii) surface and solvent engineering that exploits differences in the hydrophobicity, hy-
drophilicity, and other properties of the catalizate’s components;
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(iii) metal site engineering through controlled size, exposed facets, composition, and their
spatial distribution;

(iv) reactor and process engineering (i.e., chemical looping, reactive separations, andmul-
tiple sequential catalyst beds in flow reactors) [15].

For example, Sheetal et al. [108] developed the direct one-pot carbonylation of iodoben-
zene and NaN3 as a N-atom source under Pd@PS catalyzed conditions utilizing (CO2H)2 as
an environmentally benign CO surrogate in a DMF solvent system. The proposed approach
was based on the use of two vials with different solvents: (i) an outer vial with (CO2H)2
and DMF, and (ii) an inner vial containing iodobenzene and NaN3, along with a catalyst in
xylene solvent conditions (Figure 49).

Figure 49. Tandem approach to the synthesis of N-aryl benzamides through the bifunctional transfor-
mation of aryl iodides in a double-layer vial (DLV) system. Reproduced with permission from [108],
Elsevier, 2021.

Thus, the use of aryl iodides as bifunctional reactants under base, ligand, and additive-
free conditions allowed for the carrying out of the simultaneous C–C and C–N bond
formations to obtain the desired products (N-phenyl benzamide derivatives) with good to
moderate yields (up to 70%) at 140 ◦C for 24 h [108].

Heterogeneous catalysts with acid sites in the composition of supports are widely
used in catalysis, especially in biomass processing. Zeolites are a common example of such
supports since they have high thermal and hydrothermal stabilities, homogeneous porosity,
shape-selective properties, and tunable acidities [109]. Amoo et al. [109] in their review
mentioned that the design of metal-zeolite composite catalysts is prospective for syngas
conversion. For example, alkali surfaces are known to favor the adsorption and subsequent
conversion of CO to olefins over Fe-based catalysts due to the preffered formation of Fe–C
over a high pH surface. The acid sites of zeolites might alter the intrinsic pH of the Fe-
zeolite composite catalyst, and thus the interaction between these two active components
located in proximity will benefit in tandem catalysis (such as oligomerization, isomerization,
alkylation, and hydrocracking) [109].

Mesoporous silica materials, which have ordered pore size, a high specific surface
area, a large pore volume, and the ability to synthesize a wide range of morphologies and
shapes, can be utilized as an alternative to zeolites [110–116]. Mesoporous silica, such as
MCM-41 and SBA-15, used as supports for metal NPs and widely applied in catalysis,
including tandem processes. Recently, propylamine, diethylamine, and pyrrolidine were
used by Hernández-Soto et al. [115] to create the single basic sites in organic–inorganic
hybrid bifunctional organosiliceous catalysts with pendant amine groups in addition to
Pd NPs.In the developed catalysts, heterogenized amine groups and palladium NPs were
found to be homogeneously distributed and stabilized in the mesochannels of the MCM-41.
The steric effects around the amine groups in mesochannels were proposed to have a strong
influence on the catalytic activity. Moreover, longer amines exhibited higher interaction
with the silica surface, decreasing the catalytic activity [115].
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In the presence of Pd/MCM-41 bearing the propylamine groups, furfural and methyl
isobutyl ketone underwent a tandem aldolcondensation/crotonization reaction in a single
reactor, followed by hydrogenation (Figure 50). At 100 ◦C in the presence of toluene, an
almost complete conversion of furfural and 82% yield of 1-(furan-2-yl)-5-methylhexan-3-ol
was achieved. It was shown that in a dual fixed-bed reactor, the catalyst robustness may
be improved, providing 20% furfural conversion for 12 h on stream with the preferential
production of 1-(furan-2-yl)- 5-methylhexan-3-one [115]. It is noteworthy that the reaction
products can be used as a renewable biosolvent and biofuel precursors.

Figure 50. Scheme of tandem aldol condensation/crotonization of furfuraland methyl isobutyl
ketone, followed by hydrogenation [115].

Maties et al. [116] synthesized Pd-containing Al-SBA-15 materials for the valorization
of trans-ferulic acid into stilbenes via tandem decarboxylation/Mizoroki–Heck coupling
(Figure 51). Under mild reaction conditions (100 ◦C, 3–6 h), quantitative product yields
were obtained with over 90% selectivity to target stilbene products. The sizes of Pd NPs
were found to be an important factor with a significant impact on the catalytic activity. The
catalyst deactivation via sintering of Pd NPs was also observed.

Figure 51. Stilbene synthesis by decarboxylative C–C coupling of trans-ferulic acid and iodoanisole
over Pd/Al-SBA-15 catalyst [116].

Tungsten oxide (WOx) is one of the most wellknown and widely used oxides with
surface acid–base properties, being often combined with other oxydes (ZrO2 [117–119],
SiO2 [120–122], Al2O3 [123,124]), and zeolites [121,125]. Chu et al. [126] reported the
synthesis of a multifunctional Pd-Cu-WOx/SiO2 catalyst for the one-pot conversion of
cellulose to ethanol. This catalyst allowed an ethanol yield of 42.5% at 300 ◦C under 4 MPa
H2 in aqueous medium. It was shown that the cellulose conversion to ethanol followed the
following consecutive steps: (i) cellulose hydrolyzed to glucose over acid sites; (ii) glucose
then converted to glycolaldehyde over W species; (iii) glycolaldehyde hydrogenated to
ethylene glycol over Pd; (iv) ethylene glycol hydrolyzed to ethanol over Cu. It was shown
that the three metal components, Pd, Cu, and WOx, were in appropriate balance, allowing
for the achievement of an ethanol formation rate of 0.163 g/(gcat·h).

The versatility of MOFs as highly porous acidic supports for metal NPscan be used
for one-pot tandem processes [16,127–129].
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MIL-101(Cr) (Figure 52) contining Pd NPs (about 3 nm) at 0.2–1.0 wt.% was used to
catalyse one-pot tandem reductive amination of 4′-fluoroacetophenone with benzylamine
(Figure 53) under 10 bar of H2 [16].

Figure 52. Scheme of MIL-101(Cr), showing the Cr3O(O2C–)6 cluster, the super-tetrahedral building
units, and the smaller (green spheres) and larger cages (yellow spheres). Reproduced with permission
from [16], Springer Nature, 2018.

Figure 53. Synthesis of 4′-fluoro-α-methyl-N-(phenylmethyl)benzenemethanamine via the reductive
amination reaction [16].

The MOF’s Lewis acidity and the Pd NPs’ capacity for catalytic hydrogenation
werecombined in the bifunctional catalyst. The selectivity in the reductive amination
reaction was found to be significantly influenced by altering the Pd loading within the
MOF to tune the ratio of active sites. Higher metal loadings led to a significant amount
of undesired product (4′-fluoro-α-methylbenzenemethanamine). Higher selectivity was
achieved by decreasing the total number of Pd sites compared to Lewis acidic sites; the
0.4 wt.% Pd MIL-101 allowed for nearly 90% of the target amine (4′-fluoro-methyl-N-
(phenylmethyl)benzenemethanamine) after 7 h. Moreover, the synthesized catalysts were
reusable and maintained crystallinity and small highly dispersed NPs after reaction.

The bifunctional catalyst Pd@MIL-101-SO3H was developed by Liu et al. [127] and
was applied in the one-pot oxidation–acetalization reaction (Figure 54), the products
of which are widely utilized as fuel additives, perfumes, and pharmaceuticals, and in
polymer chemistry.
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Figure 54. Scheme of the synthesis of Pd NPs immobilized in MIL-101-SO3H and one-pot transfor-
mation of benzaldehyde glycol acetal. Reproduced with permission from [127], Elsevier, 2019.

High yields (>99%) were ascribed to the combined actions of Pd NPs, responsible
for oxidation, and Lewis and Brønsted acid sites, responsible for acetalization, which
wereencapsulated in sulfonated MIL-101(Cr). The high capacity of MIL-101(Cr) for water
adsorption aided the shift in equilibrium by impeding the reversible process.Thus, the
nonpolar solvents were demonstrated to be the optimum ones.The reaction mechanism is
presented in Figure 55. Moreover, the Pd@MIL-101-SO3H could be reused for at least eight
times without loss of catalytic activity [127].

Figure 55. Proposed mechanism of the one-pot oxidation–acetalization. Reproduced with permission
from [127], Elsevier, 2019.

Tandem heterogenous catalysis of bimetallic Cu-Pd on an aminofunctionalized Zr-
based metal–organic framework (UiO-66(NH2)) incorporated into sulfonated graphene
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oxide (Cu-Pd/UiO-66(NH2)@SGO) was investigated by Insyani et al. [128] for the one-
pot conversion of disaccharides and polysaccharides into 2,5-dimethylfuran (2,5-DMF)
(Figure 56).

Figure 56. Reaction pathway for di- and polysaccharide conversion into 2,5-DMF: (a) cellu-
lose, (b) cellobiose, (c) sucrose, (d) glucose, (e) fructose, (f) 5-hydroxymethylfurfural (5-HMF),
(g) 5-methylfurfural (5-MFA), (h) 5-methyl-2-furanmethanol (5-MFM), (i) 2,5-dimethylfuran (2,5-
DMF), (j) 2,5-dimethyltetrahydrofuran (2,5-DMTHF), (k) 2,5-hexanedione (HDN), (l) furfural (FA),
(m) furfuryl alcohol (FOL), and (n) 2,5-bis-hydroxymethylfurfural (2,5-BHMF). Reproduced with
permission from [128], Elsevier, 2019.

Sequential glycosidic bond cleavage, isomerization, and dehydration of sucrose led
to a high yield (75.8%) of 5-(hydroxymethyl)furfural (5-HMF) by altering the strength
and ratio of the Lewis and Brønsted acid sites by varying the ratios of UiO-66(NH2) to
SGO. Bimetallic Cu-Pd, in contrast to monometallic Cu and Pd, favored sequential C–OH
hydrogenolysis and C=O hydrogenation of the intermediates, resulting in the production
of 2,5-DMF with a high yield of 73.4% during the one-pot conversion of sucrose at 200 ◦C
and 1 MPa H2 for 3 h. 2,5-DMF was produced during the conversion of starch with a53.6%
yield. In the presence of 0.01 M HCl, cellulose was converted into 2,5-DMF with ayield of
29.8% [128].

Another example of tandem catalytic processes is the one-pot three-step deacetalization–
Knoevenagel–hydrogenation (D–K–H) reaction (Figure 57), requiring the synergetic catal-
ysis and the closelocation of the acid, base, and metal sites.D–K–H can be successfully
carried out using a trifunctional integrated catalyst (Pd@HPW@HP-UiO-66-NH2): phos-
photungstic acid (HPW) immobilized on the hierarchically porous UiO-66-NH2 acting as a
support for Pd NPs [129].
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Figure 57. Proposed mechanism of the one-pot oxidation–acetalization [129].

While controlling the ratio of immobilized HPW and amino groups, acidic and basic
properties can be easily tuned, and thus the catalytic performance of Pd NPs and its stability
can be controlled.The as-prepared catalyst revealed good catalytic activity in the one-pot
D–K–H tandem processes, allowing up to 99% substrate conversion and 97% yield of the
target product (toluene, 80 ◦C, 12 + 24 h). Moreover, due to the strong interaction between
the MOF (HP-UiO-66-NH2) and the guest molecules, the catalyst could be reused at least
five times without noticeable loss of its activity [129].

By using a straightforward two-step post-synthetic modification, Lee et al. [130]
sunthesized an acid–base bifunctional zeolitic imidazolate framework catalyst (ZIF-8-A61-
SO3H) with amine and sulfonic acid groups. First, amine-functionalized ZIF-8 with amine
contents of 61% (ZIF-8-A61) was obtained by the ligand exchange of 2-mIM with 3-amino-
1,2,4-triazole (Atz). Then, the sulfonic acid functionalization by the ring-opening reaction
of 1,3-propanesultone with –NH2 groups in ZIF-8-A61 was carried out. Different amine-
functionalized ZIF-8-A materials (15%, 34%, and 61% ofamine content) were prepared
by controlling the synthesis time. The catalysts were used for one-pot deacetalization–
Knoevenagel (D-K) condensation tandem reaction (the reaction is similar to the one pre-
sented in the Figure 51). The ZIF-8-A61-SO3H catalyst allowed for 100% conversion of
the reactant and 98% selectivity of the final Knoevenagel product at mild conditions (0.1 g
of catalyst, 1,4-dioxane/H2O, 80 ◦C, 4 h) [130]. The developed ZIF-8-A61-SO3H [130]
seemedto possess higher efficiencyin in the D-K process as compared to HPW@HP-UiO-
66-NH2 [129]. Thus, the immobilization of Pd NPs in ZIF-8-A61-SO3H may result in the
further improvement of the D–K–H tandem reaction.

As an another example of a bifunctional catalyst, a double-shelled hollow polymer
microsphere wasdeveloped [131]. Pd NPs were found mostly in the outer shell of the
catalytic material and stabilized by pyrrolidone groups. The inner shell P(EGDMA-co-AA)
contained the acid sites. Theresulting bifunctional catalytic system (void@PAA/PNVP@Pd)
was applied for the deacetalization–hydrogenation tandem process (Figure 58), demonstrat-
ing the viability of the plan to load distinct catalytic sites onto the walls of double-shelled
hollow polymer microspheres.Deacetalization of benzaldehyde dimethyl acetal was fol-
lowed by hydrogenation with the formation of benzyl alcohol. As a result, the conversion
of benzaldehyde dimethyl acetal reached 99% with a 96% yield of the benzyl alcohol [131].

Bifunctionalcatalytic system of Pd/C and water-tolerant Lewis acid (i.e., Sm(OTf)3,
La(OTf)3, Cu(OTf)2) were applied for the synthesis of fuel precursors from biomass lique-
faction with high efficiency in both water and ethanol [132]. The maximum yield of bio-oil
(49.71 wt.%)was achieved for 30 min at supercritical ethanol (300 ◦C) in the presence of
Pd/C and La(OTf)3.

Raza et al. [133] synthesized highly dispersed Pd NPs immobilized over covalent
triazine polymer (CTP) functionalized with sulfonic acid groups (CTP-SO3H/Pd). The
sulfonic acid groups were shown to be responsible for the uniform dispersion of pal-
ladium NPs over the CTP. The obtained bifunctional catalyst was used in the one-pot
hydrogenation–esterification (OHE) reaction and revealed promising catalytic activity with
a 94% yield of the target product at 95% conversion (Figure 59).
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Figure 58. The void@PAA/PNVP@Pd hollow multishell microspheres as a nanoreactor for the
tandem reaction. Reproduced with permission from [131], Elsevier, 2023.

Figure 59. Scheme of the OHE reaction [133].

After the reaction, the catalyst was separated by simple filtration. It was shown that
the CTP-SO3H/Pd catalyst could be reused for at least five times with a slight loss of
catalytic activity, indicating its potential usage in OHE reactions. The cooperative effect of
functional acidic and metal sites was proposed [133].

Covalent organic frameworks (COFs) are widely used as a support for catalytic appli-
cations [134–137], including tandem one-pot processes [138]. The COFs possess a variety of
chemical structures, which may be precisely tuned to control the surrounding coordination
environment and electronic interaction between metal NPs and supports, in contrast to
other materials used for NPs immobilization.The uniform porous structure in COFs allows
for numerous metal active sites, which enhances the catalytic activity [139]. A simple
hydrothermal synthesis was recently used by Wang et al. [139] to produce COF. Noble
metals (Pt, Pd, and Rh) were introduced to the COF matrix for further application in
the reductive amination of benzaldehyde.The optimum Pd/COF catalyst revealed a 91%
yield of a secondary aminesat 1.2:1 M ratio of aldehyde and ammonia under mild reaction
conditions (2 MPa of H2 and 90 ◦C, 15 h) [139].
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5. Chemoenzymatic Processes

At present, the enzymatic catalysis is considered a powerful tool for synthetic chemists,
providing access to a wide range of compounds. Advances in the field of immobilization,
molecular biology, and bioinformatics have paved the way for biotransformation in var-
ious environments, improving the stability and activity of biocatalysts, opening up new
enzymatic pathways. The capacity of enzymes is attracting increasingly more attention,
since they can be successfully combined with other types of catalysts, as shown by recent
achievements in their joint action with metals [140–142]. This section is devoted to the
consideration of the combination of palladium and enzymatic catalysts for chemoenzymatic
processes. This combination gives the advantages of conducting tandem processes in a
single reactor, which simplifies the complex routes, avoiding the separation of unstable
intermediates to obtain final products with a higher yield.

In the recent review by Gonzalez-Granda et al. [140], the combination of enzymes
and transition metals in catalysis for asymmetric synthesis was considered. Reactions
such as Suzuki cross-coupling [143–145], Wacker–Tsuji oxidation [146–148], and Buchwald–
Hartwig cross-coupling [149–151] were discussed.

Metal-enzymatic parallel and sequential transformations were described, involving
Pd, Ru, Au, Ir, and Fe, which catalyze numerous organic transformations (C-C coupling,
isomerization, hydrogenation, etc.). The combination of catalytically active metals with
enzymes in the chemoenzymatic processes allows for the obtaining of chiral products due
to the action of stereospecific enzymes, including alcohol oxidases, aldolases, alcohol de-
hydrogenases, amine dehydrogenases, amino acid dehydrogenases, aminotransaminases,
arylmalonate decarboxylase, enreductase, iminoreductase, nitrile hydratase, or pheny-
lalanine monialiases, among others. It was noticed [140] that incompatibilities between
chemical and enzymatic steps can be often found, such as cross-prohibitions due to the
presence of cofactors, reagents, or intermediates, or the preference for different solvents or
temperatures, and thus these protocols must be accomplished sequentially.

A stereoselective one-pot tandem reduction of 3-methyl-2-cyclohexenone to 3-(1S,3S)-
methylcyclohexanol (Figure 60) was carried out by Coccia et al. [152] using Pd and Pt
NPs as the metal precatalyst and a NAD+-dependent thermostable alcohol dehydrogenase
isolated from Thermus sp. ATN1 (TADH).

Figure 60. Scheme of the tandem selective reduction of the C=C bond with metal (Pd or Pt) NPs and
the asymmetric reduction of the keto group by TADH(GDH—glucose dehydrogenase) [152].

The Pd and Pt NPs possess a high surface-to-volume ratio, simple preparation, and
good “solubility” in water. Moreover, the metal NPs can work without significant pH
or temperature limitations and can be used in different reactions such as oxidation and
reduction. TADH revealed a broad substrate scope including aldehydes, aliphatic ketones,
cyclic ketones, and double-ring systems [152].

The assumptions were made on the interactions between the chemo- and the bio-
catalyst. The sizes of NPs were demonstrated to be a crucial parameter for mutual inhibition:
the larger the NPs, the higher the enzyme inhibition, and vice versa: the smaller the
NPs, the lower the TADH denaturation. In general, the chemocatalysts possessed high
deactivation sensitivity, which was highly dependent on the amount of enzyme utilized,
i.e., the inhibition of the biocatalyst could be greatly decreased by reducing the NPs/TADH
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ratio. In order to avoid the direct binding of NPs to TADH, the use of large Pd NPs
protected with a silica shell is promising: the yield of 3-(1S,3S)-methylcyclohexanol was
increased up to 36% [152].

Combining metal ions or NPs with biocatalysts in a single system is a promising strat-
egy for implementation in the one-pot chemoenzymatic cascade reactions [153], especially
for asymmetric syntheses. For example, Li et al. [154] developed a one-pot chemoenzymatic
cascade reaction to asymmetric synthesize (R)-1-(4-biphenyl) ethanol (Figure 61) while
using a highly active and selective enzyme–metal–single-atom catalyst. In the facilitation of
the production of chiral biaryl alcohols, the Pd single-atom-anchored lipase (Pd1/CALB-P)
may effectively drive one-pot cascade reactions in aqueous solution at 30 ◦C. The produc-
tion rate was 30 times higher than that catalyzed by the commercial Pd/C and CALBP.

Figure 61. Synthesis of (R)-1-(4-biphenyl)ethanol by a one-pot chemoenzymatic reaction [154].

In an other recent work of Li et al. [155], a bimetallic PdCu/CALB CLEAs hybrid
catalyst was synthesized by the in situ reduction of PdCu nanoclusters immobilized on
cross-linked lipase aggregates (CALB CLEAs).

Cross-linked enzyme aggregates (CLEAs) were prepared from Candida antarctic lipase
B (CALB) by their precipitation and subsequent cross-linking with the glutaraldehyde.
The bimetallic PdCu nanoclusters were formed in situ on CALB CLEAs (Figure 62) by the
reduction of Pd2+ and Cu2+ ions in an aqueous solution containing 20% (v/v) methanol,
which served as an additional reducing agent. The obtained PdCu nanoclusters were
highly dispersed (sizes of 1.5 ± 0.2 nm). The strong synergistic effect between Pd and
Cu in PdCu/CALB CLEAs allowed for high activities in the Sonogashira cross-coupling
reaction and one-pot chemoenzymatic reaction, resulting in the synthesis of (R)-N-[1-(4-
(phenylethynyl)phenyl)ethyl]acetamide (Figure 63) [155].

Figure 62. Schematic illustration of the strategy used to synthesize PdCu/CALB CLEAs via in situ
reduction. Reproduced with permission from [155], Elsevier, 2021.

Figure 63. Synthesis of (R)-N-[1-(4-(phenylethynyl)phenyl)ethyl]acetamide by one-pot chemoenzy-
matic reaction [155].
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In this reaction (Figure 63), CALB catalyzed the acylation of (R)-enantiomer of the
amine, while PdCu nanoclusters were responsible for the Sonogashira cross-coupling and
the racemization of (S)-enantiomer of the amine. It was proposed that Cu-alkynyl and Pd-
aryl particles were formed simultaneously by surface coordination. The coordinated Pd and
Cu particles were then subjected to the transmetalation stage, which facilitated the cross-
coupling reaction. Catalytic activity increased with the increase in the content of PdO [155].
It is noteworthy that the higher activity of PdO as compared to metallic palladium was
described earlier for the reaction of Suzuki cross-coupling by Collins et al. [156].

Deiana et al. [157] developed the bioinspired multicatalytic system based on an arti-
ficial plant cell wall (APCW) containing the lipase and Pd NPs for the transformation of
racemic amine into the corresponding enantiomerically pure amide with a yield of up to
99% (Figure 64), which involves a synergistic interaction between the racemization reaction
catalyzed by Pd(0) and the enantioselective amidation catalyzed by CALB.

Figure 64. Simplified scheme of self-assembly of components to create an APCW, which simulta-
neously catalyzes racemization and amidation of racemic amines. M = metal. Reproduced with
permission from [157], RSC, 2021.

The main component of the developed multicatalytic system is MCC or nanofibrillated
cellulose, the surface of which is modified with aminopropylsilane, which allows for the
retention of Pd NPs. The best approach for the self-assembly of the resulting hybrid
catalyst was a non-covalent modification of CALB with surfactant polyethylene glycol
hexadecyl ether (Brij) in a phosphate buffer. TEM data confirmed the formation of Pd NPs
with a narrow size distribution (from 1.6 nm up to 2.8 nm). The hybrid heterogeneous
multicatalytic system APCW9 was more efficient and chemoselective as compared to the
mixture of Pd NPs on MCC and CALB on MCC [157].

By the example of different aryl and heteroaryl scaffolds, Craven et al. [158] showed
that flavin adenine dinucleotide (FAD)-dependent halogenases (Fl-Hal) can be used in
combination with Pd-catalyzed cyanation to affect the C–H functionalization cascades
that deliver nitriles in a highly regioselective manner. As a non-toxic cyanation reagent,
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K4[Fe(CN)6] was used. It was shown that this approach can be extended by including
nitrile hydratase (NHase) or nitrilase (NITR) to create integrated cascades of three catalysts
for the regioselective installation of amide and carboxylic acid groups (Figure 65).

Figure 65. Overview of site-selective C–H functionalization cascades. Reproduced with permission
from [158], Springer Nature, 2021.

It was emphasized [158] that the recent advances in the discovery, engineering, and
synthesis of Fl-Hal biocatalysts can significantly broaden the application of this strategy.
New Fl-Hals with improved catalytic characteristics, modified substrate specificities, and
altered regioselectivity are continuously emerging from genome mining and directed-
evolution programs. The inclusion of the Fl-Hals will boost the potential of the proposed
programmable integrated cascades, enabling the integration of rich functionality into a
variety of candidate scaffolds and facilitating the manufacturing of target molecules.

PdCu hydrogel nanozymes with a hierarchically porous structure were synthesized
by Huang et al. [159] to immobilize horseradish peroxidase (HRP) (PdCu@HRP). The 3D
porous nanowire networks of resulting hydrogels with high porosity served as biocom-
patible supports for immobilizing HRP. The affinity of Cu and Pd to proteins simplified
the procedures of the enzyme immobilization without the addition of other cross-linking
agents. The immobilization of HRP on PdCu hydrogels enhanced the thermal and chemical
stabilities of HRP, realizing the reuse of the enzyme. Moreover, PdCu@HRP exhibited
synergistically enhanced HRP activity as compared to native HRP and PdCu hydrogel
nanozymes. The improved catalytic activity was likely due to specific interactions between
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PdCu hydrogel nanozymes and enzymes as well as the enrichment of substrates around
enzymes by electrostatic adsorption of hydrogels. Using catalytic cascade reactions, colori-
metric biosensing of the carcinoembryonic antigen (CEA) was carried out while applying
the PdCu@HRP and the glucose oxidase encapsulated in ZIF-8.The obtained biosensor
allowed for the quantitative probing of the CEA concentration in a wide range from
5 to 1000 pg/mL with a LOD of 1.4 pg/mL and nearly 6.1-fold increase in the detection
sensitivity as compared to the conventional HRP-based enzyme-linked immunosorbent
assay [159].

It is important to highlight the work of Ming et al. [160], who developed a novel
tandem Pd-Ru/Uricase@RBC nanoreactor, including Pd-Ru nanosheets, uricase, and red
blood cell (RBC) membrane for hyperuricemia treatment (Figure 66). A new highly active
2D nanozyme Pd-Ru was covalently bounded with the uricase and immobilized on the
surface of RBCs. It is noteworthy that the RBC membrane coating is a new biomimetic
technique that gives nanomaterials a natural surface, and it can significantly increase the
time that they circulate in the bloodstream [160].

Figure 66. Schematic illustration of the construction procedure of Pd-Ru/Uricase@RBC (a) and its
treatment of hyperuricemia (b). Reproduced with permission from [160], John Wiley and Sons, 2021.

The prepared Pd-Ru/Uricase@RBC demonstrated high catalase-like activity (Pd-Ru
nanosheets decomposed H2O2 to rapidly generate O2) and stability against various extreme
pH values, temperatures, and forms of proteolytic degradation during biological transport.
Moreover, the Pd-Ru nanozyme and uricase being in close proximity to each other allowed
for the achievement of the efficient cascade reactions: degradation of the uric acid by
uricase to allantoin and H2O2, as well as the removal of H2O2 by Pd-Ru nanosheets. The
generated O2 even facilitated the catalytic degradation of the uric acid [160]. Thus, the
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cascade reactions based on the nanozymes were shown to be an effective strategy for the
treatment of diseases due to its high efficiency and low level of side effects.

Zhang et al. [161] developed bifunctional biocatalysts based on mesoporous silica NPs
(MSN), the surface hydrophobicity of which was created via alkylation. Pd NPs and the
enzyme CALB were separately loaded into compartmentalized locations (Figure 67).

Figure 67. Schematic illustration of the construction of CalB@Pd@mMSN. Reproduced with permis-
sion from [161], Copyright 2018 American Chemical Society.

Pd(0) NPs were loaded into the MSN by the in situ reduction of Pd acetatewith
NaBH4. Then, the surface of Pd@MSN was modified with long-chain alkanes (obtaining
Pd@mMSN). Subsequently, CALB was immobilized via hydrophobic interactions (bifunc-
tional biocatalyst was denoted as CalB@Pd@mMSN) [161].

The CalB@Pd@mMSN was tested in a one-pot cascade reaction, in which Pd NPs first
reduced the benzaldehyde, and then the immobilized CalB converted the benzyl alcohol
into benzyl hexanoate (Figure 68). The developed catalyst was highly active and reusable:
after four times of reuse, the reaction yield (4 h) remained higher than 80%.

Figure 68. Scheme of the one-pot cascade reaction of benzaldehyde with ethyl hexanoate [161].

The developed bifunctional biocatalyst provides a universal platform with a large
surface area for the transfer of catalysts to various organic solvents. Thus, it can be
developed as a tool for adding other chemical and biocatalysts (such as glucose oxidase
and other proteins) to the reaction medium of interest [161].

As was shown in the review by Metzger et al. [162], the combination of inorganic
supports and catalysts into tandem systems is an actively developing area of tandem catal-
ysis, since the durability of the systems allows for their application in industrial processes.
Compartmentalization was shown to be a method for overcoming the difficulties associated
with mixing several incompatible catalysts into a one-pot system. Compartmentalization
can decrease side reactions, inhomogeneity, and catalyst deactivation that are often experi-
enced when incompatible catalysts are in close proximity. Thus, the application of MSNs
and MOFs as supports in tandem chemoenzymatic processes is promising.
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Chemoenzymatic tandem reactions for the synthesis of pharmacologically active
compounds in continuous flow was developed by Lackner et al. [163]. While using two
sequential packed bed reactors hosting encapsulated phenolic acid decarboxylase from
B. subtilis (BsPAD) facilitating enzymatic decarboxylation as well as a heterogeneous Pd
catalyst for Heck coupling, stilbene derivativeswere synthesized (Figure 69).

Figure 69. Scheme of the chemoenzymatic cascade for the synthesis of stilbenes in continuous
flow [163].

Varying the reaction conditions of the cross-coupling step (pH, carbonate concentra-
tion, temperature) allowed for the obtaining of the 4-hydroxystilbene and other products
(resveratrol and pterostilbene) with yields of 32–54%. By changing the substrate being sub-
jected to enzymatic decarboxylation and using more complex iodoaryl coupling partners,
this chemoenzymatic cascade is likely to be further expanded to the production of other
valuable stilbenes [163].

6. Conclusions

Tandem processes is a hot area of catlytic reasearch aimed at performing the traditional
stepwise reactions in one-pot mode. Palladium, as one of the most abundant metalcatalysts,
is oftenly used in tandem processes.

In many homogeneouslycatalyzed reactions, the tandem processes can be imple-
mented due to the known ability of palladium to constantly change its oxydation state
during the reaction course. This ability of Pd to catalyze the reactions while being in differ-
ent oxidation states generated from a single precatalyst is effectively used in those tandem
processes, which include, for example, the C–C coupling (Heck, Suzuki, Sonogashira, etc.),
isomerization, cyclization, and carbonylation, as some of the reactions in tandem. Thus,
some authors refer such processes to the orthogonal catalysis, considering Pd(II) and Pd(0)
as two different catalysts. Since in homogeneouslycatalyzed tandem processes, the catalysts
are rather ordinar (Pd salts or complexes), the current trends are towards the development

46



Catalysts 2023, 13, 1213

of new routes to the one-pot tandem syntheses of certain structures, which would allow for
higher efficiency at milder reaction conditions.

In heterogeneous catalysis for tandem processes, two or more active sites are required
with their rational desing to act independently or synergistically. Many of such processes
are not truly tandem and rather can be attributed to orthogonal catalysis, especially those
related to the biomass processing in the presence of supported Pd-containg catalytic systems
bearing acid sites (Figure 70). For the last years, materials such as zeolites, oxides (especially
mesoporous), MOFs, and COFs gained attention as supports for the development of
heterogeneous Pd-containing materials for tandem processes.

Figure 70. General scheme of the application of Pd-catalyzed tandem processes.

The third type of prospective catalysts for tandem processes is the systems combin-
ing the action of metals and enzymes (chemoenzymatic catalysis). Such mulifunctional
metal-enzyme catalysts are highly perspective for asymmetric catalysis due to their known
extremely high substrate sensitivity and the selectivity of enzymes as compared to inor-
ganic catalysts.

In spite of some existing difficulties due to the different reaction conditions required for
the optimum reactivity of inorganic and organic parts as well as the possibility of enzyme
inactivation with metal NPs, chemoenzymatic tandem processes are highly demanded by
modern organic synthesis and biotechnology.
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Abstract: Carbon materials are widely used in catalysis as effective catalyst supports. Carbon
supports can be produced from coal, organic precursors, biomass, and polymer wastes. Biomass is
one of the promising sources used to produce carbon-based materials with a high surface area and
a hierarchical structure. In this review, we briefly discuss the methods of biomass-derived carbon
supported catalyst preparation and their application in biodiesel production, organic synthesis
reactions, and electrocatalysis.

Keywords: plant biomass; carbon; biochar; catalysts

1. Introduction

Carbon materials, such as graphite, graphene, activated carbon, carbon nanotubes
(CNT), nanosheets (CNS), and nanofibers (CNF), are widely used in catalysis. Such ma-
terials are considered to be promising catalytic supports because of their high specific
surface area, resistance to acidic or basic media, amphoteric character, high-temperature
stability, tailored pore size distribution, ability for modification, and cheapness [1–3].
Carbon supports can be produced from coal, organic precursors, biomass, and polymer
waste through different techniques, which are mainly based on thermochemical degrada-
tion/decomposition methods. In recent years, biomass-derived carbonaceous materials
have attracted great attention due to their cheapness, simple preparation, and wide range
of biomass resources.

To produce carbon materials from biomass, different thermochemical methods can
be used. Among them, four main techniques are highlighted (Figure 1). Combustion of
biomass is widely used to obtain ashes that are characterized by the contents of alkali and
alkali-earth metal compounds with a low content of carbon (1–15 wt.%). Depending on
the biomass type, the resulting ashes have different elemental compositions, varying from
10–50 wt.% of alkali metals, 5–20 wt.% of alkali-earth metals, 0.5–2 wt.% of Al, 2–80 wt.% of
Si, and 0.5–10 wt.% of Cl, P, Mn, Fe, Zn, etc. [4]. The calcination method is carried out in a
wide temperature range from 300 to 1000 ◦C [5]. Calcination can be performed either in the
air or in an inert atmosphere, resulting in the degradation of biomass components to form
carbon and inorganic compounds, such as alkali and alkali-earth metal carbonates and
carbides. During calcination, temperature and biomass retention time play a critical role in
the formation of the resulting carbon material morphology and structure. It is reported that
a high reaction temperature and a short retention time lead to the aggregation of particles
of Ca, Na, Mg, and Si oxides and, thus, reduce the specific surface area and porosity of the
resulting catalysts [6,7]. Despite the simplicity of the combustion and calcination methods,
the resulting materials have a low specific surface area, poor porosity, and low carbon
content, leading to their limited application in catalysis.
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Another two methods are used to prepare biochar characterized by a high porosity
with a hierarchical structure. Pyrolysis is a widely used method to obtain biochar from
organogenic feedstock. Depending on the temperature and the feedstock residence time,
pyrolysis can be divided into slow pyrolysis occurring at 300–700 ◦C for several hours [8,9]
and fast pyrolysis performed at 500–1000 ◦C at a residence time <10 s [10]. Typically, slow
pyrolysis results in a biochar yield ranging from 30 to 70 wt.%, while the fast process
provides a biochar yield of up to 15 wt.% [9]. Besides conventional non-catalytic pyrolysis
to provide biochar production, biomass feedstock can be preliminarily treated with a
metal salt solution (catalytic pyrolysis), which leads to the formation of metal-containing
composites. The carbonization method seems to be close to pyrolysis and consists of heating
biomass in an inert atmosphere (N2 or Ar) at relatively low temperatures. This method can
be divided into two types depending on the media used. Dry carbonization is carried out at
300–600 ◦C using dried feedstock [11]. Wet or hydrothermal carbonization (HTC) is
performed in superheated water using either dried or wet feedstock at a temperature of
180–800 ◦C [12]. The latter can be classified into high-temperature (300–800 ◦C) and
low-temperature (180–250 ◦C) HTC [13–15]. The high-temperature process results in
the formation of carbon materials with a high surface area and a high porosity, with
a hierarchical structure, while the low-temperature HTC is used for the production of
colloidal carbonaceous spheres [15].

Moreover, techniques such as gasification and torrefaction can be mentioned for
biochar production. Gasification is the process mainly used for synthesis gas produc-
tion from biomass occurring at a temperature of 750–900 ◦C. Meanwhile, about 10 wt.%
of biochar can be obtained by gasification [16]. Torrefaction is direct carbonization of
biomass at low temperatures (up to 250–300 ◦C), resulting in over 80 wt.% of biochar
formation [17]. The composition, structure, morphology, and textural properties of car-
bon materials strongly depend on the biomass type, the preparation method used, the
temperature, the size of the particle, the heating rate, the residence time, etc.

Despite the different production methods, biomass-derived carbon materials find a
wide range of application in catalysis. Four main directions can be highlighted: biodiesel
production, organic reactions, electrocatalysis, and photocatalysis. In this review, we briefly
discuss the first three directions for the use of biomass-derived carbon-based catalysts.

2. Biomass-Derived Carbon-Based Catalysts for Biodiesel Production

In recent years, biomass-carbon-based catalysts are widely used in esterification/trans-
esterification processes to produce fatty acid methyl esters (FAMEs). Carbon produced via
pyrolysis, calcination, or carbonization tends to be functionalized by sulfonic groups or
alkali to form acidic or basic active sites (Figure 2). Two directions for the functionalization
are used: (i) direct functionalization through the introduction of functional groups into the
raw material, and (ii) post-synthesis modification through the treatment of carbonaceous
materials [15].
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2.1. Acid-Functionalized Catalysts

Acidic carbon-based catalysts are efficiently applied in esterification/transesterification
processes. The most widely used ones are sulfonated carbons characterized by a high acid
density. These catalysts can substitute concentrated sulfuric acid in many reactions, in-
cluding biodiesel production [18]. Sulfonated catalysts are synthesized by either direct
sulfonation with H2SO4 or by sulfonation via reductive alkylation. In contrast to concen-
trated sulfuric acid, carbon-based catalysts tend to cause less corrosion and can be easily
separated from the reaction mixture.

A review of recent works on sulfonated carbon catalysts shows that these catalysts,
regardless of the method of preparation, are consisted of amorphous or graphite-like carbon
with covalently bonded –SO3H groups. The last ones provide the Brønsted acid sites with
a high density. The surface area of the resulting composites mainly depends on the carbon
preparation method. These catalysts have a high activity in the production of biodiesel from
feedstock with high free fatty acid (HFFA) content [19,20]. Incomplete carbonization of the
biomass raw material during the catalyst synthesis leads to the formation of a polycyclic
carbon-ring structure with –COOH or –OH groups on the surface, which increases the
catalyst acidity and facilitates the covalent bonding of sulfonic groups [21,22].
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Table 1 presents the literature data on sulfonated carbon-based catalysts and their
activity during the esterification/transesterification process.
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Table 1. Sulfonated carbon-based catalysts for biodiesel production.

Biomass Preparation Method Oil
Feedstock

Biodiesel Synthesis
Conditions

Biodiesel
Yield

SA *,
m2/g Reusability Reference

C. inophyllum
seeds

Carbonization for 5 h at
400 ◦C, followed by

sulfonation by H2SO4
(98 wt.%) at 150 ◦C.

C. inophyllum
Oil

Oil/methanol ratio
1:30 mol, 0.3 g of

catalyst, 150 ◦C, 2 h.
36.4 3.4 80% of initial

activity at 2nd cycle [23]

Starch
Pyrolysis for 5 h at 400 ◦C,
followed by sulfonation by
H2SO4 (98 wt.%) at 150 ◦C.

C. inophyllum
Oil

Oil/methanol ratio
1:30 mol, 7.5 wt.% of
catalyst, 180 ◦C, 5 h.

81.0 0.9 80% of initial
activity at 4th cycle [24]

Glucose

Carbonization for 15 h at
400 ◦C, followed by

sulfonation by H2SO4
(98 wt.%) at 150 ◦C.

Oleic acid
Oleic acid/methanol
ratio 1:50 mol, 5 wt.%
of catalyst, 80 ◦C, 5 h.

95.0 4.1 93% of initial
activity at 50th cycle [19]

Starch
Pyrolysis for 3 h at 400 ◦C,
followed by sulfonation by
H2SO4 (98 wt.%) at 150 ◦C.

Waste oil
Oil/methanol ratio
1:30 mol, 12 wt.% of
catalyst, 80 ◦C, 15 h.

92.0 7.2 93% of initial
activity at 50th cycle [25]

Lignin
Pyrolysis for 1 h at 400 ◦C,
followed by sulfonation by
H2SO4 (98 wt.%) at 150 ◦C.

Acidified
soybean

soapstock

Oil/methanol ratio
1:7 mol, 5 wt.% of
catalyst, 70 ◦C, 5 h.

96.0 4.7 Over 90% of initial
activity at 3rd cycle [26]

Rice husk
Fast pyrolysis at 510 ◦C for
4 s, followed by sulfonation

by H2SO4 (98 wt.%) at 80 ◦C.
Waste oil

Oil/methanol ratio
1:30 mol, 10 wt.% of
catalyst, 80 ◦C, 15 h.

90.0 4.0 - [27]

Mesoporous
starch

Carbonization for 5 h at
400 ◦C, followed by

sulfonation by H2SO4
(99 wt.%) at 80 ◦C.

Waste oil
Oil/methanol ratio
1:3 vol., 10 wt.% of

catalyst, 80 ◦C, 18 h.
98.0 - 78% of initial

activity at 4th cycle [28]

Cotton stalk

Carbonization for 3 h at
450 ◦C, followed by

sulfonation by H2SO4
(98 wt.%) at 80 ◦C.

Madhuca
indica oil

Oil/methanol ratio
1:18 mol, 5 wt.% of
catalyst, 60 ◦C, 5 h.

89.2 92.0 90% of initial
activity at 7th cycle [29]

Waste
banana peel

Treatment by 30 wt.% H3PO4,
carbonization for 3 h at

600 ◦C, and then sulfonation
by H2SO4 (98 wt.%) at 80 ◦C.

Oleic acid

Oleic acid/methyl
acetate ratio 1:50 mol,
12 wt.% of catalyst,

60 ◦C, 8 h.

52.3 - 82% of initial
activity at 5th cycle [30]

Waste cork
Pyrolysis for 2 h at 600 ◦C,
followed by sulfonation by
H2SO4 (98 wt.%) at 80 ◦C.

Waste oil
Oil/methanol ratio

1:25 mol, 1.5 wt.% of
catalyst, 65 ◦C, 6 h.

98.0 - 80% of initial
activity at 5th cycle [31]

Sugarcane
bagasse

Treatment by H3PO4 (1:1),
calcination for 2 h at 400 ◦C,

and then sulfonation by
ClSO3H at 300 ◦C.

Palm fatty
acid distillate

(PFAD)

PFAD/methanol
ratio 1:10 mol, 2 wt.%

of catalyst,
60 ◦C, 1.5 h.

98.6 300.0 90% of initial
activity at 6th cycle [32]

* SA—surface area.

Carbonization and pyrolysis of biomass with sulfonation result in a relatively low
specific surface area of the catalyst. Meanwhile, pretreatment of biomass with phosphorous
acid leads to a significant increase in the surface area three times that of non-pretreated
ones [33]. Sulfonated biocarbon-based catalysts mainly show a FAME yield over 80 wt.%.
It is observed that the catalyst activity slightly depends on the specific surface area of the
catalysts, but the acid sites’ density on the carbon surface plays an important role. However,
a high surface area can be crucial for the reactions with large molecules (i.e., triglycerides).
Thus, the catalyst surface area, acid site density, and carbon preparation method play
important roles in the acid-catalyzed esterification/transesterification process.

However, one of the main problems for sulfonated carbon-based catalysts is the loss
in activity after 5–7 cycles. Moreover, sulfonated catalysts tend to be deactivated at high
temperatures because of the loss of sulfonic groups from the surface. Thus, future works
should focus on the improvement of catalyst stability. Another challenge associated with
oil transesterification in the presence of biomass-derived catalysts is the investigation of
reaction kinetics and mechanisms.

2.2. Base-Functionalized Catalysts

Basic carbon-based catalysts are less used in the transesterification process in com-
parison to acidic ones. This is due to the high saponification activity of bases, especially
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for HFFA oils [33]. Moreover, a critical disadvantage of a basic catalyst is its sensitivity to
water [34]. Meanwhile, several studies on the application of base-functionalized carbon-
based catalysts can be mentioned. Two directions in the preparation of base-functionalized
carbon-based catalysts can be highlighted. The first one is calcination of biomass feedstock.
As it is known, plant biomass contains a high amount of alkali and alkali-earth metals [4].
Calcination leads to a decrease in the concentration of H, O, and C atoms, producing
alkali or alkali-metal oxides or hydroxides along with alumina or silicon oxides. The
second method for base-functionalized catalyst preparation is preliminary treatment of raw
biomass with solutions of KOH, potassium, or calcium salts (i.e., KF, Ca(Ac)2), followed by
hydrothermal or thermal carbonization. This method results in a biochar containing metal
oxides on the surface. The last ones catalyze the transesterification process and show high
effectiveness. Table 2 presents the results of recent studies on transesterification of oils over
a base-functionalized catalyst.

Table 2. Basic carbon-based catalysts for biodiesel production.

Biomass Preparation Method Oil
Feedstock

Biodiesel Synthesis
Conditions

Biodiesel
Yield

SA *,
m2/g Reusability Reference

Red banana
peduncle

Calcination for 4 h
at 700 ◦C.

Ceiba
pentandra oil

Oil/methanol ratio 1:12
mol, 2.5 wt.% of catalyst,

65 ◦C, 2 h.
98.7 46.0 90% of initial

activity at 3rd cycle [35]

Banana peels Calcination for 4 h
at 700 ◦C.

Bauhinia
monandra
seed oil

Oil/methanol ratio
1:7.6 mol, 2.75 wt.% of
catalyst, 65 ◦C, 70 min.

93.9 4.4 - [36]

Coconut
husk ash

Calcination for 1 h
at 500 ◦C. Jatropha oil

Oil/methanol ratio
1:12 mol, 7 wt.% of

catalyst, 45 ◦C, 30 min.
90.0 - - [37]

Sugarcane
bagasse

Treatment with 1M HCl,
calcination for 4 h at

700 ◦C, treatment with
1 M NaOH, and

carbonization at 300 ◦C
for 1 h.

Waste oil
Oil/methanol ratio
1:2 vol., 10 wt.% of
catalyst, 65 ◦C, 2 h.

99.0 - - [38]

Waste date
seeds

Carbonization for 4 h at
450 ◦C, followed by

impregnation by 1 M
KOH and drying at room

temperature for 48 h.

Waste oil
Oil/methanol ratio
1:10 mol, 3 wt.% of

catalyst, 65 ◦C, 90 min.
93.0 260 - [39]

Empty fruit
bunch

HTC for 3 h at 250 ◦C,
followed by

impregnation by K2CO3
and Cu(NO3)2.

Waste oil
Oil/methanol ratio
1:12 mol, 5 wt.% of
catalyst, 70 ◦C, 2 h.

97.1 4056.2 80% of initial
activity at 5th cycle [40]

Coffee
grounds

Carbonization for 3 h at
600 ◦C, followed by

impregnation by 1 M
KOH.

Waste oil
Oil/methanol ratio
1:9 mol, 5 wt.% of
catalyst, 90 ◦C, 2 h.

91.6 - 80% of initial
activity at 5th cycle [41]

Raw coffee
husks

Carbonization for 3 h at
700 ◦C, followed by

impregnation by
1 M KOH.

Soybean oil
Oil/methanol ratio
1:10 mol, 10 wt.% of
catalyst, 65 ◦C, 2 h.

74.0 - 90% of initial
activity at 2nd cycle [42]

Potato peel
Pyrolysis for 5 h at
500 ◦C, followed by

calcination.
Waste oil

Oil/methanol ratio
1:9 mol, 3 wt.% of
catalyst, 60 ◦C, 2 h.

97.5 - 90% of initial
activity at 5th cycle [43]

Hyacinth
biomass

Carbonization for 8 h at
600 ◦C, followed by

impregnation by K2CO3.

Palm oil
Oil/methanol ratio
1:12 mol, 15 wt.% of
catalyst, 65 ◦C, 3 h.

97.6 - - [44]

Waste
passion fruit

peel

Calcination for 1 h
at 500 ◦C Palm oil

Oil/methanol ratio
1:15 mol, 7 wt.% of

catalyst, room
temperature, 30 min

95.4 - 78% of initial
activity at 2nd cycle [45]

* SA—surface area.

The activity of base-functionalized catalysts is determined by both the base concen-
tration and catalyst surface area. In this case, the surface area seems to be a significant
factor, providing good triglyceride adsorption on the catalyst as well as the distribution and
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availability of basic active sites. For this reason, the carbonization method (in particular,
HTC) can be one of the most promising methods. Additionally, the use of additional alkali
during the catalyst preparation process provides higher activity and biodiesel yield in
comparison with catalysts obtained without impregnation.

Generally, base-functionalized carbon catalysts prepared through the calcination
method are less stable and lose their activity after 3–5 consecutive cycles because of the
leaching of alkali via water or methanol or because the interaction of alkali with free fatty
acids. Meanwhile, catalysts prepared by the carbonization method, followed by activation
by a base, maintain their effectiveness in terms of oil conversion of FAME yield for a mini-
mum of five cycles. In spite of the lower stability, alkali catalysts allow transesterification
to be performed at lower temperatures (even at room temperature) with a high biodiesel
yield. This can be significant from an economical point of view.

In summary, basic biocarbon catalysts have proven to have a higher conversion of
oil into biodiesel at a lower reaction temperature in comparison with sulfonated ones.
However, the use of these composites in the transesterification of waste cooking oil is
limited because of the high free fatty acid content in the oil.

3. Biomass-Derived Carbon-Based Catalysts for Biomass Conversion and
Organic Synthesis

Sulfonated biomass-derived carbons have been effectively used for biomass conversion
into valuable chemicals, such as furfural, 5-hydroxymethylfurfural, 5-ethoxymethylfurfural,
and hexitols. The presence of –SO3H groups on the carbon surface effectively catalyzes the
hydrolysis and dehydration of polysaccharides of biomass (cellulose and hemicelluloses)
(Figure 3) [15]. These catalysts are mainly produced by biomass pyrolysis with or without
templates, followed by sulfonation by concentrated sulfuric acid. As for biodiesel synthesis,
the resulting composites have the same structure and are characterized by high acidity. The
summarized results are presented in Table 3.
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Table 3. Sulfonated carbon-based catalysts for biomass conversion.

Carbon Source Feedstock Reaction
Conditions Product Product

Yield, wt.%
Number of Cycles

without Loss in Activity Reference

Sucrose Cellulose 110 ◦C, 4 h Glucose 74.5 - [46]
Microcrystalline

cellulose
Eucalyptus

flakes 120 ◦C, 3 h Glucose 76.0 3 [47]

Glucose Cellulose 110 ◦C, 4 h Reducing sugars 72.7 5 [48]
Sucrose Cellulose 120 ◦C, 4 h Glucose 59.0 4 [49]

Cellulose Cellulose 130 ◦C, 3 h Reducing sugars 68.9 3 [50]
Glucose Fructose 130 ◦C, 10 min 5-hydroxymethylfurfural 91.2 5 [51]

Cellulose Fructose 80 ◦C, 10 min 5-hydroxymethylfurfural 83.0 5 [52]
Cornstalk Cornstalk 170 ◦C, 30 min Furfural 68.2 - [53]

Waste Camelia
oleifera shells Fructose 100 ◦C, 24 h 5-ethoxymethylfurfural 25.0 4 [54]

Chestnut shell Waste
lignocellulose 180 ◦C, 15 min Furfural 68.7 7 [55]

High catalytic activity of sulfonated carbons in biomass hydrolysis and dehydration
reactions can be attributed to the high ability of SO3H-groups to adsorb carbohydrates,
as well as their tolerance to hydration. Moreover, the catalyst effect in hydrolysis de-
pends significantly on the water concentration and reaches a maximum when the water
content is equal to the catalyst acidity [15,56]. In comparison with traditionally used cat-
alysts containing Lewis and Brønsted acid sites (e.g., zeolites, Amberlyst, and Nafion),
sulfonated carbons show higher effectiveness in biomass hydrolysis and dehydration and
are considered promising for obtaining platform molecules from biomass.

Besides the functionalization of biocarbon with acid or basic sites, the production of
carbon-based composites containing different metal nanoparticles is widely used. Carbon-
supported catalysts have great potential in many organic reactions, such as hydrogenation,
oxidation, alkylation, and dehydrohalogenation. Biomass-derived carbonaceous supports
for metal-containing catalysts are effectively prepared through hydrothermal or dry car-
bonization, thus providing a high surface area for the resulting materials (200–1000 m2/g).
The active metal-containing phase is traditionally formed by impregnation of the carbon
supports with solutions of metal salts. Acetate and nitrates are widely used as metal precur-
sors because of their easy decomposition by heating or calcination (Figure 4). A summary
of the reactions using biomass-derived carbon-based catalysts is shown in Table 4.
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Table 4. Summary of biomass-derived carbon-based catalysts for organic reactions.

Carbon Source and
Preparation
Conditions

Active Phase Substrate Reaction
Conditions Product

Product
Selectivity,

wt.%

Number of
Cycles

without Loss
in Activity

Reference

Hydrogenation

Shrimp shell and
pyrolysis at

600–800 ◦C for 2 h.

Core–shell
Co@Co3O4

Nitroarenes 110 ◦C, 40 bar
H2, 6 h Amines 99.0 3 [57]

Bamboo shoots and
HTS at 850 ◦C.

Core–shell
Co@Co3O4

Nitroarenes 110 ◦C, 5 MPa
H2, 5 h Amines >90.0 6 [58]

Bamboo shoots and
HTS at 850 ◦C. Pd Alkynes

Room
temperature,
1 atm H2, 7 h

Alkenes 95.0 - [58]

Bamboo shoots and
HTS at 850 ◦C. Co/P Nitroarenes

170 ◦C, formic
acid as

H-donor, 7 h
Amines >97.0 - [58]

Cornstalks and
carbonization at
300 ◦C for 3 h.

Pt Cinnamaldehyde 120 ◦C, 40 bar
H2, 6 h

Hydrocinamyl
alcohol 95.0 - [59]

Starch and
HTC at 500 ◦C. Ru Levulinic acid 150 ◦C, 5 MPa

H2, 3 h
γ-

valerolactone 99.0 5 [60]

Sucrose and
HTS with poly(ionic

liquid).
Au-Pd Phenylacetylene

Room
temperature,
1 atm H2, 7 h

Styrene 99.0 - [61]

Other reactions

Starch and
gelation, followed by

carbonization.
Fe3O4 Benzyl alcohol 130 ◦C, MW,

1 atm air Benzaldehyde 74.0 5 [62]

Tannic acid and
gel formation,
followed by

carbonization
at 900 ◦C.

Cu/Ni
core-shell Furfural Methylfurane 48.0 4 [63]

Sugarcane bagasse
and

HTC at 600 ◦C.
Ni/NiO, MgO CH4 + CO2 750 ◦C, 40 h Synthesis gas

Methane
conversion

> 80%
5 [64]

Shrimp shell and
pyrolysis at

600–800 ◦C for 2 h.

Core–shell
Co@Co3O4

Arylhallides 130 ◦C, 30 bar
H2, 24 h Cycloalkenes >90.0 4 [65]

Bamboo shoots and
HTC at 850 ◦C. Pd Alkynes

Room
temperature,

1 atm H2, 2.5 h
Vinylsilanes 96.0 - [58]

Bamboo shoots and
HTC at 850 ◦C.

Core–shell
Co@Co3O4

Nitroarenes 110 ◦C, 5 MPa
H2, 5 h

Structurally
complex
imines

81.0 - [58]

Starch and
carbonization at

600 ◦C.
Pd Iodobenzene +

methyl acrylate

130 ◦C, MW,
2 min, 0.1 g

catalyst
Biaryles 95.0 2 [66]

Starch and
carbonization at

600 ◦C.
Pd

Benzeneboronic
acid +

bromobenzene

130 ◦C, MW,
2 min, 0.1 g

catalyst
Biaryles 99.0 3 [67]

Chitosan and
carbonization at

750 ◦C.
Au Phenylboronic

acid
70 ◦C, 7 h,

0.01 g catalyst biphenyl 86.0 - [68]

Along with traditional carbon-based catalysts, biomass-derived ones exhibit high
activity in different reactions. Moreover, the “green” nature of these systems makes them
preferable for use in sustainable technologies. Carbon materials derived from biomass are
considered to provide a high dispersion of metals deposited on their surface, as well as a
narrow metal particle size distribution, leading to a higher reducibility of the active phase.
Moreover, the presence of dopped atoms (i.e., N and O) on the carbon surface increases
the catalyst activity in comparison with traditional carbon-based catalysts. The higher
surface area of the biocarbon-derived catalysts compared to those supported on inorganic
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oxides (such as SiO2 or Al2O3) also provides a good availability of active sites and higher
hydrogen adsorption, resulting in their higher activity [15].

4. Biomass-Derived Carbon-Based Catalysts for Electrocatalysis

Carbon-based materials are widely used as catalyst supports in electrocatalysis.
Biomass-based carbon is a cheap and structured material that can be easily synthesized for
large-scale applications. These supports can effectively replace existing electrocatalysts in
the electrooxidation processes, hydrogen or oxygen revolution reactions (HRR and ORR),
and oxygen reduction reactions [15]. Electrocatalysts based on biomass-derived carbons
have shown high activity and stable onset potential.

The structure of carbonaceous supports plays a great role in electrocatalysis. A higher
activity has been shown by catalysts with a graphite- or grapheme-like structure. Biomass-
based carbon catalysts as electrocatalysts are usually synthesized through pyrolysis or
carbonization of biomass feedstock. The control over the synthesis process temperature,
time of carbonization, and pyrolysis atmosphere are the key factors that allow the required
structure of carbon-based catalysts to be obtained [15]. Moreover, the introduction of
heteroatoms in the crystal lattice of carbon is a key factor for these electrocatalysts since
it forms the active sites [69]. Doping usually serves as a charge transfer and modification
of the electronic structure of carbon atoms (Figure 5). Among the doping heteroatoms,
nitrogen, phosphorus, sulfur, and oxygen should be mentioned.

An overview of carbon-based electrocatalysts, their synthesis methods, structure, and
onset potential is presented in Table 5.

Table 5. Summary of biomass-derived carbon-based electrocatalysts.

Catalyst Carbon Source Synthesis Conditions Crystal Structure Porosity Onset Potential, V Reaction Catalyst Stability Reference

Pd/N-C Mildew-starting
orange waste

Juice extraction, mixing with
K2PdCl4, hydrothermal

carbonization at 180 ◦C for 4 h,
and pyrolysis in nitrogen

atmosphere at 800 ◦C for 2 h.

Graphite-like structure with
pyridinic and graphite N

Microporous,

SA * = 26 m2/g
0.5 Methanol

oxidation 90% in 50 cycles [70]

N-C N-rich yuba Carbonization at 850 ◦C,
followed by impregnation.

Graphite-like structure with
pyridinic and pyrrolic N

Mesoporous,

SA * = 740–1000 m2/g
0.97 Fuel cells 85% after 5000 s [71]

Fe3C/C Cellulose fiber
Impregnation with an iron salt,

addition of dicyandiamide,
carbonization, and etching.

Fe3C crystals over a
graphite-like structure - 0.98 Oxygen

reduction 85% after 10,000 s [72]

FeOx/N-C Acorn shell

Impregnation with melanin,
(MgOH)2CO3, and NaCl,
carbonization at 900 ◦C,

treatment with hemin, and
calcination in nitrogen

atmosphere.

Graphite-like structure with
pyridinic and pyrrolic N,

Fe3O4, and Fe2O3 coated
with C

SA * = 819 m2/g
0.88 in ORR
0.72 in HRR ORR and HRR 73% after 36,000 s [73]

N-C Wood char Activation with alkali and doping
with nitrogen.

Graphite-like structure with
pyridinic and pyrrolic N

Microporous,

SA * = 1924 m2/g
0.2 ORR 95% after 1200 min [74]

Co/C Cotton carbon
fiber

Impregnation with CoCl2,
ultrasonification, and

carbonization at 900 ◦C for 3 h.

Graphite-like structure with
amorphous carbon

Mesoporous,

SA * = 358 m2/g
- Lie-SeS2 cells 70% after 45 cycles [75]

Ru/N-C Yeasts
Impregnation with RuCl3,

calcinations at 950 ◦C for 5 h, and
doping with nitrogen.

Graphite-like structure - 0.2 HRR 85% after 60 h [76]

Fe3O4/N-C Yeasts
Impregnation with Fe(NO3)3,

calcinations at 950 ◦C for 5 h, and
doping with nitrogen.

Graphite-like structure - 0.3 ORR 85% after 60 h [76]

Mo/C
Sugar beet, corn
stover, pine, and

miscanthus

Impregnation with Mo salt,
pyrolysis at 600 ◦C for 6 h, and

NaCl/NaF salt flux.
Graphite-like structure - 0.3–0.5 V HRR - [77]

N-C Cocoon silk Carbonization followed by
activation by KOH.

Graphite-like structure with
pyridinic and pyrrolic N - 0.6 ORR - [78]

N-C Cocoon silk Pyrolysis followed by activation
by ZnCl2.

1D structure - 0.85 ORR 95% after 12,000 s [79]

N-C Keratin
Precarbonization, activation with
KOH, and treatment in ammonia

at 1000 ◦C.
Grapheme-like 2D structure - 0.8 ORR 92% after 300 s [80]

N-C Coconut shell Carbonization followed by
activation by H3PO4.

Graphite-like structure
Mesoporous,

SA * = 1260 m2/g
90% after 12 h [81]

N-C Ophiopogon
japonicus

Hydrothermal carbonization
at 180 ◦C.

Carbon nanodot/nanosheet
aggregates - 0.88 ORR - [82]

N-C Basswood Pyrolysis at 600 ◦C and activation
in ammonia atmosphere. Graphite-like structure SA * = 1438 m2/g 0.98 ORR 95% after 20 h [83]

N-C Pinecone Precarbonization at 800 ◦C and
activation in ammonia. Graphite-like structure - 0.95 ORR - [84]

N-C Spent coffee
grounds

Pyrolysis followed by activation
by KOH. Graphite-like structure SA * = 1018 m2/g 0.94 ORR 95% after 10,000 s [85]

N-C Banana peels
Carbonization followed by

activation by KOH, and treatment
with ammonia

Graphite-like structure SA * = 1756 m2/g 0.98 ORR 95% after 10,000 s [86]

* SA—surface area.
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For electrocatalysts, the distribution of metal-containing particles and heteroatoms,
the crystal structure of carbonaceous support, and its porosity play a great role. It has been
shown that the presence of heteroatoms exhibits a higher catalytic activity than that of non-
doped carbons, as well as a higher potential stability. The hierarchical porous structure can
also improve the activity of these electrocatalysts in most reactions because of the facilitation
of the diffusion of reactants and products [69,87]. A high surface area of the electrodes
obtained from biocarbons is crucial for the energy storage and ion/electron transport. Thus,
biomass-derived carbonaceous materials can be effectively applied as supercapacitors.
Biomass-derived carbon electrodes can be considered a promising alternative to traditional
electrodes [87].

5. Conclusions and Future Prospective

The key requirements that catalysts should meet are high activity and selectivity
toward the target products, stability in the reaction medium, mechanical effects, and tem-
perature. In terms of structure, heterogeneous catalysts should have a uniform distribution
of the active phase, thus avoiding its aggregation; high porosity to allow reagent molecules
to easily reach the active sites; and a proper structure of the active sites to catalyze the
target reactions. Therefore, the catalyst design is of great interest.

Carbon-based catalysts have attracted much attention in recent years. Their low cost,
simple preparation methods, and “green” nature make carbon materials a promising sup-
port for catalysts. Biomass can be successfully used for the preparation of carbon-based
catalysts through different methods, mainly based on thermochemical decomposition.
Different types of biomasses, e.g., starch, lignin, cellulose, chitosan, wood, agricultural or
food waste, and marine waste, can be promising carbon feedstock. Expanding biomass
sources, development of new methods for direct catalyst synthesis, expanding the choice
of synthesis conditions, and development of “green” preparation methods are the main
directions for future research for biomass-derived catalyst synthesis. Moreover, wider appli-
cations of biomass-derived catalysts, including electrocatalysis, fine and organic synthesis,
and flow processes, should be developed to provide sustainable and environmentally
friendly processes.
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Abstract: The modification of fatty substrates using heterogeneous catalysts have extensive industrial
application and has an emphatic position in a sustainable context. Herein ruthenium, nickel, cobalt
and copper-doped ruthenium, supported on hypercrosslinked polystyrene (HPS) catalysts were
prepared by wet impregnation, characterized and applied on the modification of canola fatty acid
methyl esters (FAME). The characterization showed a dispersive effect of doping metals over the
ruthenium particles, the presence of acid sites and overall surface morphology, which allows targeting
potential applications. The chosen modifications consisted of hydrogenation, hydroformylation,
oxidative cleavage and deoxygenation, resulting in superb catalytic activities of over 99% conversions
for hydrogenation and deoxygenation. The simplicity of the canola FAME composition allows the
understanding of the catalytic processes and allows the upscale of more complex FAME matrixes.
Finally, the obtained data stimulates further optimization studies for each application with a variation
on the catalysts and the usage of residual fatty substrates, greatly enhancing the sustainability profile
of the systems.

Keywords: ruthenium; doped; catalyst; hypercrossed polystyrene; heterogenized; FAME

1. Introduction

Heterogeneous catalysis plays a prominent role due to its great advantages compared
to homogeneous ones, because they are usually easy to regenerate and reuse, exhibiting
thermal, chemical and structural stability in addition to being low cost. However, some
disadvantages must be considered, such as the complexity of active sites, leaching and
limited surface-substrate contact [1–3].

One area in which the use of heterogeneous catalysts has emerged is that of function-
alization of fatty substrates, mainly by their simple operation, requiring less unitary opera-
tions for product isolation, and results in products exhibiting high purity with increased
value, which may be characterized as a circular economy and biorefinery application [4–6].

The unsaturations in fatty acids chains are active sites for a large range of reactions,
which could be employed to modify biodiesel characteristics such as the cold-flow prop-
erties, besides making it possible to prepare value-added derivatives with a wide range
of applications such as additives, plasticizers, lubricants, detergents, surfactants, polymer
precursors, etc. In addition, since allylic hydrogens are susceptible to radical attack and
consequent oxidative degradation, the removal of unsaturations permits to improve the
product’s oxidative stability.

Some modifications plausible for fatty substrates (Scheme 1) include, among others,
hydrogenations (A), hydroformylations (B), oxidative cleavages (C), deoxygenations (D),
metathesis (E) and ethenolysis (F) [7–10]. The hydrogenation process is still used for
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the production of hydrogenated fats using nickel Raney, but can also be accomplished
using, bimetallic ruthenium-nickel supported over molecular sieves and others [11–13].
The hydroformylation processes normally occur by homogeneous catalysis but may pro-
ceed using rhodium or ruthenium heterogenized over MOFs, functionalized silica and
others [14,15]. The oxidative cleavage process uses ozonolysis, but may also be accom-
plished using ruthenium catalysts and composites of ruthenium-vanadium heterogenized
and others [16–18]. The deoxygenation of fatty compounds is an efficient route for green
diesel production using heterogenized catalysts supported on zeolites and others [19–21].
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Hypercrosslinked polystyrenes (HPS), or functionalized polystyrenes (such as amine-
functionalized), are useful in the stabilization of metallic nanoparticles and
clusters [22–25]. The stabilization of nanoparticles is vital for the production of ruthenium
mono and bimetallic catalysts applicable in biorefinery processes, such as the oxidation
and hydrogenation of glucose, the hydrogenolysis of cellulose, on Suzuki cross-coupling
and on the lactic acid hydrogenation [26–28].

In this work, the synthesis and characterization data of the ruthenium, and doped
ruthenium/HPS (5%Ru/HPS and 3%Ru-0.1%Me/HPS; Me = Co, Ni and Cu) catalysts allow
focus on the modification of canola fatty acid methyl ester (FAME), a mixture containing
60–70% of oleic, 17–20% of linoleic and 6–10% of linolenic methyl esters [29]. In this
way, 5%Ru/HPS catalyst was tested on hydroformylation, the 3%Ru-0.1%Ni/HPS on
hydrogenation, the 3%Ru-0.1%Co/HPS on hydroformylation and deoxygenation, and the
3%Ru-0.1%Cu/HPS on oxidative cleavage.

2. Results and Discussion
2.1. Catalyst Characterization

The compiled thermogravimetry for the catalysts 3%Ru/HPS and 3%Ru-0.1%Me/HPS;
Me = Co, Ni and Cu is presented in Figure 1. The first weight loss between 35–105 ◦C
is attributed to water chemically and physically adsorbed on the catalyst’s surfaces. The
second weight loss between 400–500 ◦C is attributed to the decomposition of the polymeric
matrix. However, on every sample, it was possible to verify a subtle onset of weight loss
from 250 ◦C and, therefore, this temperature was chosen as the limit temperature for the
catalytic tests.
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Figure 1. Ruthenium and doped ruthenium/HPS catalysts thermogravimetric profiles.

The catalysts’ FT-IR spectrums are compiled in Figure 2. It is possible to verify a
similar profile for every sample, with bands between 3100–2900 cm−1 and 1600–1400 cm−1

typical of bond stretching for sp3 C-H and C-C, as well as vibration and folding for C-H
bonds, all of which are associated with the polymeric matrix of HPS.
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To investigate the nature and the amount (mmol g−1) of the acid sites present in these
materials, they were analyzed by infrared spectroscopy using pyridine as a probe molecule.
Furthermore, the acid strength of the sites was investigated following the thermal stability
of the interaction pyridine-acid sites by the acquisition of infrared spectra at 100, 200 and
300 ◦C [30,31].
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The results (Table 1) point out just the presence of a low amount of Lewis acid sites
(LAS) in the case of 3%Ru-0.1%Ni/HPS, 3%Ru-0.1%Cu and 3%Ru-0.1%Zn. Bronsted acid
sites (BAS) were not detected for any catalysts and no LAS were observed for 3%Ru/HPS
and 3%Ru-0.1%Co/HPS; however, it is not possible to ignore the presence of this type of
site in very low amounts as they may not be detectable for the analytical strategy employed.
It is important to note that even submitted to 300 ◦C, the detectable acid sites still remain in
the material’s structure, showing the temperature resistance of the catalysts.

Table 1. Lewis acid sites (LAS) at different temperatures obtained from the infrared spectra using
pyridine adsorbed on catalysts.

T (◦C) 5%Ru/HPS 3%Ru-0.1%Co/HPS 3%Ru-0.1%Ni/HPS 3%Ru-0.1%Cu/HPS

25 nd nd 164.2 258.0
100 nd nd 78.8 140.4
200 nd nd 61.4 132.5
300 nd nd 52.9 127.5

nd = non-detected.

The X-ray diffraction patterns of the materials are presented in Figure 3 and just two
diffraction bands at 38.35◦ and 44.50◦ are observed which can be associated with planes
(010) and (011) of metallic ruthenium [32]. The traces of copper, nickel and cobalt present on
doped ruthenium catalysts were not present due to their low abundance over the catalysts’
surface and equipment detection limit.
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Nitrogen physisorption results for the catalysts (Figure 4 and Table 2) show a slight ten-
dency to decrease on specific surface area and pore volume, in comparison with monometal-
lic 5%Ru/HPS, maybe due to deposition of metallic species in the material walls. All
isotherms are of type I, as shown in Figure 4, which are associated with the presence of the
hysteresis loop of type H4, indicating mainly the presence of micropores. This observation
is confirmed by pore diameter distribution and DBJH values, shown in Figure 5.

72



Catalysts 2023, 13, 630

Catalysts 2023, 13, x FOR PEER REVIEW 5 of 22 
 

 

All isotherms are of type I, as shown in Figure 4, which are associated with the presence 

of the hysteresis loop of type H4, indicating mainly the presence of micropores. This ob-

servation is confirmed by pore diameter distribution and DBJH values, shown in Figure 

5. 

 

Figure 4. Ruthenium and doped ruthenium/HPS catalysts adsorption–desorption isotherms compi-

lation. 

Figure 4. Ruthenium and doped ruthenium/HPS catalysts adsorption–desorption isotherms compilation.

Table 2. BET specific surface area (SBET), pore volume (V) and average pore diameter (DBJH) for
doped and non-doped ruthenium/HPS catalysts.

Sample SBET (m2 g−1) V (cm3 g−1) DBJH (Å)

5% Ru/HPS 726 0.125 32.5
3% Ru@ 0.1% Co/HPS 719 0.121 32.6
3% Ru@ 0.1% Cu/HPS 712 0.098 36.0
3% Ru@ 0.1% Ni/HPS 672 0.124 32.4
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Previous studies involving 5%Ru/HPS and 3%Ru-0.1%Co/HPS have revealed that
for 5%Ru/HPS material hydrated ruthenium (IV) oxide was the predominant form of
Ru on the catalyst surface (about 69% of all the ruthenium-containing compounds) and
Ru-containing particles are located non-uniformly, mainly closer to the outer surface of the
polymer granule. In the case of 3%Ru-0.1%Co/HPS, no products of chemical interaction of
cobalt and ruthenium were detected and cobalt is present as Co(OH)2 [28,33].

The dispersion parameters observed in previous studies were obtained, as shown on
the SEM compilation in Figure 6. The introduction of cobalt, nickel and copper changes
the distribution of ruthenium-containing particles, increasing their uniformity. Copper
promoted the greatest dispersion followed by nickel and cobalt. Other SEM images in
different zooms are available in the supporting information, Supplementary Material
Figures S1–S16.
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Figure 6. SEM 100× magnitude compilation. (A) 5%Ru/HPS; (B) 3%Ru@0.1%Co/HPS;
(C) 3%Ru@0.1%Cu/HPS e; (D) 3%Ru@0.1%Ni/HPS.

2.2. Catalyst Activity Tests

The canola FAME mixture was chosen as substrate due to its major composition of
70% methyl oleate [29], which is less expensive if compared to pure oleic acid which is
obtained by fraction, facilitating the application of this catalytic system on greater scales.
The usage of FAME mixtures is therefore friendly to circular economic applications while
contributing to green chemistry, enhancing the sustainability of a process. On the other
hand, the methyl oleate has also only one unsaturation per fatty chain which facilitates the
interpretation of activity data [4,34,35].

The FT-IR of both canola oil and canola FAME shows only the shifting of carbonyl
stretch from 1743 cm−1 on oil to 1743 cm−1 on FAME, as demonstrated in Supplementary
Material Figure S17. The 1H NMR for the canola FAME (Supplementary Material Figure
S18) demonstrates the disappearance of internal hydrogens of glycerol over 4.40 and
4.15 ppm, while also showing the appearance of a methyl peak at 3.67 ppm, indicating
almost total conversion of oil into FAME. The GC-MS chromatogram of canola FAME and
main component list are also available in Supplementary Material Figure S19 and Table S1.

The hydrogenation methodology chosen, Scheme 2, was typical of heterogenized
nickel catalytic systems. On the heating ramp, over 175 ◦C, it was possible to verify a
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10 bar fall, indicative of activity at temperatures lower than the selected and also effectivity
at the oxidative addition step, considered the limiting catalytic step for hydrogenations.
The obtained white and solid product was extracted with petroleum ether to avoid HPS
solubilization [36].
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Scheme 2. Hydrogenation of canola FAME.

The hydrogenation of canola FAME with 3%Ru@0.1%Ni/HPS showed an outstanding
result with the apparent total conversion of starting unsaturations, using 50 bar of H2, at
250 ◦C and 500 rpm, during 180 min. The FT-IR spectrum of the hydrogenated canola
FAME product, Figure 7, shows the disappearance of the C-H sp2 stretch band, while the
1H NMR spectrum, Figure 8, allows the conversion calculation at 99%. The calculation of
selectivity and yield was not possible due to the superposition of fatty chain hydrogens.
The GC-MS chromatogram and main component list, Supplementary Material Figure S20
and Table S2, corroborate the full conversion of canola FAME into saturated fatty chains.
The high activity justification is due to synergic effects between nickel and ruthenium
allowing a greater dispersion of particles over the catalyst surface, as shown on the SEM
and greater acid stability at high temperatures if compared to 5%Ru/HPS.
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Figure 8. 1H NMR spectrum for hydrogenated canola FAME.

An example from the literature points out that ruthenium supported over carbon was
studied on hydrogenation of soybean oil (2 bar of H2 at 165 ◦C) resulting in moderate non-
selective yields (18.8% of linoleic (C18:2), 53.3% of oleic (C18:1) and 14.4% of stearic (C18:0)
fatty chains) [37]. In another study, the hydrogenation of glicerol trioleate (1.60 mmol of the
double bond) was described in the presence of ruthenium nanoparticles supported over
ion exchange resin DOWEX-300 using water:heptane at 30 ◦C, 10 bar of H2 and 1000 rpm,
during 120 min, yielding 45% of unsaturations conversion [38]. Nanocatalysts containing
nickel, paladium and ruthenium were also applied on the selective hydrogenation of canola
oil attaining 75.3% of cis-C18:1 and 2.46% of C18:0, at 100 ◦C, 10 bar of H2 and 500 rpm,
during 60 min [39].

The first hydroformylation followed a classical heterogenized ruthenium methodology
with syn-gas (1:1), toluene and 5%Ru/HPS as catalyst, under 150 ◦C for 48 h. In contrast
with the hydrogenation, no pressure fall was detected, indicating no intense activity. The
obtained product 1H NMR (Figure 9) allows the calculations of conversion and selectivity
for aldehyde and yield, 44.23%, 1.8% and 0.8% respectively. As there were no signs
of alcohol, most of the conversions were into hydrogenated products, while the mild
temperature of 150 ◦C might not be enough for the oxidative addition step, stimulating the
selection of another methodology.

The second hydroformylation test, Scheme 3, followed a slightly more drastic method-
ology with syn-gas (1:1), no solvent, 3%Ru@0.1%Co/HPS as catalyst, under 250 ◦C for
4 h. The cobalt-doped ruthenium catalyst was chosen due to the famous cobalt synergic
effect over ruthenium aiming for higher activities. Indeed, as expected, a pressure fall was
verified and the obtained product was partially solidified.

The hydroformylated canola FAME FT-IR spectrum, Figure 10, shows intensity re-
duction on the C-H sp2 stretch band, while the 1H NMR spectrum, Figure 11, allows the
conversion calculation at 89%, but with no signals of aldehyde or alcohol, indicating the
materials hydrogenation. The calculation of selectivity and yield was not possible due to the
superposition of fatty chain hydrogens. The GC-MS chromatogram and main component
list, Supplementary Material Figure S21 and Table S3, corroborate the conversion of canola
FAME into saturated fatty chains. In comparison with the nickel-doped ruthenium/HPS,
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the lower activity was either due to the addition of carbon monoxide or to the catalyst acid
properties, lower than the nickel-doped.
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Scheme 3. Hydroformylation methodology was chosen for the canola FAME modification.

The canola FAME oxidative cleavage methodology, Scheme 4, was adapted from clas-
sical heterogenized ruthenium on the oxidation of unsaturations, with sodium periodate as
co-oxidant, 3%Ru@0.1Cu/HPS as catalyst and a solvent mixture in a glass flask at room
temperature during 48 h. The oxidative cleavage was simpler in comparison with the
hydrogenations, requiring no gas pressure and no product extraction. The copper-doped
ruthenium catalyst was chosen due to its promoter properties on oxidative cleavage reac-
tions. The oxidized canola FAME FT-IR spectrum, Figure 12, show the total disappearance
of the C-H sp2 band stretch and asymmetry on the carbonyl C=O stretch band indicating
the formation of other carbonylated species.

The 1H NMR spectrum for the oxidized canola FAME, Figure 13, allows the conversion
of 85%. Values for selectivity and yield were not calculated due to the hydrogen labile
character on the oxidized major products azelaic acid and pelargonic acid, while the
ester variations of such overlap with the starter fatty chain hydrogens. The 1H NMR
allowed the identification of an aldehyde triplet at 9.7 ppm, coupled with hydrogens β

to the carbonyl position, with calculated selectivity for aldehyde calculated at 17%. The
aldehyde presence is explained by a possible water addition during the oxidative cleavage
process. The 13C NMR, Figure 14, shows the characteristic peaks of aldehyde at 200 ppm,
carboxylic acid at 180 ppm, ester at 172 ppm and unsaturation at 130 ppm, indicating the
partial conversion. The corroborative GC-MS chromatogram and main component list are
available in Supplementary Material Figure S22 and Table S4. Among the tested catalysts,
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the copper-doped ruthenium/HPS was the most acidic and presented the greater pore
volume and greater dispersion on the support surface and these characteristics explain the
elevated activity at room temperature.
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Few examples of oxidative cleavage of fatty compounds using supported ruthenium
catalysts are available in the literature. A catalytic system based on ruthenium nanoparticles
supported on hydroxyapatite was used for the oxidative cleavage of oleic acid and 16%
of unsaturation conversion and 84% of pelargonic acid yield were detected, after 12 h at
room temperature [40]. In another study, a functionalized carbon black support for the
complexation of ruthenium was tested on oxidative cleavage of oleic acid, yielding almost
complete conversions to pelargonic and azelaic acids, after 24 h and 1500 rpm at room
temperature [41].

The deoxygenation methodology of canola FAME with 3%Ru@0.1%Co/HPS, Scheme 5,
was the same as for hydrogenation, but using milder conditions (30 bar of H2, 200 ◦C and
500 rpm), in the presence of water and longer reaction time. The cobalt-doped ruthe-
nium/HPS catalyst was selected due to the cobalt synergic properties over the ruthenium
clusters. The obtained product was a white solid associated with the occurrence of hy-
drogenation and decarbonylation. The FT-IR of the product, Figure 15, shows the total
disappearance of the C-H sp2 band stretch and decreased carbonyl C=O stretch band,
indicating the formation of hydrogenated and decarbonylated species.
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Scheme 5. Deoxygenation of canola FAME.

The 1H NMR for the deoxygenated product, Figure 16, shows almost the total disap-
pearance of unsaturation and methoxyl peaks. The conversion calculations were possible
by normalization based on the chain methyl group, at 0.88 ppm, which was similarly done
to the starter FAME 1H NMR. The calculated conversions for unsaturation and methoxyl
were 99%. On the 13C NMR, Figure 17, is possible to verify the total disappearance of
unsaturations peaks and the presence, although at a very low intensity, of ester at 173 ppm,
carboxylic acid at 179 ppm and ether terminal carbon at 64 ppm. The corroborative GC-MS
chromatogram and main compoment list are available in Supplementary Material Figure
S23 and Table S5.
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It is important to mention some examples from the literature. Stearic acid was de-
oxygenated using hexane, 68 bar of H2 and 50 mg of 10%Co/HPS, at 250 ◦C for 1 h with
total conversion [42]. The deoxygenation of waste cooking oil using water and ruthe-
nium supported over hydroxyapatite catalyst was studied. In this case, conversions over
100% and an yield of 89% of alkane long chain were attained at 180 ◦C, 20 bar of H2 and
1000 rpm, for 4.5 h. Additionally, the catalyst could be recycled [43]. Deoxygenation
of tall oil fatty acids was tested using carbon-supported ruthenium nanoparticles in the
presence of aqueous formic acid at 326 ◦C and 2 h, leading to high conversion (~100%) and
selectivity of the 82% to C5–C20 alkane chains [44]. Ruthenium nanoparticles on a porous
organic network were employed on the deoxygenation of stearic acid (30 bar of H2, 180 ◦C,
8 h) with high conversion and selectivity [45]. However, herein, using canola FAME, a
not hydrogenated substrate, was possible to hydrogenate and deoxygenate under milder
conditions of pressure and temperature, and with fewer metallic sites, all indications of
great catalyst activity.

In summary, the applications tested and discussed here, many of them with extremely
promising results, demonstrated the potential of catalysts based on ruthenium heterog-
enized species. From these encouraging results, subsequent optimization works can be
carried out, in which distinct catalysts and residual fatty substrates can be studied at several
reaction conditions.

3. Materials and Methods
3.1. Materials

The reagents used for the catalyst preparation and characterization were analytical
grade and used as received. The canola oil, used for canola FAME synthesis, was food-grade
and used as received.

3.2. Catalyst Synthesis

The doped and non-doped ruthenium/HPS catalysts were prepared by wet impregna-
tion methodologies described elsewhere [26,28,33,42]. The simpler non-doped ruthenium
catalyst (5%Ru/HPS) was prepared by a wash of the hypercrossed polystyrene (3 g) with
water and acetone, followed by impregnation of Ru(OH)Cl3 (on adequate molarity consid-
ering wt% of metal) dissolved in tetrahydrofuran, methanol and water (5:1:1). After the
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impregnation, the mixture was dried at 70 ◦C for 1 h, refluxed with 21 mL of a 0.1 mol L−1

NaOH solution and strongly agitated with 2 mL of hydrogen peroxide. The impregnated
catalyst was washed, dried and reduced with a H2 flux of 100 mL min−1 at 300 ◦C for 2 h.

Similarly, on the doped ruthenium/HPS (3%Ru-0.1%Me/HPS, Me = Co, Ni and Cu),
the appropriate molarities of acetates of cobalt(II), copper(II) and nickel(II) were dissolved
with the Ru(OH)Cl3 on the mixture of tetrahydrofuran, methanol and water. The materials
were analyzed without previous treatment by the technique described below.

3.3. Catalyst Characterization

Thermogravimetric characterizations were performed using a Shimadzu TGA-50
apparatus under a nitrogen atmosphere in the temperature range from 25 to 1000 ◦C, at a
heating rate of 10 ◦C/min.

The FTIR spectra were recorded on a Shimadzu IR Prestige 21 spectrometer using the
KBr pellet method. The following operational parameters were used: spectral range of
400–4000 cm−1, 65 scans in transmittance mode and a resolution of 4 cm−1. For pyridine
(Py)-adsorption infrared spectroscopy tests, a KBr pellet (sample and KBr were weighed)
was placed in a closed receptacle containing liquid pyridine (none in direct contact with
the pellet) and a vacuum was formed to obtain pyridine vapor. The system remained
under this condition for 48 h so that pyridine vapor could interact with the acid sites of
the samples. After this procedure, the infrared spectra were acquired at 25 ◦C and after an
increase in temperature of 100, 200 and 300 ◦C.

In all cases, the number of acid sites was evaluated by integrating the area of the
absorption bands related to different acid sites (Bronsted or Lewis) using Equation (1), in
which D = pellet diameter (cm), w = mass of the sample (g), and AB,L = integration of the
Lewis and Bronsted characteristic bands: approximately 1537 cm−1 for Py-Bronsted site and
1445 cm−1 (Py-Lewis site). The coefficient of extinctions of the Py-Bronsted interaction site
and of the Py-Lewis site are 1.67 ± 0.12 cm µmol−1 and 2.22 ± 0.21 cm mol−1, respectively.

qB,L =
(

AB,L·π·D2
)
(4w·EB,L) (1)

X-ray diffraction (DRX) measurements on powder samples, were performed on a
Rigaku Multiflex instrument equipped with nickel filtered Cu K (0.15418 nm) radiation
source and a scintillation counter detector. The data were selected in the range of 2θ from 2
to 80 ◦ at a goniometer speed of 2◦/min and a step of 0.02 ◦ with a counting time of 1 s at
each step. The crystallite sizes were determined by the Scherrer equation (Equation (2)).

Dhkl =
Kλ

β cos(θ)
(2)

The nitrogen physisorption isotherms at 77 K were obtained using a Quantachrome
Nova 2200e Instrument. The specific surface area was determined by the Brunauer–Emmett–
Teller method.

Microscopy images of the samples were obtained using a Hitachi scanning electron
microscope (SEM), model S-3400N (all the samples were previously metalized with gold),
and an FEI Tecnai G2 Spirit TWIN transmission electron microscope (TEM) (120 kV).

3.4. FAME Synthesis and Activity Tests

This canola FAME mixture was obtained by alkaline transesterification of canola
oil following established methodologies [46]. The activity tests for 3%Ru-0.1%Me/HPS,
Me = Co, Ni and Cu consisted of modifications of FAME by hydrogenation, hydroformy-
lation, oxidative cleavage and deoxygenation. The obtained products were analyzed by
FT-IR and 1H/13C NMR.

The hydrogenation methodology was adapted from the literature [47], using a 100 mL
Parr reactor model 4590 HP. Before usage, the Parr reactor was meticulously cleaned
with steel wool and tuned for each mixture’s temperature without the catalysts (canola
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FAME and hydrogen, canola FAME water and hydrogen, etc.), and no pressure fall was
observed. To the reactor were added 10 mL of dry canola FAME and 200 mg of catalyst
(3%Ru-0.1%Ni/HPS). The reactor was purged and pressurized to 20 bar of N2. After the
pressurization, the system was almost totally depressurized and pressurized with H2 to
50 bar. The pressurized system was heated to 250 ◦C and stirred under 500 RPM for 3 h.
Past the reaction time, the system was cooled, quenched by depressurization, the obtained
mixture dissolved in petroleum ether, filtered in alumina and the product dried under
reduced pressure.

For the hydroformylation, two adapted methodologies were applied. First, [48–50], to
a 150 mL autoclave reactor, with glass cup and magnetic stirring, was added 1.76 mL of dry
canola FAME, 168 mg of catalyst (5%Ru/HPS) and 5 mL of dry toluene. The reactor was
purged and pressurized to 20 bar of N2. After the pressurization, the system was almost
totally depressurized and pressurized with CO to 25 bar and H2 to 50 bar. The pressurized
system was heated to 150 ◦C and magnetically stirred for 48 h. Past the reaction time,
the system was cooled, quenched by depressurization, the obtained mixture dissolved in
toluene, filtered in alumina and the product dried under reduced pressure.

Second, hydroformylation methodology was applied, adapted from literature [47],
using a 100 mL Parr reactor model 4590 HP. To the reactor was added 10 mL of dry
canola FAME and 140 mg of catalyst (3%Ru-0.1%Co/HPS). The reactor was purged and
pressurized to 20 bar of N2. After the pressurization, the system was almost totally
depressurized and pressurized with CO to 25 bar and H2 to 50 bar. The pressurized system
was heated to 250 ◦C and stirred under 500 RPM for 4 h. After the reaction time, the system
was cooled, quenched by depressurization, the obtained mixture dissolved in petroleum
ether, filtered in alumina and the product dried under reduced pressure.

The oxidative cleavage methodology was adapted from applications for ruthenium
complexes methodologies found elsewhere [51]. To a glass flask was added 4 mL of canola
FAME, 12 g of sodium periodate, 30 mL of distilled water, 20 mL of acetonitrile, 20 mL of
ethyl acetate and 78 mg of catalyst (3%Ru-0.1%Cu/HPS). The mixture was magnetically
stirred at room temperature for 48 h. After the reaction time, the products were extracted
with petroleum ether, filtered in alumina and dried under reduced pressure.

The deoxygenation methodology was adapted from the literature [52,53] for a 100 mL
Parr reactor model 4590 HP. To the reactor was added 0.7 mL of canola FAME, 10 mL
of mili-Q water and 150 mg of catalyst (3%Ru-0.1%Co/HPS). The reactor was purged
and pressurized to 20 bar of N2. After the pressurization, the system was almost totally
depressurized and pressurized with H2 to 30 bar. The pressurized system was heated to
200 ◦C and stirred under 500 RPM for 8 h. After the reaction time, the system was cooled,
quenched by depressurization, the obtained mixture dissolved in petroleum ether, filtered
in alumina and the product dried under reduced pressure.

The FT-IR were recorded using a Shimadzu IR Prestige 21 spectrometer with an
ATR Miracle cell. The following operational parameters were used: spectral range of
650–4000 cm−1, 32 scans in absorbance mode and a resolution of 4 cm−1. The 1H/ 13C
NMR spectra were obtained from a Bruker 600 MHz NMR spectrometer, equipped with
a broad-band probe Bruker 5 mm (BBFO). Spectrums were obtained for 1H and 13C on
deuterated chloroform, referenced with TMS, using 16 scans for 1H and 2000 scans for 13C
and 5 s delay.

The GC-MS chromatograms were obtained using a Shimadzu GC-MS model QP-
2020. The samples were eluded through a Zebron Phase 0.5 µm thickness × 0.25 mm
diameter × 50 m length. Samples were diluted in hexane (1:10). The column initial
temperature was 60 ◦C, which was maintained for 5 min, and then ramped from 60 ◦C
to 270 ◦C at 2 ◦C min−1. At 270 ◦C, the temperature was maintained for 5 min. The
injection temperature was 280 ◦C, the ion source temperature was 200 ◦C and the interface
temperature was 280 ◦C. The injected volume was 1 µL with a split of 1:100. The helium
analytical grade was used on a flow rate of 0.95 mL min−1.
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The activity quantification method was found in the literature, using the integrated
areas from 1H NMR [54,55]. The Double Bond Number (DBN) was determined using
Equation (3), where B is the unsaturation area over 5.3 ppm and A is the methyl group over
3.6 ppm. The variation of DBN before and after is possible to determine the conversion, as
stated in Equation (4).

DBN =
B
2
A
3

(3)

Conversion(%) =
DBNi −DBNf

DBNi
× 100 (4)

The selectivity values for the hydroformylated samples were calculated using
Equation (5), where C is the aldehyde hydrogen duplet over 7.1 ppm and A is the methyl
group over 3.6 ppm. The yield values for hydroformylated samples were determined using
Equation (6).

Aldehyde selectivity(%) =

C
A
3

DBNi −DBNf
× 100 (5)

Yield(%) =
Conversion× Selectivity

100
(6)

4. Conclusions

Different catalysts based on ruthenium and doped ruthenium supported on the surface
of hypercrosslinked polystyrene were prepared by wet impregnation. The catalysts were
characterized for acidity, morphology, surface area and thermic stability to select possible
applications. Canola FAME was chosen as the substrate due to its major composition of
oleic acid. The catalysts were highly active for hydrogenation, with a conversion of 99%,
and effective on oxidative cleavage reactions, with a conversion of 85%. The catalyst was
also extremely active for deoxygenation reactions, on which double behavior was observed,
simultaneously deoxidizing and hydrogenating the canola FAME with conversions of 99%.
The obtained data stimulates further collaborative studies for optimization using distinct
catalysts and residual fatty substrates at several reaction conditions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13030630/s1, Figure S1. 5%Ru/HPS 100× magnitude
SEM; Figure S2. 5%Ru/HPS 3000×magnitude SEM; Figure S3. 5%Ru/HPS 5000×magnitude SEM;
Figure S4. 5%Ru/HPS 10,000×magnitude SEM; Figure S5. 3%Ru@0.1%Co/HPS 100×magnitude
SEM; Figure S6. 3%Ru@0.1%Co/HPS 3000× magnitude SEM; Figure S7. 3%Ru@0.1%Co/HPS 5000×
magnitude SEM; Figure S8. 3%Ru@0.1%Co/HPS 10,000×magnitude SEM; Figure S9. 3%Ru@0.1%Cu/
HPS 100× magnitude SEM; Figure S10. 3%Ru@0.1%Cu/HPS 3000× magnitude SEM; Figure S11.
3%Ru@0.1%Cu/HPS 5000×magnitude SEM; Figure S12. 3%Ru@0.1%Cu/HPS 10,000×magnitude
SEM; Figure S13. 3%Ru@0.1%Ni/HPS 100× magnitude SEM; Figure S14. 3%Ru@0.1%Ni/HPS
3000× magnitude SEM; Figure S15. 3%Ru@0.1%Ni/HPS 5000× magnitude SEM; Figure S16.
3%Ru@0.1%Ni/
HPS 10,000× magnitude SEM; Figure S17. FT-IR spectrum of canola oil (red) and canola FAME
(black); Figure S18. 1H NMR spectrum of canola FAME in CDCl3; Figure S19. Canola FAME GC-MS
chromatogram; Table S1. List of identified compounds for the canola FAME CG-MS; Figure S20.
Hydroformylated canola FAME GC-MS chromatogram; Table S2. List of identified compounds for
the hydroformylated canola FAME CG-MS; Figure S21. Hydrogenated canola FAME GC-MS chro-
matogram; Table S3. List of identified compounds for the hydroformylated canola FAME CG-MS.,
Figure S22. Oxidized canola FAME GC-MS chromatogram; Table S4. List of identified compounds for
the oxidized canola FAME CG-MS; Figure S23. Deoxygenated canola FAME GC-MS chromatogram.
And Table S5. List of identified compounds for the deoxygenated canola FAME CG-MS.
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Abstract: Tetradecahydrophenazine (14HP) is a nitrogen-containing heterocycle compound with a
high content of hydrogen that can be released during its dehydrogenation to phenazine (P). The
high stability of the 14HP/P pair and relatively low dehydrogenation temperature make 14HP a
promising organic hydrogen carrier. This manuscript is devoted to the investigation of hydrogen
production by 14HP dehydrogenation over Pd supported on a series of magnesium-aluminum oxides
prepared by the aerogel method. This technique made it possible to synthesize catalyst supports
characterized by a high surface area and high concentration of surface active sites where active
transition metals could be stabilized in a finely dispersed state. The synthesized aerogels had high
specific surface areas and pore volumes. A surface area as high as 600 m2/g after calcination at 500 ◦C
was observed for the mixed aerogel with an Mg:Al ratio of 1:4. An increase in the concentration of
acidic electron-acceptor sites determined by EPR on the surface of the mixed magnesium-aluminum
oxide supports with a high surface area prepared by the aerogel method was found to result in higher
hydrogen production due to the faster dehydrogenation of sterically hindered nitrogen-containing
tetradecahydrophenazine heterocycles.

Keywords: hydrogen storage; N-heterocycles; Pd catalysts; acceptorless dehydrogenation; aerogel
supports; porous structure; nitrogen adsorption; surface active sites

1. Introduction

The widespread use of fossil and other carbon-containing fuels has led to a significant
increase in the content of greenhouse gases in the atmosphere [1]. Today, hydrogen, which is
an environmentally friendly and renewable energy source, is considered to be a promising
alternative fuel. Hydrogen has the highest known gravimetric energy density (143 MJ/kg,
which is three times higher than that of gasoline). However, its volumetric energy density
is very low (0.0108 MJ/L, which is 3000 times lower than that of gasoline) [2,3]. This is the
main aspect hindering the widespread introduction of hydrogen energy. The development
of methods for its energy-efficient storage and transportation is an important step in the
progress of hydrogen energy implementation [4].

In the last decade, various methods of H2 accumulation and storage have been
studied. It has been suggested that hydrogen should be stored in compressed [5], cryo-
compressed [6], liquefied [7], and adsorbed states [8], as well as in the form of metal
hydrides [9], complex hydrides [10], and organic hydrogen carriers [2,3,11]. According to
a number of feasibility studies [12,13], the storage and transportation of hydrogen using
organic carriers is currently considered to be one of the most promising technologies.

Since the 2000s, an intensive search for optimal pairs of substrate molecules acting as
organic H2 carriers has been carried out, which would allow one to carry out reversible
catalytic hydrogenation/dehydrogenation reactions with high selectivity at moderate
temperatures [14–16]. In this regard, the optimization of the hydrogen evolution process
(the selection of reaction conditions for dehydrogenation, catalytic systems, and organic
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substrates) is very important, since this high-temperature endothermic process could
be associated with the decomposition of an organic H2 carrier. It has been repeatedly
shown that H2-rich nitrogen-containing heterocyclic molecules are characterized by low
dehydrogenation temperatures (140–250 ◦C) in comparison with those of cycloalkanes
(300–400 ◦C). This fact accounts for the decrease in the decomposition rate of the H2-
rich substrate. In addition, heterocycles are less volatile, ensuring the production of
high-purity hydrogen [17,18]. One of the most promising N-heterocyclic compounds
for hydrogen production is tetradecahydrophenazine (perhydrophenazine, 14HP) [19].
Tetradecahydrophenazine is characterized by a high gravimetric hydrogen capacity, good
thermal stability, and a high purity of the hydrogenation process, and 14HP precursors
can be obtained from the degradation products of lignocellulose [19]. In our recent study,
it was shown that the acceptorless dehydrogenation of 14HP made it possible to achieve
higher rates of hydrogen evolution compared to decahydroquinoline [20]. In that study,
and in the literature on the acceptorless dehydrogenation of N-heterocyclic compounds
in general, Pd-containing systems were shown to be the most efficient catalysts [15,21,22].
Using the dehydrogenation of 12H-NEC as an example, it was shown that the catalytic
activity of Pd was much higher than that of Pt, Ru, and Rh [23]. This result was confirmed
by the study of catalysts containing these metals under identical reaction conditions.

An equally important aspect during the selection of an effective catalyst for the
dehydrogenation of N-heterocycles is the choice of a support for the dispersed metal
particles. One of the most promising approaches for improving the properties of the
supports is the use of the aerogel method for their synthesis [24–27]. The aerogel method
was successfully used for the preparation of V-Mg-containing catalysts for the oxidative
dehydrogenation of propane. This method made it possible to obtain nanocrystalline
samples characterized by a layered structure, high specific surface area, and uniform
distribution of vanadium in the magnesium oxide matrix [28,29]. The aerogel-prepared
two-component catalyst exhibited a high catalytic activity that exceeded the activity of
catalysts previously described in the literature [28]. In addition to their bifunctionality, an
important advantage of aerogel supports is their ability to reduce the active component
loading. It was shown that the use of an aerogel support for Pd/Al2O3 and Rh/Al2O3
made it possible to significantly reduce the loading of noble metals in three-way catalysts
due to the uniform distribution of the metals on the surface [30].

Recent studies have shown that the use of MgAl2O4 as a support improves the prop-
erties of dehydrogenation catalysts. For example, Pd/MgAl2O4 was shown to have high
catalytic activity in the dehydrogenation of dodecahydro-N-ethylcarbazole [31]. This ac-
tivity was explained by the strong interaction between Pd and MgAl2O4, leading to the
stabilization of small particles. It was also noted that the MgAl2O4 spinel suppressed
the sintering of PdO particles during the low-temperature combustion of methane due
to the strong interaction of PdO with the support [32,33]. It was shown that the presence
of a positive charge on the Pd atom promoted the rapid desorption of dehydrogenation
products and made the active sites more accessible [34].

In summary, the development of Pd catalysts supported on mixed Mg-Al-Ox aerogels
for the dehydrogenation of nitrogen-containing heterocycles seems to be promising. In this
case, the aerogel structure of the support provides advanced characteristics of a porous
structure, whereas the MgO addition contributes to the stabilization of the Pd nanoparticles
in the ultrafine state and changes their charge. In the present study, several Mg-Al-Ox
aerogel supports with different compositions were synthesized. The structure of the pre-
pared materials was investigated by various physical methods. The influence of the surface
properties of the mixed aerogel supports on the catalytic properties of these Pd-containing
systems in the dehydrogenation of a potential hydrogen carrier, tetradecahydrophenazine,
was observed.
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2. Results and Discussion
2.1. Characterization of MgAlOx Aerogel Supports and Pd Catalysts Based on Them

Aerogels are porous materials based on gels, wherein the solvent is substituted by a
gas. Typical methods for the synthesis of aerogels are based on a sol–gel process followed
by the drying of the gel under supercritical conditions. Conventional drying results in the
substantial deformation of the gel structure due to the capillary hydrostatic pressure of the
solvent evaporating from the gel pores caused by the surface tension. Under supercritical
conditions, the distinction between the liquid and the gas phases vanishes, resulting in the
almost complete disappearance of the surface tension. As a result, the use of supercritical
conditions during the synthesis of aerogels makes it possible to preserve the original
developed structure of the gel almost intact and synthesize materials with high surface
areas and pore volumes [35–38].

In the first step, one-component Al2O3 and MgO and mixed Mg-Al-Ox supports
with different Mg/Al molar ratios (4:1, 2:1, 1:1, 1:2, and 1:4) were synthesized by the
aerogel method. Pd was deposited on the surface of the synthesized supports using a
previously reported technique [20], which was adapted taking into account the specific
features of the aerogel supports. Absolute ethanol was used as the solvent during the noble
metal deposition to avoid the substantial deterioration of the textural characteristics of
the aerogels in water. Additionally, reduction in hydrogen at 500 ◦C was used instead
of reduction with sodium borohydride, as it secured the complete removal of chloride
ions [39].

The porous structure of the aerogels before and after palladium supporting was
studied by nitrogen adsorption–desorption at 77 K (Figure 1 and Table 1). One can see that
the porous structure depended on both the chemical composition of the initial gel and the
subsequent post-synthetic modification. Indeed, the isotherms of nitrogen adsorption on
the MgO and Pd/MgO samples showed virtually no hysteresis loop formed due to capillary
condensation. On the samples M1A1, M1A2, Pd/M1A1, and Pd/M1A2, this loop was
very narrow (for example, see Figure 1c). Interestingly, on the samples M1A4 and Al2O3,
this loop also was very narrow, while after palladium supporting the form of the loop
changed and became typical of mesoporous samples with cylindrical pores (see Figure 1e).
On the samples M4A1, M2A1, Pd/M4A1, and Pd/M2A1, the hysteresis loop formed due
to capillary condensation was large and visible, as expected for mesoporous materials.
The observed difference in the appearance of hysteresis loops suggested that the pores
in the studied samples had different forms. Slit-like or wedge-like pores should show no
hysteresis loop, whereas cylindrical pores usually demonstrate hysteresis loops of different
forms [40]. Thus, we used the slit-like pore model for the samples that demonstrated a
narrow loop or no hysteresis loop at all. The cylindrical model was used for the samples
that showed a hysteresis loop.

The highest surface area and total pore volume among the synthesized aerogels were
observed on the sample M1A4 (Table 1). This sample also showed the highest total pore
volume among the supports. However, the porous structure of this sample changed after
supporting Pd. The initial wedge-like or slit-like geometry became closer to a cylindrical
geometry. Palladium deposition changed the porous structure of all the samples. Both
the surface area and the total pore volume were reduced, and the maximum pore size
distribution shifted to a larger value. The extent of these changes depended on the chemical
composition of the aerogel sample. The MgO and Pd/MgO samples showed the most
drastic transformation: the surface area decreased from 220 m2/g to 70 m2/g, and the
maximum pore size distribution increased from 9.4 nm to 34 nm. The pore structure
comprised different wedge-like and slit-like pores (Figure 1b). Most probably, these pores
appeared between parallel or almost parallel platelets and crystals in this oxide. As one can
see from the cumulative pore volume curves, after Pd deposition involving the dispersion
of the precursor materials in liquid ethanol followed by calcination, the smallest pores
disappeared due to the cohesion and sintering of the platelets after capillary contraction in
solution. Larger pores could be retained after such treatment.
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Figure 1. Nitrogen adsorption–desorption isotherms (a,c,e) and pore size distribution (b,d,f) on
aerogel-prepared MgO (a,b), M1A2 (c,d), and Al2O3 (e,f) before and after supporting Pd. The
differential pore size dV/dW distributions are given by closed symbols, the cumulative volume pore
size distributions are given with open symbols. The Broekhoff–de Boer model was used for slit-like
pores in MgO, Pd/MgO, M1A2, Pd/M1A2, and Al2O3 and for cylindrical pores in Pd/Al2O3; the
regularization factor was 0.1.

Samples M4A1 and M2A1 showed a large hysteresis loop that could be attributed
to the fact that the pores in these materials were formed by contact between particles of
mixed oxides with large cavities and channels. After Pd deposition, the pore structure
was mostly preserved, with the disappearance of the smallest pores to some extent. In the
mixed oxides with a higher aluminum content close to that of spinel MgAl2O4, the pores
were almost wedge-like or slit-like. The smallest pore size estimated as the maximum of
the pore size distribution among the supports and catalysts was obtained for the samples
M1A1 and Pd/M1A1, respectively. One could suggest that the cohesion and sintering
capability after calcination was lower for this sample than for the others. The increase in
the aluminum content made it possible to produce materials with a higher surface area (see
samples M1A2 and M1A4, Table 1) and different pore structures, which became mostly
cylindrical after supporting Pd (sample M1A4). In agreement with our expectations, the
higher aluminum content brought the properties of the sample closer to those of pure
alumina, which showed slit-like pores in its pristine form and the cylindrical pores after
supporting Pd (sample Al2O3, Table 1).

To determine the phase composition of the synthesized systems, we performed an
XRD analysis of the Pd/MgO, Pd/Al2O3, and Pd/M1A2 catalysts. According to the XRD
data, only the pure MgO system was well-crystallized (Figure 2, 111, 200, 220). Aerogel-
prepared MgO samples calcined at 500 ◦C are known to consist of MgO nanoparticles with
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average dimensions of 4–5 nm [41]. In the mixed oxide, the peaks were shifted to larger
angles in comparison with MgO. This meant that the lattice parameter was smaller than in
pure MgO, due to the smaller radius of Al3+ cations compared to Mg2+. Furthermore, the
mixed oxide contained cationic vacancies to compensate for the extra charge of the Al3+

cations. No peaks attributable to the MgAl2O4 spinel phase were observed in the XRD
pattern of M1A2.

Table 1. Characteristics of the porous structure in aerogel-prepared supports and catalysts determined
by nitrogen adsorption.

Sample SSA, m2/g Vpore, cm3/g Pore Size 1, nm Dav, nm

Supports
MgO 220 1.2 9.4 2 21
M4A1 415 1.6 12 3 15
M2A1 495 1.5 8.0 3 12
M1A1 535 1.4 3.3 2 11
M1A2 570 2.0 4.5 2 14
M1A4 600 2.3 5.2 2 15
Al2O3 545 2.3 3.8 2 17

Catalysts 1 wt% Pd
Pd/MgO 70 0.7 34 2 40
Pd/M4A1 310 1.6 16 3 20
Pd/M2A1 345 1.2 9.6 3 14
Pd/M1A1 340 1.4 5.1 2 17
Pd/M1A2 410 2.1 7.1 2 21
Pd/M1A4 445 1.9 14 3 17
Pd/Al2O3 435 2.1 17 3 19

1 The maximum of the differential pore size distribution dV/dW, where V is the pore volume and W is the pore
width for slit-like pores or the pore diameter for cylindrical pores. 2 Slit-like pores were assumed, and the pore
size indicates the pore width. 3 Cylindrical pores were assumed, and the pore size indicates the pore diameter.

Figure 2. XRD diffractograms of MgO, M1A2, and Al2O3 aerogels.

The Pd/MgO, Pd/Al2O3, and Pd/M1A2 catalysts were studied by transmission
electron microscopy. The TEM micrographs and EDX mapping of the studied catalysts are
presented in Figure 3. According to the obtained data, the Pd/Al2O3 structure consisted of
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particles with a flake morphology forming a network. The catalyst-supported magnesium
oxide aerogel (Pd/MgO) had a lamellar structure, which was presumably formed as a
result of heat treatment during the support preparation step.

Figure 3. HR-TEM images of aerogel catalysts Pd/MgO (a,b), Pd/Al2O3 (c,d), Pd/M1A2 (e), and
EDX of Pd/M1A2 (f).

Clusters of palladium nanoparticles about 1 nm in size and particles in the range of 2
to 26 nm with a maximum size of about 10 nm were observed on the MgO surface. The
particle size of the palladium on the surface of Al2O3 was in the range of 2–20, with a
maximum of about 6 nm. The diameter of the Pd nanoparticles on the mixed oxide M1A2
varied from 2 to 16 nm, with a maximum distribution of about 4 nm. According to the
mapping data, Pd was deposited evenly on the surface of the support, whereas Al2O3 and
MgO were uniformly mixed with each other.
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To determine the possible effect of the support composition on the electronic properties
of the supported palladium, the Pd/Al2O3 and Pd/M1A2 catalysts were studied by XPS.
Core-level photoelectron peaks corresponding to Pd3d5/2 (335.1 eV), O1s (531.3 eV), C1s
(284.6 eV), and Al2p (74.5 eV) were observed in the survey spectra of both catalysts. In
addition, a peak at 50.9 eV corresponding to Mg2p was observed for Pd/M1A2. The Pd3d
core-level spectra of the studied samples are shown in Figure 4. The spectra are described
well by the Pd3d5/2-Pd3d3/2 doublet with a 3:2 intensity ratio. The binding energy of the
Pd3d5/2 peak was 335.1 eV for both samples. This value is in an excellent agreement with
the literature data for palladium in the metal state (335.0–335.2 eV) [42,43]. Thus, it was
demonstrated that palladium was in the Pd0 state on the surface of both catalysts, and the
presence of basic sites associated with Mg did not have a significant effect on the electronic
state of Pd. The ratios of the atomic concentrations of Pd/Al and Pd/(Al+Mg) in the
near-surface catalyst layer were similar for both samples and equal to 0.0038 and 0.0035 for
Pd/Al2O3 and Pd/M1A2, respectively. These values were close to the theoretical value of
0.005 corresponding to 1 wt.% Pd.

Figure 4. Core-level Pd3d XPS spectra of Pd/Al2O3 and Pd/M1A2 catalysts. The spectra were
normalized to the integral intensity of the core-level Al2p peaks corresponding to the spectrum
of Al2O3.

A series of palladium-containing catalysts were studied by CO pulse chemisorption.
This method provided information on the average size of the supported metal species in
terms of dispersity determined from CO adsorption data (DCO, %; Table 2). According to
the obtained results, the presence of Mg in the support favored the preservation of good
Pd dispersity after reduction at 500 ◦C. Presumably, this resulted from the stabilization
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of the palladium nanoparticles on basic surface sites of the Mg-Al-Ox supports, in good
agreement with the literature data [31–33].

Table 2. Dispersity of supported palladium determined by CO chemisorption and concentrations of
electron-donor and electron-acceptor sites on the surface of the aerogel-prepared supports.

Aerogel
Supports

Pd Dispersion by CO
Chemisorption (DCO), %

Active Site Concentration, 1018 g−1

1,3,5-Trinitrobenzene
(Electron-Donor Sites)

Phenothiazine
(Electron-Acceptor Sites)

MgO 46 2.4 3.2
M4A1 50 2.4 2.4
M2A1 54 1.8 3.7
M1A1 54 1.1 4.4
M1A2 55 1.2 7.5
M1A4 49 0.7 9.6
Al2O3 33 0.6 16.8

Electron paramagnetic resonance (EPR) spectroscopy with the use of spin probes
makes it possible to study various active sites on the surface of catalysts and sorbents and
their role in chemical and catalytic reactions. This method was successfully used for the
characterization of electron-acceptor sites, which are capable of abstracting electrons from
aromatic probe molecules, and electron-donor sites, which are capable of donating electrons
to aromatic nitro compounds [44–49]. As discussed in detail in the cited publications,
electron-acceptor sites on metal oxides accounting for the formation of radical cations are
associated with strong acid sites, most likely Bronsted. The presence of various metal
cations has little or no positive effect. Meanwhile, the electron-donor sites responsible for
the opposite process seem to be related to basic sites.

Both probe molecules had one nitrogen atom. Thus, the EPR spectra of the ion radicals
formed after their adsorption on the active sites were characterized as three-component
spectra with hyperfine splitting on the nitrogen atom (Figure 5). The spectra observed after
the adsorption of 1,3,5-trinitrobenzene (TNB) on the aerogel supports (Figure 5a) were
similar to the previously reported spectra of TNB radical anions on the Al2O3 surface [42].
They were characterized by a triplet EPR signal with frozen rotation with g = 2.005 and a
hyperfine splitting constant AZZ of about 28 G, which did not depend much on the Mg:Al
ratio. This result indicates that electron-donor sites donating a single electron to the TNB
molecule, similar to those present on the Al2O3 surface, existed on the surface of all studied
aerogel samples. Previously, such sites were shown to stabilize palladium deposited
on the Al2O3 surface in a finely dispersed state with high CO oxidation activity [50].
The concentration of strong electron-donor sites revealed immediately after the probe
adsorption generally grew with the increase in the Mg concentration in the sample (Table 2).
This was quite natural because the increase in the Mg:Al ratio was expected to lead to an
increase in the sample basicity. The highest concentration (2.4 × 1018 g−1) was observed on
M4A1 and on pure MgO, which had a substantially lower surface area. The concentration
of such sites on the Al2O3 aerogel was approximately four times lower.

The ionization potential of phenothiazine is 6.8 eV, making it a good probe for the
investigation of weak electron-acceptor sites capable of abstracting an electron from phe-
nothiazine and stabilizing its radical cation on the surface [48,49,51]. A triplet EPR signal
with hyperfine splitting on the nitrogen atom AZZ of about 18 G was observed after phenoth-
iazine adsorption on all the studied samples. This corresponded to adsorbed phenothiazine
radical cations. The concentration of such acidic sites decreased with an increase in the
Mg:Al ratio, which made the sample more basic and less acidic. The highest concentration
of electron-acceptor sites was observed on the Al2O3 aerogel: 16.8 × 1018 g−1 (Table 2). The
M4A1 sample was characterized by the lowest concentration of such sites 2.4 × 1018 g−1,
which was even lower than on the MgO surface.
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Figure 5. EPR spectra observed after adsorption on 1,3,5-trinitrobenzene (a) and phenothiazine (b)
on the studied aerogel supports.

Thus, electron-donor and electron-acceptor sites were present on the surface of all
the studied aerogel supports. The observed trends were in a good agreement with the
expected increase in the material basicity with the growth of the Mg:Al ratio. Its growth
led to an increase in the concentration of basic electron-donor sites and a decrease in the
concentration of acidic electron-acceptor sites.

Overall, it was shown that the mixed oxide samples had a high surface area, a high
concentration of electron-donor sites where Pd could be stabilized in a finely dispersed
active state, and a low concentration of electron-acceptor sites that might lead to unwanted
transformations of organic molecules initiated by their acid properties. In the next stage,
the catalytic activity of the synthesized materials was studied to determine the optimal
Mg:Al ratio.

2.2. Investigation of the Catalytic Activity of Aerogel-Supported Pd Catalysts

The catalytic activity of Pd/Mg-Al-Ox catalysts was studied in the dehydrogenation
of tetradecahydrophenazine (14HP) using tetraglyme as the solvent. A solvent had to be
used because both the reagent 14HP and the reaction product phenazine (P) are solid at
the dehydrogenation temperature of 240 ◦C. In our previous publication [20], the effect of
the solvent on 14HP dehydrogenation was studied for 1 wt% Pd/γ-Al2O3 catalyst. Polar
tetraglyme with a high boiling temperature was shown to be the most preferable solvent.
The main parameter characterizing the catalytic activity was the hydrogen yield relative
to the maximum theoretically possible hydrogen release (YH2, %). This characterizes the
depth of 14HP conversion to dehydrogenation products. In addition, the concentrations of
side products 5-methyl-5,10-dihydrophenazine and 5,10-dimethyl-5,10- dihydrophenazine
were determined using gas chromatography (YMP, %). The formation of these compounds
is related to partial tetraglyme decomposition over the surface acid sites of the support
followed by the methylation of the nitrogen atom in phenazine.
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The analysis of the reaction mixture probes taken at intermediate dehydrogenation
times (10, 20, and 30 min) revealed significant differences in the reaction routes of dehydro-
genation between the catalysts containing MgO and the catalysts based on Al2O3. Typical
chromatograms of the reaction mixture probes taken after 30 min of dehydrogenation over
Pd/M1A2 and Pd/Al2O3 are shown in Figure 6. 1,2,3,4,4a,5,10,10a-octahydrophenazine
(8HPc) was registered as an intermediate over Pd/M1A2, whereas the reaction mixture
composition over Pd/Al2O3 was similar to that observed previously over Pd/Pural-550
prepared using a commercial Al2O3 support [20].

Figure 6. Typical chromatograms of the reaction mixture probes taken after 30 min of 14HP dehydro-
genation over Pd/M1A2 and Pd/Al2O3.

As was shown previously [20], hydrogen release over Pd/Al2O3 begins from the
side ring, despite the fact that the dehydrogenation of the central ring in 14HP is more
thermodynamically favorable. This reaction route is apparently related to sterical problems
for hydrogen release from the central ring in 14HP. For catalysts containing MgO, the
hydrogen release began from the dehydrogenation of the central ring (Figure 7). As was
shown above, the electronic state of Pd was the same in Pd/Al2O3 and Pd/M1A2 and
corresponded to palladium metal (Figure 4). The average Pd particle size was also very
similar (Figure 3). Thus, the presence of basic sites in the supports containing Mg affected
the reaction pathway. Apparently, basic sites related to Mg can relieve some of the sterical
hindrance, opening up a more thermodynamically favorable pathway [20].
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Figure 7. Differences in reaction routes of 14HP dehydrogenation over acidic and basic catalysts (a),
and suggested reaction mechanisms over Pd/Al2O3 (b) and Pd/Mg-Al-Ox (c).

These observations were in a good agreement with previously obtained results show-
ing that the basic sites of the support in addition to the noble metal play an important role
in the hydrogenation and dehydrogenation of nitrogen-containing heterocycles [52–56].
When MgO was used as the support [54], the presence of strong basic sites (surface oxygen
atoms) altered the mechanism of quinoline hydrogenation.

Based on the GC data and the previously reported results [50–54], the following reac-
tion mechanisms were suggested for the first stage of 14HP dehydrogenation (Figure 7b,c).
According to the proposed mechanisms, dehydrogenation over Pd/Al2O3 occurs in one
stage via the abstraction of two hydrogen atoms by a Pd nanoparticle (Figure 7b). In this
case, both hydrogen atoms must be oriented in roughly the same direction towards the
Pd nanoparticle, which is apparently possible only for the side ring due to the sterical
problems. Over supports containing Mg, strong basic sites can participate in the hydrogen
abstraction (Figure 7c). In this case, one hydrogen atom is initially abstracted by a basic
site, whereas the second atom is taken by a Pd nanoparticle in the following step. Thus,
the sterical problems are removed, and the dehydrogenation process can follow the most
energetically favorable pathway. In both cases, the eventual coupling of the hydrogen
atoms yields molecular hydrogen.

Note that the reaction pathway “Path A” observed over mixed oxide supports is
preferable, because 5,10-dihydrophenazine (2HP) is one of intermediates in “Path B”; 2HP
is more stable in the desired dehydrogenation reaction and can be accumulated in the
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reaction mixture. Furthermore, it is easily methylated to form methylphenazines (MP) as
side products.

Figure 8 illustrates the effect of the support on the catalytic properties. Catalysts
containing 1 wt% Pd deposited on aerogel-prepared MgO; Al2O3 oxide supports; mixed
oxides (M4A1, M2A1, M1A1, M1A2, and M1A4); and a γ-Al2O3 support from commercial
Pural SB were studied under identical conditions. Hydrogen was not released when the
dehydrogenation experiment was carried out in the absence of the catalyst or when the
reaction was performed using pristine supports without Pd. Despite the fact that slightly
poorer Pd dispersion was observed according to the CO chemisorption data over the
aerogel supports (DCO = 33–55%) in comparison with 1 wt% Pd/γ-Al2O3 (DCO = 59%),
their activity in 14HP dehydrogenation was significantly higher (Figure 8). The highest
hydrogen production yield (YH2 83%) was observed for the catalysts using the mixed
aerogel M1A2 as the support.

Figure 8. Effect of the support on the catalytic properties of catalysts containing 1 wt% Pd in 14HP
dehydrogenation. YH2 is the hydrogen yield, % of the theoretical maximum; YMP is the yield of
methylphenazines, %.

The observed dependence of YH2 on the composition of the support was presumably
determined by a number of factors. In addition to a high surface area, the most efficient
supports (M1A1, M1A, and M1A4), which contained magnesium, were characterized by
significant concentrations of basic electron-donor sites (0.7–1.2·1018 g−1, Table 2). These
sites accounted for the efficient stabilization of the palladium nanoparticles. Additionally,
their presence altered the mechanism of 14HP dehydrogenation, favoring the formation
of 8HPn. Overall, this led to the higher efficiency of the dehydrogenation process and
accelerated hydrogen production. Based on the catalytic activity data, Pd/M1A2 was
characterized by an optimal combination of the surface area and concentration of basic sites.
According to the XRF data, the Pd concentration in the Pd/M1A2 sample after the catalytic
reaction was similar to that observed for the fresh catalyst. The recycled catalyst was
studied again in the catalytic reaction. Its catalytic activity was preserved after recycling,
remaining within the experimental error limits.

Meanwhile, the concentration of side products resulting from methylation (YMP) also
substantially depended on the support used. An increase in the concentration of acidic
electron-acceptor sites (Table 2) as well a surface area increase intensified the solvent
decomposition reaction, resulting in an increased concentration of the methylation side
products in the reaction mixture. Thus, the 1 wt% Pd/M2A1, Pd/M1A1, and Pd/M1A2
catalysts produced using aerogel-prepared mixed oxide supports were the most promising
for 14HP dehydrogenation in the presence of tetraglyme, as they demonstrated both good
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tetraglyme stability and a high hydrogen production rate. The hydrogen evolution rate
observed in this study was compared with the literature data (Table 3).

Table 3. Comparison of the hydrogen evolution rate observed in this study with the literature data.

Catalyst Reactant Reaction Conditions H2 Evolution Rate
(mmol gMet−1 min−1) Ref.

Pd2Ru@SiCN 14HP

2 mmol 14HP, 70 mg
Pd2Ru@SiCN (0.36 mol. %

active metal), 190 ◦C,
0.75 mL diglyme, 24 h.

39.31 [19]

Ir
complexes
(Homog.)

2,6-dimethyldecahydro-
1,5-naphthyridine

0.25 mmol of reactant and
the catalyst under reflux in
p-xylene for 20 h, 138 ◦C,

5 mol% of Ir.

0.43 [57]

1 wt%
Pd/γ-Al2O3

decahydroquinoline
10.83 mmol of reactant,

230 ◦C, 4 h,
M/R = 0.1 mol%.

62 [58]

1 wt%
Pd/C

2-[(n-methylcyclohexyl)-
methyl]piperidine

(MBP)

7.732 mmol of H12-MBP,
M/R = 0.1 mol%,

270 ◦C, 4 h.
237 [59]

Pd/3.3CCA
7.732 mmol of H12-MBP,

M/R = 0.1 mol%,
250 ◦C, 4 h.

168 [60]

3PdA
7.732 mmol of H12-MBP,

270 ◦C, 4 h,
M/R = 0.59 mol%.

27.5 [61]

MPdA600_5h
7.3 mmol of reactant, M/R

ratio of 0.1 mol%, and
250 ◦C for 4 h.

16.69 [62]

1 wt%
Pd/Mg-Al-Ox 14HP

1 mmol 14HP in tetraglyme
(3 mL), 240 ◦C, 45 min,

50 mg of catalyst.
252 This study

In the literature, there are very few examples of the catalytic dehydrogenation of
perhydro-N-heterocycles consisting of six-membered rings. Meanwhile, this type of N-
containing heterocycle is characterized by a high content of hydrogen that could be released.
In addition, nitrogen-containing six-membered rings have higher stability with respect to
ring opening due to hydrodenitrogenation compared to five-membered rings [63,64].

3. Materials and Methods
3.1. Catalyst Preparation

Aerogel-prepared magnesium oxide was synthesized according to a procedure adapted
from the method pioneered by Klabunde et al. [65]. First, magnesium metal ribbon (1.2 g)
was subjected to a reaction with methanol (75 mL). Then, 150 mL toluene was added to
the reaction medium. The formed magnesium methoxide was hydrolyzed with a stoi-
chiometric amount of distilled water (1.8 mL). The solvents (methanol and toluene) were
purchased from J.T. Baker (Phillipsburg, NJ, USA) and Baza1R JSC (Staraya Kupavna,
Russia), respectively. All the materials were used as received.

For the synthesis of aluminum oxide according to the earlier developed method [66],
6 g of aluminum isopropoxide (Alfa Aesar, Ward Hill, MA, USA) was dissolved in a mixture
of 75 mL methanol and 150 mL toluene. Next, hydrolysis was carried out with 1.6 mL of
distilled water.

For the synthesis of mixed oxide aerogels, first, magnesium metal ribbon was subjected
to a reaction with methanol excess (75 mL). Then, aluminum isopropoxide and 150 mL
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toluene were added to the reaction mixture. The masses of magnesium metal and aluminum
isopropoxide were chosen so that their molar ratios were 1:4; 1:2; 1:1; 2:1; and 4:1. After
the mixture was stirred for 1 h, it was subjected to hydrolysis with a stoichiometric ratio of
distilled water.

After the addition of water for hydrolysis, each resulting gel was stirred for 16 h. Then,
it was placed in a 500 mL autoclave (Amar, Mumbai, India), in which it was heated for
3 h to 270 ◦C. The final pressure in the autoclave was 80–95 atm. Then, the gas from the
autoclave was slowly released at 270 ◦C, and the autoclave was purged with argon for
5 min. Each synthesized aerogel sample was additionally calcined in air at 500 ◦C for 3 h at
a heating rate of 100 ◦C/h. The synthesized samples of the mixed oxides were designated
as MXAY, where X and Y are the amounts of Mg and Al corresponding to their molar ratio.

For the synthesis of 1 wt% Pd/Mg-Al-Ox catalysts, the adsorption precipitation tech-
nique was used with H2[PdCl4] as the precursor of the active component. Applying this
method, 1 g of the support was dispersed in 20 mL of an EDTA solution (56 mg) in ethanol
using a magnetic stirrer (600 rpm). Then, liquid H2[PdCl4] precursor at the required con-
centration was added dropwise and stirred for one hour (600 rpm). The resulting samples
were filtered, washed with ethanol, dried at 120 ◦C, and calcined at 500 ◦C. Then, the
obtained catalysts were reduced in the hydrogen flow at 500 ◦C for 1 h with a H2 flow rate
of 100 mL/min.

In addition, 1 wt% Pd/γ-Al2O3 catalyst prepared using the commercial precursor
Pural SB-1 (Sasol, Hamburg, Germany) according to a previously reported procedure [20]
was used for comparison.

3.2. Catalyst Characterization

X-ray diffraction patterns of the samples were recorded in the range 2θ 15–75◦ with
a step of 0.05◦ and an accumulation time of 3 s using a Bruker D8 diffractometer with
CuKα radiation (λ = 1.5418 A) (Bruker AXS GmbH, Karlsruhe, Germany). The dispersion
of metal particles and the microstructure of the catalysts were studied by transmission
electron microscopy. The images were acquired with a JEM-2010 (JEOL Ltd., Tokyo, Japan)
operating at an accelerating voltage of 200 kV and a resolution of 0.14 nm. The device was
equipped with an energy dispersive X-ray (EDX) spectrometer XFlash (Bruker AXS GmbH,
Karlsruhe, Germany) with an energy resolution of 130 eV.

The Pd concentration in the fresh and exhaust catalysts was determined using an ARL
Advant’X 2247 X-ray fluorescence spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA).

The porous structure was studied by nitrogen adsorption–desorption at 77 K. The
isotherms were measured by means of an automatic adsorption analyzer ASAP-2400
(Micromeritics Corp., Norcross, GA, USA). Before the measurements, all samples were
degassed in a vacuum of less than 1 Pa at 150 ◦C for 16 h. All calculations were performed
using ASAP 2020 Plus ver. 2.00 software. The desorption branch of the isotherms was used
for the calculation of pore size distributions.

The XPS measurements were carried out using a photoelectron spectrometer (SPECS
Surface Nano Analysis GmbH, Germany) equipped with a PHOIBOS-150 hemispherical
electron energy analyzer and an XR-50 X-ray source with a double Al/Mg anode. The
core-level spectra were obtained using AlKα radiation (hν = 1486.6 eV) under ultrahigh
vacuum conditions. The binding energy (Eb) of the photoemission peaks was corrected to
the Al2p peak (Eb = 74.5 eV) of alumina [67,68]. The curve fitting was carried out using
CasaXPS software [69].

Active sites on the surface of the obtained materials were studied by electron paramag-
netic resonance using 1,3,5-trinitrobenzene (TNB) and phenothiazine as spin probes. Before
the adsorption of the spin probes, the samples were activated by heating in air at 500 ◦C for
3 h. The probes were adsorbed from their 2 × 10−2 M solutions in toluene. EPR spectra
were recorded at room temperature with an ERS-221 spectrometer (Center of Scientific
Instruments Engineering, Leipzig, Germany).
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CO chemisorption was measured in a pulsed mode using a Chemosorb analyzer (MBE,
Novosibirsk, Russia) equipped with a thermal conductivity detector. The catalyst (50 mg)
was loaded into a U-shaped quartz reactor and treated with an H2 flow (100 mL/min) at 20
and 100 ◦C with a heating rate of 10 ◦C/min. The reactor was kept at the final temperature
for 20 min, then purged with argon and cooled to room temperature. After cooling, CO
pulses (0.1 cm3) were injected into the reactor until the sample was saturated, and the
amount of chemisorbed CO was estimated.

3.3. Tetradecahydrophenzine Dehydrogenation

Tetradecahydrophenazine was synthesized from a commercially available phenazine
substrate (Sigma Aldrich, St. Louis, MO, USA) according to the previously described
method [20]. The 1H-NMR and GC-MS methods were used to confirm the purity of the
obtained heterocyclic substrate (higher than 99.7%).

To study tetradecahydrophenazine dehydrogenation, a reaction setup similar to that
described previously [20] was used. In a standard test of the catalytic activity, the catalyst
(50 mg) and a suspension of 1 mmol tetradecahydrophenazine in tetraglyme (3 mL) (Acros
Organics, Geel, Belgium) were loaded into the reactor. The system was purged with argon
(20 mL/min, 5 min, room temperature), and the reactor was sealed and connected to
a weight analysis line. Next, the reaction mixture was heated to 240 ◦C with stirring
(500 rpm) for 15 min (0–900 s), and the dehydrogenation reaction was carried out for
45 min (900–3600 s) before the reactor was removed from the heating zone. The error
of the weighing system (i.e., comparison with data on the volume of released gas) was
estimated as ±2 mL H2. When tetraglyme (3 mL) was used as a solvent, the increase in the
gas volume in the reactor due to thermal expansion (up to 240 ◦C) was estimated as 19 ±
1 mL. Reaction mixture probes were taken at the end of the reaction and at intermediate
dehydrogenation times (10, 20, and 30 min). Then, the selected aliquot of the reaction
mixture was separated from the catalyst particles by centrifugation and analyzed by the
GC method.

The GC analysis was performed using an Agilent-7890A gas chromatograph (Santa
Clara, CA, USA) equipped with a ZB-5HT column. A catalytic experiment using a recycled
catalyst was performed using the same procedure after washing the catalyst from the first
experiment with acetone and drying in the argon flow at 50 ◦C for 1 h.

The hydrogen yield characterizing the depth of dehydrogenation was calculated
as follows:

YH2 = YP +
6Y2HP

7
+

5Y4HP

7
+

3Y8HPc

7
+

3Y8HPn

7
where Y is the molar fractions of the product (YP) and intermediates (Y2HP, Y4HP, Y8HPn,
Y8HPc) obtained by gas chromatography. The dehydrogenation selectivity was estimated
from the total yield of methylphenazines (YMP, %), i.e., the sum of the yields of 5-methyl-
5,10-dihydrophenazine and 5,10-dimethyl-5,10-dihydrophenazine.

4. Conclusions

Mixed magnesium-aluminum oxide supports with different Mg:Al ratios (Mg:Al =
4:1, 2:1, 1:1, 1:2, 1:4) as well as pristine MgO and Al2O3 were synthesized by the aerogel
method with high-temperature autoclave drying. The structure and properties of the
synthesized aerogel samples were studied by a number of physical methods (nitrogen
adsorption, XRD, HRTEM, EPR, and CO chemisorption). All the synthesized aerogels
were characterized by high specific surface areas and pore volumes. Surface areas as high
as 600 m2/g after calcination at 500 ◦C were observed for M1A4. Electron-donor and
electron-acceptor sites were observed on the surface of all the studied aerogel supports. An
increase in the Mg concentration in the aerogels led to an increase in the concentration of
basic electron-donor sites and a decrease in the concentration of acidic electron-acceptor
sites. Catalysts containing 1 wt% Pd were prepared by palladium deposition from ethanol
solution on the synthesized aerogel supports. The presence of surface active sites provided
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for Pd stabilization in a finely dispersed state with a nanoparticle size of about 5 nm and
a narrow particle size distribution. It was demonstrated that the high dispersity of the
supported metal and the high surface area of the supports had a favorable effect on the
catalytic activity in the acceptorless dehydrogenation of tetradecahydrophenazine, leading
to a high reaction rate. The promotion of the basic properties by the addition of magne-
sium to alumina was shown to change the tetradecahydrophenazine dehydrogenation
mechanism, making it possible to start the process from the central ring of the heterocycle.
The application of tetradecahydrophenazine as the hydrogen source required the use of a
solvent such as tetraglyme. The use of catalysts with a low concentration of acidic electron-
acceptor sites made it possible to suppress tetraglyme decomposition to form side products
(methylphenazines). Overall, 1wt% Pd/M2A1, Pd/M1A1, Pd/M1A2 catalysts prepared
with mixed oxide aerogel supports were found to be the most efficient catalysts for the
acceptorless dehydrogenation of tetradecahydrophenazine.
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Abstract: Pure and mixed oxides were synthesized using three methods, namely, coprecipitation,
hydrothermal treatment using CTAB and Pechini treatment using glycerol, and investigated for
the transformation of fructose, aiming to determine the influence of textural, structural, and acid-
base properties on conversion and selectivity. All systems led to fructose conversion in an aqueous
medium, and the factors that influenced the transformation were the textural and structural properties,
as well as the number of acid sites present in the catalysts. The best conversions were observed
using mixed oxides, highlighting SnNb (CTAB) and SnNb (GLY), showing the importance of the
modulation of properties using the synthesis method. All systems were selective mainly for 5-HMF
(5-hydroxymethylfurfural) and, to a lesser extent, for the products of the retro-aldolic route, and this
selectivity was preserved, regardless of the catalytic system used.

Keywords: biomass; biorefinery; fructose; mixed oxide; tin; niobium

1. Introduction

The dependence of society on fossil sources to produce chemicals and energy has
generated several environmental and economic concerns, and research has been intensified
to establish environmentally friendly alternatives [1,2]. Renewable biomass, in particular
carbohydrates, is an excellent candidate for use as a raw material that facilitates the
transition from the fossil industry to biorefineries, since it is abundant, presents excellent
cost-effectiveness and constitutes a promising starting material for obtaining a wide range
of products of great industrial interest, many of which are considered commodities [3,4].

Among carbohydrates, fructose is considered an important chemical platform to
produce chemical inputs such as glucose, 5-hydroxymethylfurfural (5-HMF), glyceralde-
hyde, pyruvaldehyde, lactic acid, dihydroxyacetone, formic acid, acetic acid and levulinic
acid [5–8]. Thus, the search for active catalytic systems in the conversion of fructose
has been growing, and it is worth mentioning that the nature of the catalysts directs
the routes in the transformation of sugars, thereby improving the conversion results of
these pathways [9,10].

The reactions conducted in the presence of homogeneous catalytic systems are more
selective and efficient than those conducted in heterogeneous systems [11]. However, the
disadvantages related to equipment corrosion, difficulty in separating the final product and
limitations during recycling and reuse of the catalyst [11,12] drive the quest for efficient
heterogeneous catalysts that are easy to separate and reuse.

Among them, metal oxides have attracted great attention as attractive solid catalysts
for biomass conversion, since they have unique properties such as thermal and chemical
stability, typically having a dual character due to the presence of Lewis and Brønsted
acid sites [11–13]. Despite some promising results with the use of monometallic oxides,
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the strategy of synthesizing mixed oxides aims to modulate the textural and chemical
properties of the system by strengthening the thermal and chemical stability. One example
is based on reports of the use of tin oxide and niobium in biorefinery processes [14–19].

The weak Lewis-acidity of the tin species was considered a determining factor in
the isomerization reaction [20]. The use of sulfated tin oxide prepared by hydrothermal
synthesis applied in the esterification of levulinic acid was also reported, and the results
showed that the chemical structure and catalytic performance of these sulfated materials
strongly depend on the treatment of nanoparticles before the sulfate procedure [21]. Studies
of mesoporous tin oxides applied in the acetalization of glycerol under solvent-free condi-
tions demonstrated that the activity is intrinsically related to the structure and acidity of
these systems [22].

Niobium oxide has a wide range of applications in various industrial sectors [19], and
studies have shown its catalytic potential, with high selectivity to 5-HMF (5-hydroxyme-
thylfurfural) due to its high Bronsted-acidity [19]. Other work reported that its acidic
properties are essential for the conversion of glucose into levulinic acid [23].

Considering all the properties of the pure oxides mentioned above, it is assumed that
the mixed oxides of these materials can represent interesting systems in the field of biomass
transformation, as they constitute new materials with physicochemical characteristics
and particular catalytic properties compared to pure oxides. It is important to note that
these properties can be modulated through different synthesis methods with controlled
morphologies, particle sizes, crystalline structures and amounts/natures of acidic sites. In
the case of a synthetic approach, it is necessary to apply a simple method that can result in
materials with adequate catalytic efficiency.

In a recent study by our research group, pure and mixed oxides based on tin and
niobium were synthesized using the Pechini method. In this case, the possibility of
using glycerol instead of ethylene glycol in the esterification step was demonstrated,
thus generating materials with excellent properties, which were obtained via a greener
synthesis-process [24].

In this work, aiming to expand the information available on the influence of the syn-
thesis methodology on the properties of this type of material, coprecipitation, surfactant-
modeled-hydrothermal (CTAB) and Pechini (using glycerol) methods were used. Comple-
mentarily, a study was carried out to determine the influence of their textural, structural,
and acid-base properties on the transformation of fructose. According to the research car-
ried out, this is the first time that oxides based on tin and niobium have been synthesized
by different methods and applied in this reaction.

2. Results and Discussion

Catalytic systems based on tin and niobium oxides were obtained by (co)precipitation,
modeled by the CTAB template and by the Pechini method, using glycerol as the polyol [24].
Such systems were characterized and investigated in the conversion of fructose, aiming to
determine how their properties drive this reaction.

2.1. Characterization of the Catalysts

Initially, for the mixed oxides, the amount of niobium present in the materials was
determined, and values of 11.6, 15.8 and 16.9% were attained for SnNb (PPT), SnNb (CTAB)
and SnNb (GLY), respectively [24].

The X-ray diffraction patterns of the various materials are shown in Figure 1. For the
pure tin oxides, despite the synthesis method used, the signals present in the diffractograms
(Figure 1a) confirm the polycrystalline and single-phase nature of the systems. In this case,
tin oxides can be classified as tetragonal rutile (JCPDS no. 41-1445), as confirmed by the
crystallographic planes (110), (101), (200), (211), (220), (002) (310), (112), (301), (202) and
(321). Comparatively, Sn(PPT) showed a narrowing of the diffraction peaks, suggesting a
gradual increase in crystallinity due to crystallite agglomeration. The tin oxides synthesized
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by the other methods showed a considerable decrease in intensity in the reflection plane
(110), which suggests that there is great disorder generated in the material [22].
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XRD patterns for niobium oxide are shown in Figure 1b. Nb(PPT) showed an amor-
phous profile, but Nb(CTAB) and Nb(GLY) showed the crystallographic planes (001), (180),
(181), (002), (321), (182), (215), (216) and (481), which indicate the predominance of the
orthorhombic phase (T Nb2O5-JCPDS 30-0873) [25]. However, it is not possible to rule out
the presence, to a lesser extent, of the pseudohexagonal phase with crystallographic planes
in (001), (100), (101), (002), (110) and (102) (TT Nb2O5-JCPDS 280317). The most accentuated
differences are noticed in the range between 25 and 40◦, and it is important to note that the
positions of the signals referring to the hexagonal phase and the orthorhombic phases are
so close that it is difficult to differentiate between the two. This result is attributed to the
presence of vacancies or impurities in the materials [26,27].

For all mixed oxides (Figure 1c), it is possible to observe the predominant presence
of the tetragonal phase, with broader and less-intense signals compared to the precursors,
suggesting that the difference in ionic radii due to the replacement of Sn4+ by Nb5+ caused
the distortion of the cell lattice of SnO2. Analyzing the diffractograms, it is possible to
verify the fact that there was an enlargement of the reflection peaks, which may be related
to the crystallite size and the short-range disorder.
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The spectra in the mid-infrared region are shown in Figure 2. For SnO2, the presence
of a broad band in the range of 497 and 662 cm−1 was observed, which is attributed to
the O-Sn-O and Sn-O stretching modes and SnO2 flexion [28,29]. For niobium oxides,
typical vibrations were observed in the range of 410 to 931 cm−1, giving rise to a broad
band attributed to the vibrations of the Nb-O-Nb bonds of the slightly distorted octahedral
NbO6 and the symmetrical stretching of the Nb-O species present in highly distorted
environments [30]. The signal at 1625 cm−1 can be attributed to water molecules adsorbed
on the surface of this material. There is also the presence of a band at 3412 cm−1, probably
due to the vibration of the Nb-OH bond [30].
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Figure 2. Infrared spectra of the catalysts: (a) Sn(PPT), Sn(CTAB) and Sn(GLY); (b) Nb(PPT),
Nb(CTAB) and Nb(GLY); and (c) SnNb(PPT), SnNb(CTAB) and SnNb(GLY).

The mixed oxides presented vibrations similar to the pure ones. There is a broad
band in the region between 410 and 931 cm−1 that is attributed to the symmetrical and
asymmetrical stretching of metal-oxygen bonds, respectively. The signal at 3412 cm−1 and
the bands at ~1100 cm−1 and 1350–1400 cm−1 can be attributed to bound metal-OH [31].

Some characteristics of the oxides were investigated using Raman spectroscopy (see
Figure 3). It is important to remember that the SnO2 synthesized by the various synthesis
protocols has a rutile structure (more stable phase) and belongs to the space group D14

4h
(P42/mnm) [32]. Among these vibrations, the A1g, B1g, B2g and Eg modes are active in
Raman, while A2u, Eu and B1u are infrared active and optically inactive [33]. It has already
been reported in the literature that the A1g, B1g and B2g bands indicate the vibration modes
of the Sn-O bonds, while the Eg band reveals the oxygen vacancies [32]. The SnO2 Raman
spectrum (Figure 3a) mainly exhibited two bands at approximately 630 and 770 cm−1,
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which are attributed to vibration modes A1g and B2g, respectively. This fact is a strong
indication that SnO2 has a tetragonal structure. In addition to the two signals, there is
another weak signal at approximately 694 cm−1, which is attributed to the IR-active A2u
LO mode (the mode of longitudinal optical-phonons). Another mode was detected at
572 cm−1, attributed to the smaller particle-size of SnO2 [34].
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Figure 3. Raman spectra of the catalysts: (a) Sn(PPT), Sn(CTAB) and Sn(GLY); (b) Nb(PPT), Nb(CTAB)
and Nb(GLY); and (c) SnNb(PPT), SnNb(CTAB) and SnNb(GLY).

Raman spectra of the niobium oxides are shown in Figure 3b, and the low-resolution
signal located at 990 cm−1 is attributed to the vibration modes of A1g(ν1) of the octahedral
NbO6 [35,36]. The signals that appear between 200 and 300 cm−1 are characteristic of
the bending modes of the Nb–O–Nb bonds [37], and the signals present in the range
of 400–800 cm−1 are attributed to symmetric and asymmetric stretching of the Nb-O-Nb
bond [37]. A signal observed at approximately ∼700 cm−1 is attributed to the orthorhombic
Nb2O5 TO mode [35]. The Nb2O5 samples synthesized by the various methods belong
to the space group (P212121). In this crystalline structure, there are two Nb5+ sites, and
the first Nb5+ is bonded to four O2- atoms, to form corner-sharing NbO4 tetrahedra. The
second Nb5+ is bonded to six O2- atoms, to form NbO6 octahedrons [36].
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Figure 3c shows the spectra of the mixed oxides. The band at approximately 632 cm−1

is attributed to the A1g mode associated with symmetrical stretching of the Sn-O bond [37].
Considering that mixed oxides are formed by Sn, O and Nb atoms and that the crystalline
structure of tin oxide belongs to the P42/mnm point group and tetragonal Bravais lattice,
it can be inferred that the crystalline structure is distorted by the insertion of niobium
atoms into the lattice, causing the appearance of oxygen vacancies during synthesis. This
network-sharing promotes the appearance of defects, and this same phenomenon has
already been reported in other studies, for metal oxides [38].

For all spectra of pure or mixed oxide (Figure 3) it is not possible to discard the presence
of the band related to the Eg mode, which is a strong indicator of oxygen vacancies. The
appearance of this band is expected at approximately 474 cm−1, and just a low resolution
signal is observed in some cases.

DRS UV–vis spectra were also produced (Figure 4), and provide important information
about the nature of niobium and tin atoms in these systems. The UV–Vis DRS spectra
for the SnO2 samples (Figure 4a) showed an intense absorption band at approximately
300 nm, due to the high binding-energy, which is characteristic of cassiterite, and the strong
interaction of the ligand-to-metal-charge-transfer (LMCT)-type [39]. For Nb2O5 samples
(Figure 4b), bands at approximately 350 nm were observed, corresponding to orthorhombic
and/or hexagonal geometries [40].
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The spectra of mixed oxides synthesized by different methods (Figure 4c) are dif-
ferent from those of pure materials, and such evidence is also corroborated by XRD and
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Raman spectroscopy. Previous studies suggest that the tendency to change the absorption
maximum to shorter wavelengths (200–250 nm) may be indicative of the superposition of
tetrahedral Sn species and the strong interaction with octahedral niobium species (forma-
tion of Nb-O-Sn bonds), indicating charge-transfer transitions between atoms [41].

The textural properties and the nitrogen adsorption- and desorption-isotherms are
shown in Figure 5. According to IUPAC, they are type IV with H1 hysteresis loops,
suggesting that cylindrical channels are well defined. Sn(PPT) and Nb(PPT) are detected
in areas of 30 and 115.5 m2g−1, respectively. However, SnNb(PPT) showed a decrease in
surface area (78.51 m2g−1) when compared to Nb(PPT), which can be attributed to the
agglomeration of metallic cations during the synthesis process.
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For SnNb(CTAB), there was an increase in surface area, which suggests that the pres-
ence of the template influences this parameter, as there is a reduction in the aggregation of
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metallic cations, since the hydrogen atoms of the hydroxyl groups (-OH groups) related
to the metallic species can interact with the main cationic groups (C16H33)(CH3)3N+ (hy-
drophilic groups) of CTAB micelles, disfavoring the crystallization of individual cations.
This same increasing effect is observed in the case of SnNb(GLY), and there are indications
that the higher surface-area values of mixed oxides can be attributed to the strong inter-
action between species, which inhibits individual crystallization, reducing the number of
clusters and the particle growth [42,43].

The thermal analyses of the materials were evaluated, and the presence of organic
matter was not verified through the TG curves (Figure S1, Supplementary Materials). All
oxides suffer a mass loss (between 0.8 and 12%) in just one step in the temperature range
of 100 to 150 ◦C, corresponding to the release of physiosorbed water, suggesting that the
materials exhibit thermal stability in the evaluated range.

The catalytic activity of materials such as oxides can be driven by the presence of
acidic sites. Therefore, it is important to know the nature, quantity and strength of the acid
sites present in their structures. Thus, the acid properties of the solids were studied by
monitoring the pyridine adsorption using infrared spectroscopy, to assess the presence
of Lewis and Brønsted acid-sites (Figure S2, Supplementary Information). The bands at
1445, 1540 and 1489 cm−1 were attributed to Lewis acid sites, Brønsted acids, and the
overlapping of these sites, respectively [11]. For all SnO2 samples, weak vibrations were
observed, corresponding to the presence of Lewis and/or Brønsted acid-sites.

For all Nb2O5 samples, signs similar to those found in the literature were observed,
since this system consists mainly of NbO6 distorted octahedra and NbO4 tetrahedra, and
the surface hydroxyl groups (-OH) function as Brønsted acid sites, while the tetrahedra
function as Lewis acid sites [44,45]. From this perspective, structural variation in the oxides
leads to changes in the nature of acidic sites and in their strength [46]. In addition, the
use of Nb2O5 in aqueous reactions suggests a “water-tolerant solid-acid catalysts” system,
and this type of system proves to be resistant to water, in contrast to the classic Lewis
acids such as AlCl3, which suffer severe poisoning by water, undergoing deactivation
due to the strong coordination of water in the metallic center (Lewis acids) or hydrolytic
decomposition of the system [47]. In this work, Nb2O5 showed intense absorption-bands
for Brønsted acid sites and weak and/or moderate bands for Lewis acid sites.

Some studies indicate that the properties of mixed oxides strongly depend on the
preparation method employed, and it was observed in the present study that with the
presence of niobium in the lattice, there was also an increase in the Lewis–Brønsted ratio
(IA/IB), mainly for SnNb(CTAB) and SnNb(GLY), resulting in catalytic systems with high
synergy and an improved balance in acid strength (Figure 6). It should be noted that
SnNb(PPT) did not have such a sharp increase in (AL/AB) as was observed in the others,
clearly showing the influence of the synthesis method on its properties.

To evaluate the resistance and stability of the acid sites, pyridine was used, and infrared
spectra were acquired at 100, 200 and 300 ◦C. When pyridine is chemically absorbed
at Lewis or Brønsted acid-sites, according to the temperature required to break such
interactions, it can be considered weak (below 200 ◦C), moderate (between 200 and 300 ◦C)
or strong (above 300 ◦C). For SnO2, weak vibrations related to Lewis and/or Brønsted acid-
sites were observed. For Nb2O5, strong vibrations were observed for the Brønsted acid sites,
and weak and/or moderate interactions were also detected for the Lewis acid sites. On
the other hand, for the mixed oxides, a better-resolved profile of the spectra was observed,
with more prominent signals related to the Lewis acids, and Brønsted-related bands also
detected, in addition to the overlap of both species (Figure S2, Supplementary Information).
This can be better observed by examining the AL/AB results, where the significant increase
is notorious for all temperatures (Figure 6). The modulation of these characteristics in
mixed oxides is essential to make this system more versatile for application in various
biorefinery platforms [38].
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In this context, it is evident that the synthesis of SnNb was fundamental for a balance
between the Lewis and Brønsted acid-sites, which allows these systems to become more
versatile for application in different biorefinery platforms. In previous studies, it was found
that the number, nature and relative strength of acid sites in some materials can be adjusted
using different synthetic strategies, including the use of templates and different calcination
temperatures [22].

SEM micrographs of the materials are shown in Figure 7, and the images for
SnNb(CTAB) and SnNb(GLY) showed great similarity, indicating the formation of ma-
terials with morphological disorder due to the greater interaction among the species during
synthesis, resulting in the formation of smaller particles. Similar behavior was observed in
the synthesis of porous, spherical materials from different oxides (Ce, Fe and Mn), since
the functionality of the reagent species played an important role in the structure, and using
glycerol instead of ethylene glycol resulted in smaller channels [48].
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Figure 7. Scanning-electron-microscopy (SEM) images of the catalysts. The scale bar of all images is
100 µm (see Figures S3–S5, Supplementary Information).

2.2. Catalytic Assays in Fructose Transformation

The series of oxides based on tin and niobium obtained by various synthesis methods
were investigated as catalysts in the conversion of fructose in an aqueous medium, at
150 ◦C (see Figure 8 and Figure S6, Supplementary Information). Using the mixed oxides,
significantly higher values of fructose conversion were achieved than those observed for
the pure oxides. For example, the conversion was 75.7, 76.9 and 69.8% in 2 h of reaction
when using SnNb (G), SnNb (CTAB) and SnNb (PPT), respectively, and this tendency was
maintained during the investigated reaction time.
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The co-precipitation method, often referred to as analogous to the sol-gel process, is
an efficient chemical route for obtaining metal oxides, and has the advantages of obtaining
high yields and purity, being easily reproducible and having a low cost [49,50]. The
method that uses surfactant is known to provide a greater interaction between the reagents,
minimizing possible diffusion-restrictions during the synthesis. In this case, the presence
of the template directly influences the modulation of the specific surface area and pore size,
as there is a reduction in the aggregation of metallic cations, due to their interaction with
the cationic groups, for example with CTAB, disfavoring the individual crystallization of
the cations [22,42,43]. The methodology developed by Pechini, in which the metal cations
are chelated and, with the help of polyalcohol, are cross-linked to create a gel through the
esterification, allows for a wide distribution of metallic cations throughout the polymer
structure, promoting an increase in the surface area and improving the distribution of
metals in the polymeric network, and being quite suitable for the manufacture of highly
pure oxides [15,51].

Among all systems, the SnNb(CTAB) and SnNb(GLY) systems provided the highest
fructose conversions, and in addition to containing the highest numbers of acidic sites,
they have the highest surface areas, of 173.2 and 166.6 m2g−1, respectively. SnNb(PPT)
has practically half of the surface area of these materials (78.51 m2g−1). The larger surface
area promotes better contact between substrate and catalyst, and, as already mentioned,
when using template (CTAB) or the Pechini method a greater interaction between species
occurs during synthesis, providing greater homogeneity of the material. As evidence of
this, using these two methods it was possible to achieve a higher niobium content in the
materials (15.8% in SnNb(CTAB), 16.9% in SnNb(GLY), and only 11.6% in SnNb(PPT)). In
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addition, it is important to note that the results obtained using Raman spectroscopy and
DRS analysis for the mixed oxides suggest the occurrence of a structural distortion, which
can cause the appearance of oxygen vacancies during synthesis, resulting in defects which
constitute active sites for fructose conversion. [17].

The soluble products formed during the transformation of fructose included glucose,
5-HMF (5-hydroxymethylfufural), levulinic acid, formic acid, glyceraldehyde, dihydrox-
yacetone, pyruvaldehyde, lactic acid and acetic acid. The selectivity profiles are shown
in Figure 9 for mixed oxides (for pure oxides, in Figure S7, Supplementary Information),
and all systems exhibit great selectivity for 5-HMF and, to a lesser extent, for products
of the retro-aldolic pathway (lactic acid and its intermediates glyceraldehyde, dihydrox-
yacetone and pyruvaldehyde). In general, a trend toward a decrease in selectivity to
5-HMF (5-hydroxymethylfurfural) is observed with an increase in AL/AB (Figure 6), con-
firming that the Brønsted acid sites present in the material are mainly responsible for the
dehydration of fructose. The Lewis acid sites play a fundamental role in the isomerization
of glucose into fructose and in the retro-aldolic pathway.

Catalysts 2023, 13, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 9. Selectivity for soluble products identified in the fructose conversion at 150 °C, using 1.5 × 
10−3 g of SnNb(PPT), SnNb(CTAB) and SnNb(GLY). 

During these reactions, some insoluble or partially soluble products may be formed, 
causing turbidity and brown coloration in the samples. Such materials, known as hu-
mines, are formed mainly by the polymerization of fructose or the decomposition of 5-
HMF (5-hydroxymethylfufural), due to high temperatures, long reaction-times or the na-
ture of the catalyst [52,53]. Regardless of the synthesis method, the qualitative analysis of 
the reactional samples (Figure 10) allows us to infer that using niobium oxides considera-
bly increases the coloring and turbidity, while using tin oxides produces the smallest 
change in these properties. By using mixed oxides, the formation of low-solubility prod-
ucts was significantly reduced, in comparison to the use of pure niobium-oxides. There-
fore, the structural and textural changes and the number of acid sites observed in mixed 
oxides resulted in better conversions, maintaining the advantage of reduced humine-for-
mation. 

  

Figure 9. Selectivity for soluble products identified in the fructose conversion at 150 ◦C, using
1.5 × 10−3 g of SnNb(PPT), SnNb(CTAB) and SnNb(GLY).

During these reactions, some insoluble or partially soluble products may be formed,
causing turbidity and brown coloration in the samples. Such materials, known as humines,
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are formed mainly by the polymerization of fructose or the decomposition of 5-HMF
(5-hydroxymethylfufural), due to high temperatures, long reaction-times or the nature of
the catalyst [52,53]. Regardless of the synthesis method, the qualitative analysis of the
reactional samples (Figure 10) allows us to infer that using niobium oxides considerably
increases the coloring and turbidity, while using tin oxides produces the smallest change
in these properties. By using mixed oxides, the formation of low-solubility products was
significantly reduced, in comparison to the use of pure niobium-oxides. Therefore, the
structural and textural changes and the number of acid sites observed in mixed oxides
resulted in better conversions, maintaining the advantage of reduced humine-formation.
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The possibility of recovery and reuse of the catalyst is of great importance in the
processes of biorefineries, and in previous studies the chemical stability of some of these
mixed oxides was evidenced, as the catalyst can be recovered and reused for four cycles,
and no leaching of species for the reaction medium was observed [24,54].

Finally, a comparison with studies involving bifunctional catalysts applied in fructose
conversion in aqueous medium reported in the literature, allows us to indicate that the
systems discussed here have great potential, as conversions of 75.7, 76.9 and 69.8% were ob-
served at 2 h of reaction when using SnNb (G), SnNb (CTAB) and SnNb (PPT), respectively.
In addition, it is important to highlight the fact that all systems exhibit high selectivity for
5-HMF and, to a lesser extent, for products from the retro-aldol pathway. To exemplify,
studies using mixed oxides of cerium and niobium (25, 50 and 75% of Nb2O5) obtained
using the coprecipitation method, led to fructose conversions lower than 75%, and the
maximum selectivity for 5-HMF was around 45%. The reuse of the 25% CeO2/75% Nb2O5
catalyst showed a reduction in the catalytic activity after the first reaction [55]. In the same
way, the use of mixed tin-oxides containing different proportions of molybdenum (SnMoX,
X = 5, 25, 50 and 75%), taken by the precipitation method, were evaluated in the conversion
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of fructose compared to pure oxides. Regarding the mixed oxides, using SnMo25 at 150 ◦C
a conversion of 73.2% was observed. However, a change in selectivity was observed as the
Mo content in the materials increased. Thus, the SnMo5 system showed high selectivity
for 5-HMF (~75%), while for SnMo25 the selectivity for this product was very low (ap-
proximately 20%), with a preferential tendency for products from the retro-aldol pathway.
In terms of stability, SnMo25 was used in six cycles, and no significant decrease in yield,
selectivity or substantial leaching were detected [13].

3. Materials and Methods
3.1. Materials

Tin(IV) chloride (99.995% trace-metals basis, Sigma–Aldrich, St. Louis, MI, USA)),
niobium(V) chloride (>99.995%, Sigma–Aldrich), citric acid (>99.0%, Sigma–Aldrich), am-
monium hydroxide (Sigma–Aldrich), nitric acid (>65.0%, Sigma–Aldrich), glycerol (>99.0%,
Sigma–Aldrich), ethylene glycol (>99.0%, Sigma–Aldrich), cetyltrimethylammonium bro-
mide (CTAB) (>99.0%, Sigma–Aldrich) and fructose (>99.0%, Sigma–Aldrich) were obtained
commercially, and used as received. Sulfuric acid (>95%) was purchased from Dynamics.

3.2. Preparation of Catalysts Using the Coprecipitation Method

Pure and mixed catalysts were obtained using aqueous solutions of tin chloride (IV)
and/or niobium chloride (V) (SnCl4 and/or NbCl5) at a concentration of 0.1 mol/L, and
coprecipitation was achieved by the slow addition of ammonium hydroxide. Soon after,
the precipitated material was left to rest for 4 h and then vacuum filtered, washed with
deionized water, and dried at 115 ◦C for 8 h. The material obtained was sieved with a
100-mesh granulometry sieve, and then macerated for further analysis. Finally, the solids
were calcined at 500 ◦C, for 4 h.

3.3. Preparation of Catalysts Using the CTAB-Surfactant-Template Method

Initially, 9 g of the surfactant cetyltrimethylammonium bromide (CTAB) was dissolved
in 75 mL of deionized water under constant stirring, to ensure the homogeneity of the
system. Then, 12 mL of NH4OH (25% wt.) dissolved in 48 mL of distilled water was added
under stirring. The metal precursors (tin chloride (IV) and/or niobium chloride (V)) were
dissolved in 150 mL of deionized water and added dropwise to this first solution under
constant stirring, until a white paste was formed. This suspension was maintained under
stirring for 3 h, followed by aging at 25 ◦C for 48 h. The obtained product was filtered,
washed, dried, macerated and calcined at 500 ◦C, for 4 h.

3.4. Preparation of Catalysts Using the Modified Pechini Method

Initially, solutions of tin chloride (IV) and/or niobium chloride (V) (SnCl4 and/or
NbCl5) and citric acid, with concentrations of 0.479, 0.462 and 1.66 mol/L were prepared
using a mass ratio of 3:1 (citric acid: metal). Then, this material was stirred and heated to
70 ◦C. Upon reaching the desired temperature, the material was removed from the system
and immersed in an ice bath, to promote the onset of precipitation. Subsequently, the
solution was returned to the stirring system, and ammonium hydroxide was gradually
added for 4 h, until complete precipitation. Then, the citrate was filtered, washed, and
dried at 120 ◦C. The formed citrates were dissolved in distilled water and nitric acid. Then,
glycerol was added in a molar proportion of 60:40, in relation to the amount of citric acid.
The solution was heated to 70 ◦C under stirring to promote the polymerization reaction.
After the elimination of nitrous oxides and water, the resin was obtained, and finally, the
solid was crushed and heated at 350 ◦C for 3 h to eliminate the polymeric matrix, and
calcinated at 500 ◦C for 4 h.

3.5. Characterization of the Catalysts

All materials were macerated in a mortar and sieved (100 mesh), and the description
of the catalysts and the codes used for their identification are shown in Table 1.
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Table 1. Code of the catalysts and the respective descriptions.

Code Description

Sn(PPT) Pure oxide obtained using the coprecipitation method
Nb(PPT)

SnNb(PPT) Mixed oxide obtained using the coprecipitation method
Sn(CTAB) Pure oxide obtained using CTAB as the template method
Nb(CTAB)

SnNb(CTAB) Mixed oxide obtained using CTAB as the template method
Sn(GLY) Pure oxide obtained using the Pechini method, using glycerol
Nb(GLY)

SnNb(GLY) Mixed oxide obtained using the Pechini method, using glycerol

For catalyst characterization, X-ray-diffraction (XRD) measurements were performed
using a Shimadzu diffractometer, model XRD-6000, and a Cu Kα radiation (1.5418 Å)
source with a nickel filter to obtain wide-angle diffraction patterns in the 2θ = 3–40◦

range. Crystallite size (nm) was calculated using the Debye–Scherrer equation. Nitrogen-
adsorption measurements were performed at 77.15 K, using a gas-adsorption analyzer (Mi-
cromeritics, model ASAP-2020). The textural properties were estimated from N2 adsorption
isotherms, using the Brunauer–Emmett–Teller (BET) equation and Barrett–Joyner–Halenda
(BJH) method. Before the analysis, all the samples were pretreated under vacuum at
423.15 K for 24 h. Thermogravimetric (TG/DTG) analyses were performed using a Shi-
madzu analyzer, model DTG-60H, with an N2 flow-rate of 40 mL·min−1 in the temperature
range of 30–800 ◦C at a heating rate of 10 ◦C·min−1. Fourier-transform-infrared (FTIR)
spectra were obtained with a Shimadzu IR Prestige 21 infrared spectrophotometer, using
tablets of potassium bromide (KBr). Eighty scans were performed in transmittance mode
in the spectral range of 4000–400 cm−1 at a resolution of 4.0 cm−1. Raman spectroscopy
was performed at ~30 ◦C, using a 532 nm laser, 10 mW power, 100× objective, and 16 data
acquisitions in 120 s with respect to silica on HORIBA scientific equipment, model XploRA.
The UV–Vis-DRS spectra were obtained on a Shimadzu model UV-2600 at a resolution of
8 cm−1. Scanning-electron-microscopy analyses were performed on a Shimadzu instru-
ment, model SSX-550 Superscan, with a tungsten filament. Initially, the samples were
metallized in a Sanyu Electron instrument, quick coater SC-701, for 8 min with a 10 mA
gold current target.

3.6. Fructose Conversion

All experiments were performed in 4 mL closed reactors under magnetic stirring and
heating, at several reaction times. The fructose solution (0.016 g of fructose in 2 mL of
deionized water) and 1.5 × 10−3 g of catalysts were used. Conversion, yield, and selectivity
were calculated from the results of quantification using HPLC. For this, the reaction product
was filtered using 0.45 µm porosity membrane-filters (MilliporeTM), and then injected
into a chromatograph (HPLC) with refractive-index (IR) detection. The analyses were per-
formed on a SHIMADZU (Japan) model CTO-20A liquid chromatograph with an isocratic
pump, RID-10A refractive index detector and manual injection system, with a sampling
handle of 20 µL. The chromatographic column Varian MetaCarb H Plus 300 × 7.8 mm
and precolumn Varian MetaCarb H Plus were obtained from Varian (Palo Alto, CA, USA),
operating with a column temperature of 55 ◦C, and the eluent was a sulfuric acid solution
(0.005 mol·L−1) with a flow of 0.70 mL·min−1. For the quantification of the reaction prod-
ucts, calibration curves of standard solutions were prepared. The chromatograms obtained
were treated using LabSolutions software (Shimadzu Corporation 2010, Kyoto, Japan). The
fructose conversion and the yield and selectivity of each product formed were calculated as
presented in the Supplementary Information. For reuse studies, the catalyst was removed
from the reaction medium by centrifugation, and calcined at 550 ◦C for 4 h.
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4. Conclusions

Using the catalysts presented in this study, it was possible to efficiently convert fructose
in an aqueous medium, and the factors that influenced the transformation were the textural
and structural properties, as well as the number of acid sites. The materials that presented
the best conversions were the mixed oxides, with a prominence of SnNb(CTAB) and
SnNb(GLY), showing the importance of the modulation of properties using the synthesis
method. All systems were selective mainly for 5-HMF (5-hydroxymethylfurfural) and, to a
lesser extent, for the products of the retro-aldolic route, and this selectivity was preserved,
regardless of the catalytic system used. The reuse test for SnNb(GLY), which showed
stability for four cycles with no significant reduction in terms of conversion, suggested that
the hydrophobic characteristics of the rutile structure of SnO2 in contrast to Nb2O5 resulted
in water-tolerant acid sites.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13020285/s1: Information concerning fructose conver-
sion, yield and selectivity of each product formed, Figure S1: Thermal profiles (TG) of the catalysts:
(a) Sn(PPT), Sn(CTAB) and Sn(GLY); (b) Nb(PPT), Nb(CTAB) and Nb(GLY); and (c) SnNb(PPT),
SnNb(CTAB) and SnNb(GLY); Figure S2: FTIR spectra using pyridine as probe molecule: (a) Sn(PPT),
Sn(CTAB) and Sn(GLY); (b) Nb(PPT), Nb(CTAB) and Nb(GLY); and (c) SnNb(PPT), SnNb(CTAB)
and SnNb(GLY); Figure S3. Scanning electron microscopy (SEM) images of the catalysts Sn(PPT),
Sn(CTAB) and Sn(GLY).; Figure S4. Scanning electron microscopy (SEM) images of the catalysts
Nb(PPT), Nb(CTAB) and Nb(GLY).; Figure S5. Scanning electron microscopy (SEM) images of the
catalysts SnNb(PPT), SnNb(CTAB) and SnNb(GLY).; Figure S6. Fructose conversion at 150 ◦C us-
ing (a) Sn(PPT), Sn(CTAB) and Sn(GLY), (b) Nb(PPT), Nb(CTAB) and Nb(GLY) and (c) Nb(GLY)
SnNb(PPT) SnNb(CTAB) and SnNb(GLY).; Figure S7. Selectivity for soluble products identified in the
fructose conversion at 150 ◦C using 1.5 × 10−3 g of catalyst (a) Sn(PPT) and Nb(PPT); (b) Sn(CTAB)
and Nb(CTAB); (c) Sn(GLY) and Nb(GLY).; Table S1: Yield (%) for soluble products identified in the
fructose conversion at 150 ◦C in absence of catalyst or using 1.5 × 10−3 g of catalyst (a) Sn(PPT) and
Nb(PPT); (b) Sn(CTAB) and Nb(CTAB); (c) Sn(GLY) and Nb(GLY).
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55. Stošić, D.; Bennici, S.; Rakić, V.; Auroux, A. CeO2–Nb2O5 mixed oxide catalysts: Preparation, characterization and catalytic
activity in fructose dehydration reaction. Catal. Today 2012, 192, 160–168. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

125



catalysts

Article

Guaiacol to Aromatics: Efficient Transformation over
In Situ-Generated Molybdenum and Tungsten Oxides
Mariyam Mukhtarova, Maria Golubeva *, Alexey Sadovnikov and Anton Maximov *

A.V. Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences (TIPS RAS),
Moscow 119991, Russia
* Correspondence: vinnikova@ips.ac.ru (M.G.); max@ips.ac.ru (A.M.)

Abstract: The development of catalysts for the hydrodeoxygenation of bio-based feedstocks is an
important step towards the production of fuels and chemicals from biomass. This paper describes
in situ-generated bulk molybdenum and tungsten oxides in the hydrodeoxygenation of the lignin-
derived compound guaiacol. The catalysts obtained were studied using powder X-ray diffraction,
X-ray photoelectron spectroscopy, scanning electron microscopy, high-resolution transition electron
microscopy, diffuse reflectance infrared Fourier transform spectroscopy, and Raman spectroscopy. The
use of metal carbonyls as precursors was shown to promote the formation of amorphous molybdenum
oxide and crystalline tungsten phosphide under hydrodeoxygenation conditions. The catalysts’
activity was investigated under various reaction conditions (temperature, H2 pressure, solvent).
MoOx was more active in the partial and full hydrodeoxygenation of guaiacol at temperatures of
200–380 ◦C (5 MPa H2, 6 h). However, cyclohexane, which is an undesirable product, was formed
in significant amounts using MoOx (5 MPa H2, 6 h), while WOx was more selective to aromatics.
When using dodecane as a solvent (380 ◦C, 5 MPa H2, 6 h), the benzene-toluene-xylenes fraction was
obtained with a 96% yield over the WOx catalyst.

Keywords: MoOx; WOx; guaiacol; hydrodeoxygenation; vacancy sites; dispersed catalysts; transition
metal oxides; aromatic hydrocarbons; BTX

1. Introduction

Lignocellulosic biomass is a promising and widespread source of renewable en-
ergy [1,2]. One of the components of lignocellulosic biomass is lignin, which consists
of oxygen-containing derivatives of phenylpropane. The structure of lignin allows it to be
used as a source for the production of phenols and various aromatic compounds [3].

The main method for the processing of low-molecular-weight lignin derivatives is
catalytic hydrodeoxygenation (HDO). Supported noble metals are actively involved in the
HDO of different oxygenated compounds and show high catalytic activity. Nevertheless,
the high cost of noble metals is a significant disadvantage in their application [4]. Transition
metal phosphides, carbides, and nitrides are reported to be potential candidates to replace
expensive catalysts (Table 1) [4].
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Table 1. Some results from the literature of the lignin-derived compound HDO over Mo- and
W-containing catalysts.

Catalyst Feedstock Reaction Conditions a Conversion, % Selectivity, % Ref.

MoxC/CNF
0.68 g

cinnamaldehyde in
50 mL toluene

200 ◦C, 2 MPa H2,
~2.75 h a 90

40.9 for
hydrocinnamaldehyde

25.8 for β-methylstyrene [5]

WxC/CNF 200 ◦C, 2 MPa H2,
~5.75 h a 90

43 for
hydrocinnamaldehyde
34 for β-methylstyrene

Pd/α-MoC anisole 200 ◦C b 21.5 94 for benzene [6]

Mo2C@
BMZIF-700 ◦C (4 h)

0.12 g guaiacol in
20 mL n-decane 330 ◦C, 4 MPa H2, 4 h a 97 70 for phenol [7]

Mo2N@
NC500/SBA-15

3 wt. % guaiacol in
n-decane 380 ◦C, 2 MPa H2

c 100 92 to benzene + toluene [8]

in situ formed MoP

10 wt. % guaiacol in
n-dodecane

360 ◦C, 5 MPa H2, 6 h a 90 80 for phenol [9]
in situ formed WP 340 ◦C, 5 MPa H2, 1 h a 53 78 for phenol

MoP 340 ◦C, 5 MPa H2, 6 h a 90 66 for phenol [10]
WP 380 ◦C, 5 MPa H2, 6 h a 89 84 for phenol

in situ formed MoOx 380 ◦C, 1 MPa H2, 6 h a 100 89 for BTX This work
in situ formed WOx 380 ◦C, 5 MPa H2, 6 h a 100 96 for BTX

a a batch reactor was used; b a fixed bed quartz tubular reactor was used; c a micro-hydrogenation reactor
was used.

However, the activity of such catalysts is partially related to the presence of oxygen on
their surface, including in the metal oxide form. Therefore, transition metal oxides can also
be considered as alternative HDO catalysts. Oxygen vacancies (coordinatively unsaturated
metal sites) in oxides are reported to be active sites in HDO reactions [11,12]. Vacancies are
formed as a result of H2 adsorption on the oxide surface and the subsequent removal of
oxygen as a part of water [13]. The electron-lone-pair oxygen in a substrate is adsorbed on
the active site which leads to HDO as a result of the cleavage of the C–O bond [11].

Mo- and W-containing compounds are well-known in the field of catalysis. It has
been reported that Mo and W are resistant to oxygen, acids, and alkalis and, therefore,
they are used for oxygen removal [14]. Efficient hydrodeoxygenation of various substrates
over molybdenum oxides have been previously reported in a number of works [11,13],
while pure tungsten oxides have not provided high selectivity for hydrodeoxygenation
products [15]. Prasomsri et al. found that MoO3 can be used for the effective HDO of linear
and cyclic ketones, phenolics, and cyclic ethers at 250–400 ◦C under low H2 pressure with
the formation of olefins and aromatics [13]. Selectivity for hydrocarbons was reportedly
more than 97% at 400 ◦C. Zhang et al. carried out the HDO of guaiacol, o-cresol, eugenol,
trans-anethole, vanillin, and diphenyl ether over MoO3 under mixed H2 + N2 pressure
at 300–360 ◦C [11]. Aromatics were obtained with the selectivity of 45.3–93.8% at 340 ◦C.
Whiffen et al. tested MoO3 and MoO2 in the HDO of p-cresol at 325–375 ◦C, under
4.14–4.83 MPa H2 in a batch reactor [16]. Toluene was the main reaction product over both
catalysts. MoO2 was noted to be more active in the HDO than MoO3. Several studies were
devoted to m-cresol HDO to toluene over WOx promoted by other metals [17–19]. Wang
et al. demonstrated that Pt-WOx/C catalyst can convert m-cresol into toluene with 94%
selectivity (350 ◦C, 0.1 MPa H2, H2 flow rate: 12 mL/min, WHSV = 60 h−1) [17]. In another
work, they used n-hexane which produced H2 by dehydration [18]. Direct bonding of Pt
and WOx contributed to oxide stabilization and oxygen vacancies formation, which are
responsible for direct hydrogenolysis of the C–O bond in m-cresol [17]. Chen et al. reported
similar regularities using a Ni-WOx/C catalyst [19]. Toluene was obtained from m-cresol
with 89% selectivity at 350 ◦C, under 0.1 MPa H2, WHSV of 1 h−1.

Previously, the in situ formation of transition metal catalysts during hydroprocessing
of various model compounds and real feedstocks were studied [9,20–24]. In our recent
works, the in situ formation of phosphide catalysts, including molybdenum and tungsten
phosphides in the HDO of guaiacol, was investigated for the first time [9,20,21]. The
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absence of a catalyst synthesis stage, and therefore a simplification of the process, is one of
the advantages of catalyst in situ formation. The use of metal carbonyls in combination
with an oil-soluble phosphorus precursor made it possible to obtain the corresponding
phosphides. It was found that, in addition to phosphides, the catalyst surface also contains
metal oxides.

In the present work, molybdenum and tungsten oxides were obtained in situ from
carbonyls during the HDO of guaiacol (a low-molecular-weight lignin derivative) and
investigated in this process for the first time. We report that these bulk catalysts are
highly active in the HDO of guaiacol to aromatics, in particular, to a benzene-toluene-
xylenes (BTX) fraction. MoOx converted guaiacol into BTX with the highest selectivity of
89% (380 ◦C, 1 MPa H2, 6 h) at full conversion, while using WOx the highest selectivity
for BTX was 96% (380 ◦C, 5 MPa H2, 6 h). In comparison with oxides obtained in the
present work, phosphides and carbides promoted the obtaining of phenol as a main
reaction product of guaiacol conversion (Table 1). In situ-generated MoP and WP from
the same metal precursors in the HDO of guaiacol allows the obtaining of phenol as a
main reaction product [9]. The highest phenol selectivity rates were 80% and 78% using
MoP and WP, respectively. Ex situ-generated bulk MoP and WP also made a contribution
to the phenol obtained from guaiacol (with 66% and 84% selectivity over MoP and WP,
respectively) [10]. Kurisingal et al. made a report about selective guaiacol HDO to phenol
using bimetallic Zn-Co zeolitic imidazolate framework (BMZIF)-decorated molybdenum
carbide [7]. The distribution of active species, such as Mo2C, MoO3, ZnO, and CoO
was found to have a high influence on guaiacol conversion and phenol selectivity. The
most active Mo2C@BMZIF- 700 ◦C (4 h) catalyst promoted a 97% guaiacol conversion and
70% phenol selectivity. Wang et al. demonstrated that an SBA-15-supported ultrastable
Mo2N@CN catalyst showed similar catalytic activity in the guaiacol HDO to the catalysts
reported in the present work [8]. A benzene and toluene mixture was obtained with 92%
selectivity at 380 ◦C, while at 320 ◦C phenol was the main product. However, the synthesis
of nitrides is a laborious procedure, while we report an easy method for catalyst synthesis.

2. Results and Discussion
2.1. Catalyst Characterization

In the present work, thein situ-formation of molybdenum and tungsten oxides from
molybdenum and tungsten carbonyls during guaiacol hydrodeoxygenation was inves-
tigated. Metal carbonyl complexes are known to react with water, other sources of OH-
groups, and oxygen with the formation of oxides [25–31]. A substrate used in this work
has an OH-group, and the HDO process involves the formation of water. The catalysts
obtained were called MoOx and WOx, and were studied using powder X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron mi-
croscopy (HRTEM) with energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),
and Raman spectroscopy.

The XRD patterns of catalyst precursors are shown in Figure S1 and correspond to
crystalline Mo(CO)6 (PDF №75-1336) and W(CO)6 (PDF № 84-2314). Figure 1a shows the
XRD of MoOx obtained at temperatures of 120–360 ◦C. MoOx is shown to be amorphous
over the whole temperature range. The evolution of the WOx catalyst with temperature
can be followed using XRD (Figure 1b). At 120 ◦C the WOx diffractogram has characteristic
peaks at 15.52◦ and 16.68◦, which are assigned to W(CO)6. When temperature rises to
180 ◦C, carbonyl partially decomposes with the formation of a WO3 phase (PDF № 5-363),
of which characteristic peaks are observed at 70.64◦ and 72.88◦. With a further increase
in temperature, the peaks related to carbonyl disappear, which characterizes its complete
decomposition and oxidation. In addition, at 240 ◦C, WO3 is converted to W18O49 (PDF №
71-2450). This phase was identified in the sample obtained at 240–360 ◦C. The characteristic
peaks at 23.52◦ and 48.12◦ correspond to the (010) and (020) planes in W18O49 [32]. The
average crystallite sizes of W18O49 were 2.0 ± 0.6 nm, 13.3 ± 0.9 nm and 14.6 ± 0.1 nm at
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240, 300, and 360 ◦C, respectively. Therefore, a temperature increase affects the growth of
W18O49 crystallites. Thus, the XRD of WOx catalyst shows W(CO)6 decomposition with
the formation of WO3 at 180 ◦C, and further WO3 reduction at 240 ◦C to W18O49.
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Figure 1. Powder X-ray diffraction of (a) MoOx, (b) WOx formed in situ during guaiacol HDO (10 wt.
% solution in toluene). Reaction conditions: 120–360 ◦C, 5 MPa H2, 6 h.

To identify electronic states on the surface of the catalysts, the XPS technique was
applied. For MoOx obtained at 120 ◦C (Figure 2a), the doublet at 232.5 (3d5/2) and 235.7
(3d3/2) eV in the Mo 3d region can be assigned to Mo6+ in MoO3 [33]. The peaks at 231.8
(3d5/2) and 234.8 (3d3/2) eV are ascribed to Mo5+ [34]. The presence of Mo5+ species
indicates the existence of the oxygen vacancies in MoO3 [35,36]. Choi and Thompson
noted that the reduction of Mo6+ to Mo4+ can proceed through a +5 intermediate oxidation
state [37]. Figure 2b shows the XP-spectrum of WOx in the W 4f region. The peaks with
binding energies of 34.7 (4f7/2) and 35.6 (4f5/2) eV correspond to W4+ in WO2 [38]. The other
two peaks observed at 35.9 (4f7/2) and 38.0 (4f5/2) eV are attributed to W6+ in WO3 [39].
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The XP-spectrum of MoOx obtained at 240 ◦C is presented in Figure 2c. The peaks
located at 230.6 (3d5/2) and 234.0 (3d3/2) eV correspond to Mo5+ species [34]. The doublet
at 232.7 (3d5/2) and 235.5 (3d3/2) eV is attributed to Mo6+ [33]. The doublet at 230.5 (3d5/2)
and 231.9 (3d3/2) eV is assigned to Mo4+ in MoO2 [33]. Therefore, with a temperature
increase from 120 to 240 ◦C, Mo6+ and Mo5+ begin to reduce to Mo4+. The XP-spectrum of
WOx obtained at 240 ◦C is presented in Figure 2d. The binding energies of 34.7 and 35.3 eV
are defined as W4+ in the 4f7/2 and 4f5/2 regions, respectively. The doublet observed at 35.7
(4f7/2) and 37.8 (4f5/2) eV is attributed to W6+ in WO3 [39].

The XP-spectrum of MoOx (Figure 2e) obtained at 360 ◦C shows two peaks located at
230.5 (3d5/2) and 232.3 (3d3/2) eV and assigned to Mo4+ in MoO2 [33]. The predominant
doublet with peaks at 232.8 (3d5/2) and 235.5 (3d3/2) eV corresponds to Mo6+ in MoO3 [33].
It is important to note that the presence of Mo5+ is not observed at 360 ◦C. Thus, at this
temperature Mo5+ is completely reduced to Mo4+. WOx XP-spectrum (Figure 2f) shows the
peaks with binding energies of 34.3 and 35.4 eV corresponding to W4+ in WO2 in 4f7/2 and
4f5/2 regions, respectively [38]. The peaks observed at 35.9 (4f7/2) and 37.8 (4f5/2) eV are
attributed to W6+ in WO3 [39].

According to the XPS data, the total content of W4+ in the WOx catalyst increases with
a temperature rise from 240 to 360 ◦C, which is associated with the reduction of W6+ to W4+

(Table S1). In the case of MoOx, Mo6+ and Mo5+ species are also reduced to Mo4+ with a
temperature increase.

The XP-spectra in C 1 s and O 1 s regions of the catalysts obtained at various tem-
peratures are shown in Figures S2 and S3. The same peaks are shown to be observed
in the spectra of both catalysts. For example, there are two peaks located at 283.7 and
284.3 eV in the spectrum of MoOx (C 1 s region) obtained at 120 ◦C (Figure S2). These peaks
correspond to the C-C bond [40,41]. The other peaks observed at 285.2 and 288.8 eV can be
assigned to the C-O and O = C-O bonds, respectively [42,43]. The presence of these peaks is
associated with the adsorption of reaction products on the catalyst surface. In addition, the
peaks corresponding to C-O can also be associated with the carbonyl groups in Mo(CO)6
and W(CO)6.

As shown in Figure S3, there are three peaks in the XP-spectra of MoOx and WOx
(O 1 s region) obtained at 120 and 240 ◦C. In the case of MoOx obtained at 120 ◦C, the
binding energies of 530.5 and 531.7 eV are assigned to the Mo-O and Mo-OH bonds [44].
The XP-spectrum of WOx obtained at 120 ◦C has two peaks at 530.7 and 532.0 eV, which
can be attributed to W-O and W-OH, respectively [45]. Thus, at 120 and 240 ◦C, the
presence of molybdenum and tungsten oxides and OH-groups on the surface of the catalysts
is observed. The peaks located at 533.0 and 533.7 eV correspond to the C = O/C-OH
bonds [41]. These peaks can be associated with the presence of water and oxygenated
compounds on the surface of catalysts [46]. There are only two peaks corresponding to
Me-O and Me-OH in XP-spectra of MoOx and WOx obtained at 360 ◦C. It can be concluded
that at 360 ◦C carbonyls are completely converted into the corresponding molybdenum
and tungsten oxides.

Figure 3 presents the SEM images of MoOx and WOx obtained at different reaction
temperatures (120, 240, 360 ◦C). The MoOx catalyst is represented by close-to-spherical
particles of different sizes. The morphology of MoOx (Figure 3a,c,e) is shown to not
undergo significant changes with a temperature increase. The various morphology of the
WOx catalyst (Figure 3b,d,f) is observed at different temperatures. At 120 ◦C, the catalyst
particles are close to spherical; at 240 ◦C, the particles do not have a definite morphology;
at 360 ◦C, the particles are urchin-like spheres.
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Figure 3. The SEM images of MoOx and WOx catalysts formed in situ during guaiacol HDO (10 wt. %
solution in toluene) at (a,b) 120 ◦C, (c,d) 240 ◦C and (e,f) 360 ◦C.

HRTEM, DRIFTS and Raman spectroscopy was used to study catalysts formed at 360
◦C. HRTEM was used to observe the morphology of the catalysts (Figure 4). As shown
in Figure 4a, MoOx represents agglomerates of particles. Moreover, the sample of MoOx
is amorphous (Figure 4b), which confirms the powder XRD results. Particle sizes are
difficult to calculate due to agglomeration, since the edges of individual particles are
not clearly visible. WOx consists of urchin-like spheres, which are made up of nanorods
with an average length of ~70–80 nm and width of ~8–10 nm (Figure 4c,d). According
to the HRTEM, WOx has a crystal lattice with the interplanar spacing of 0.38 nm, which
corresponds to the (010) plane in W18O49 [47,48]. Figures S4 and S5 show the elemental
maps of MoOx and WOx, respectively. Uniform distribution of metal and oxygen is
observed for both samples. Energy-dispersive X-ray spectroscopy was used to study the
elemental content of the catalysts. The ratio of O/Me calculated from the EDX spectra was
~1.5 for MoOx and ~2.3 for WOx (Figure S6).

131



Catalysts 2023, 13, 263Catalysts 2023, 13, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 4. The microphotographs of the catalysts obtained in situ during guaiacol HDO (10 wt. % 
solution in toluene) (a,b) MoOx, (c,d) WOx. 

The DRIFT spectra of MoOx are shown in Figure S7. The intense bands of Me-O at 
1000–900 cm−1 (at room temperature) are attributed to molybdenum oxide (Figure S7) [49]. 
There is also a broad band at 3400–3200 cm−1 from the stretching vibration, and at 1630 
cm−1 from the bending vibration of OH-groups in the spectra. This is caused by the pres-
ence of water on the catalyst surface. The band growth from 3300 to 1630 cm−1 occurs due 
to water removal from a surface layer of the sample with an increase in temperature from 
100 to 300 °C [50]. The presence of the bands at 3080 and 2950–2850 cm−1 is assigned to the 
C-H bonds of aryl and alkyl groups, respectively. In addition, the bands at 1392 cm−1 and 
1425 cm−1 are attributed to the bending vibration of C-H bonds of the alkyl group. A fur-
ther increase and decrease in temperature also shows the presence of aromatic com-
pounds (the bands at 3080 and 1510 cm−1) [51] and alkyl groups (the bands at 2950–2850 
cm−1) [52]. The band at 3740 cm−1 is attributed to the vibrations of OH-groups in reaction 
products. 

The DRIFT spectra of WOx are shown in Figure S8. The intense band at 990 cm−1 at a 
room temperature is attributed to the Me-O bond, which indicates the presence of tung-
sten oxide [52]. Water (the bands at 3300 and 1620 cm−1 from the stretching and bending 
vibrations of O-H, respectively) [50] and organic compounds are also present in small 
amounts (the bands at 3080 cm−1 from the bending vibrations of C-H in aromatic ring and 
at 1510 cm−1 from bending vibrations of aromatic ring) on the catalyst surface [51]. When 
the sample is calcined from room temperature to 300 °C, water is actively released from 
the sample layer to the surface, as evidenced by the growth of the bands at 3400 and 1620 
cm−1. The bands from the vibrations of the C-H bonds in aromatic compounds (3080 and 
1510 cm−1) and the C-H bonds in alkyl groups (CH2, CH3), and the bands at 2950–2850 cm−1 
from stretching vibrations and 1460 cm−1 from bending vibrations also become more 
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solution in toluene) (a,b) MoOx, (c,d) WOx.

The DRIFT spectra of MoOx are shown in Figure S7. The intense bands of Me-O at
1000–900 cm−1 (at room temperature) are attributed to molybdenum oxide (Figure S7) [49].
There is also a broad band at 3400–3200 cm−1 from the stretching vibration, and at
1630 cm−1 from the bending vibration of OH-groups in the spectra. This is caused by
the presence of water on the catalyst surface. The band growth from 3300 to 1630 cm−1

occurs due to water removal from a surface layer of the sample with an increase in temper-
ature from 100 to 300 ◦C [50]. The presence of the bands at 3080 and 2950–2850 cm−1 is
assigned to the C-H bonds of aryl and alkyl groups, respectively. In addition, the bands
at 1392 cm−1 and 1425 cm−1 are attributed to the bending vibration of C-H bonds of the
alkyl group. A further increase and decrease in temperature also shows the presence of
aromatic compounds (the bands at 3080 and 1510 cm−1) [51] and alkyl groups (the bands at
2950–2850 cm−1) [52]. The band at 3740 cm−1 is attributed to the vibrations of OH-groups
in reaction products.

The DRIFT spectra of WOx are shown in Figure S8. The intense band at 990 cm−1

at a room temperature is attributed to the Me-O bond, which indicates the presence of
tungsten oxide [52]. Water (the bands at 3300 and 1620 cm−1 from the stretching and
bending vibrations of O-H, respectively) [50] and organic compounds are also present in
small amounts (the bands at 3080 cm−1 from the bending vibrations of C-H in aromatic
ring and at 1510 cm−1 from bending vibrations of aromatic ring) on the catalyst surface [51].
When the sample is calcined from room temperature to 300 ◦C, water is actively released
from the sample layer to the surface, as evidenced by the growth of the bands at 3400
and 1620 cm−1. The bands from the vibrations of the C-H bonds in aromatic compounds
(3080 and 1510 cm−1) and the C-H bonds in alkyl groups (CH2, CH3), and the bands at
2950–2850 cm−1 from stretching vibrations and 1460 cm−1 from bending vibrations also
become more intense [53]. At 450 ◦C, the band at 3150 cm−1, characteristic of condensed
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aromatic rings, appears on the surface. The band at 3750 cm−1 exists over a whole tempera-
ture range and is attributed to OH-groups in different aromatic products of guaiacol HDO
(cresols and phenol) [51]. Thus, according to the DRIFTS data, the reaction products are
absorbed on the surface of the catalysts, which is also confirmed by the XPS in the C 1 s
and O 1 s regions.

The Raman spectra of MoOx and WOx is presented in Figure S9. According to the
results of Raman spectroscopy, MoOx represents crystalline MoO3. The Raman bands
at 995, 820, 670, 289 cm−1 are attributed to the Mo = O bond and the band at 210 cm−1

corresponds to the Mo–O–Mo bond. According to the XRD, the sample of MoOx obtained
at 360 ◦C is amorphous, which does not match with the results of Raman spectroscopy.
Ajito et al. demonstrated that amorphous MoO3 can be crystallized by the laser used to
obtain the Raman spectrum [54]. There are two intense peaks in the Raman spectra of WOx.
The G peak at 1500–1600 cm−1 refers to the C–C bond, which is assigned to sp2 hybridized
carbon atoms, and the D peak at 1330–1390 cm−1, which refers to the C–C bond (sp3

hybridized carbon atoms). The presence of these peaks is associated with the adsorption of
reaction products on the WOx surface [55]. The peaks at 790, 700 and 250 cm−1 are broad,
blurry and non-intense and refer to amorphous WO3. However, according to the XRD, this
catalyst has the crystal structure of W18O49. These differences can be explained by the low
stability of W18O49. Lu et al. noted that W18O49 can be transformed into WO3 by the laser
used to carry out the Raman spectra [38].

2.2. Catalytic Activity
2.2.1. The Effect of Temperature in Toluene

The activity of catalysts obtained in situ was investigated in the HDO of guaiacol.
The effect of temperature on the catalytic activity was evaluated over a wide temperature
range of 120–380 ◦C, under an initial H2 pressure of 5 MPa. The reaction time was 6 h, and
toluene was used as a solvent. The conversion of guaiacol over MoOx was noted to be
extremely low and reached 1–4% at 120–200 ◦C (Figure S10a). A rise in temperature from
200 to 240 ◦C promoted a sharp increase in guaiacol conversion from 4 to 18%—which
may be related to the full precursor transformation to oxides—the partial reduction of the
catalyst, and, as a result, an increase in the number of oxygen vacancies. As shown in
Figure 5a, the full conversion of guaiacol was reached at 320 ◦C. At 240–300 ◦C, phenol was
observed as a main reaction product (Figure 5b). Anisole, cresols, and cyclohexene were
also obtained. Since the bond dissociation energy of CAR-OCH3 is 45 kJ/mol and lower
than that of the CAr–OH bond, the conversion of guaiacol to phenol was more favored
than conversion to anisole [56]. The highest selectivity for phenol was 66% at 280 ◦C. A
following temperature increase led to direct deoxygenation (DDO) of phenol to benzene.
Therefore, the cleavage of the CAr–OH bond was favored at higher temperatures [11]. In
this way, the selectivity for benzene gradually increased with a rise in temperature from
280 to 380 ◦C. Cyclohexane and xylenes were also detected in large amounts at 320–380 ◦C.

At 120–220 ◦C, guaiacol conversion over WOx was very low and reached 1–5%
(Figure S10b). The full conversion of guaiacol was reached at 360 ◦C (Figure 5c). Phenol
was a major product at 240–300 ◦C. The decrease in phenol selectivity with a temperature
increase from 240 ◦C to 380 ◦C is associated with its conversion to benzene (Figure 5d).
Compared to MoOx, WOx demonstrated low catalytic activity in the hydrogenation of
benzene to cyclohexene and cyclohexane. Oxygen vacancies in metal oxides are noted to
act as active sites in hydrogenation reactions under typical HDO conditions [16,57]. With
the temperature increase from 240 to 360 ◦C the selectivity for xylenes increased from 11 to
52%. As is the case with MoOx, anisole was not detected among the reaction products at
320–380 ◦C. Most likely, it is caused by the conversion of anisole to phenol or cresols.

Phenol was the major product of guaiacol HDO at 240–300 ◦C over both catalysts.
With a temperature increase to 320–340 ◦C, phenol selectivity over MoOx decreased, and
cyclohexane became the main product. In the case of WOx, phenol was also obtained in
significant amounts at 320–340 ◦C. However, xylenes formed with higher selectivity. With
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a further increase in temperature to 360–380 ◦C, aromatics, such as benzene and xylenes,
were obtained in large amounts over both catalysts. At this temperature, WOx is more
selective to aromatics than MoOx.

The comparison of catalyst activities in the formation of HDO products (benzene,
xylenes, cyclohexene, cyclohexane) is presented in Figure S11. The highest yield of HDO
products (96%) was shown to be reached at 360 ◦C using MoOx. Compared to MoOx, the
highest yield of HDO products over WOx was 94% and was reached at 380 ◦C.
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2.2.2. The Effect of Pressure in Toluene

Because cyclohexane was formed in significant amounts when MoOx was used as a
catalyst, the effect of H2 pressure (1–5 MPa) on product formation was studied (Figure 6).
Guaiacol conversion was 100% in all cases. In the case of MoOx, benzene, xylenes, cyclo-
hexane and phenol were formed as products (Figure 6a). An increase in pressure led to
a decrease in selectivity for benzene and an increase in selectivity for cyclohexane. Thus,
carrying out the HDO of guaiacol over MoOx under low H2 pressure contributes to higher
benzene selectivity. At the same time, H2 pressure is shown to have almost no effect on
benzene selectivity when WOx is used as a catalyst (Figure 6b).
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380 ◦C, 1–5 MPa H2, 6 h; 10 wt. % guaiacol in toluene solution.

2.2.3. Reaction Pathways

The HDO of guaiacol over MoOx and WOx can occur via three routes, i.e., direct
deoxygenation to anisole (DDO), demethoxylation to phenol (DMO), and DMO followed
by methylation to cresols (Figure 7). The formation of cresols also occurs through transalky-
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lation (TRA) of anisole [58]. Cresols can then convert to xylenes via two pathways: methy-
lation (ME) to xylenols followed by DDO, or DDO to toluene followed by ME. However,
xylenols were not detected, and toluene was used as a solvent. Phenol is formed not only
by DMO of guaiacol but also by demethylation (DME) of anisole. Phenol then converts
to benzene through DDO. Benzene is transformed into cyclohexene and cyclohexane by
hydrogenation (HYD). Cyclohexene may also be formed by dehydratation of cyclohexanol,
however, cyclohexanol was not identified in the reaction medium. Cyclohexane is also
obtained by the HYD of cyclohexene.
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Figure 7. Proposed reaction pathways of guaiacol HDO over in situ formed MoOx

and WOx. DDO—direct deoxygenation, HYD—hydrogenation, DMO—demethoxylation,
DME—demethylation, ME—methylation, TRA—transalkylation. The following conditions favored
each path: I—MoOx or WOx, 240–280 ◦C, 5 MPa (anisole is a minor product); II—MoOx or WOx,
240–300 ◦C, 5 MPa; III—MoOx or WOx, 240–300 ◦C, 5 MPa (cresols are minor products); IV—MoOx,
320–360 ◦C, 5 MPa; 380 ◦C, 1–5 MPa; WOx, 360 ◦C, 5 MPa; 380 ◦C, 1–5 MPa; V—MoOx, 320–380 ◦C,
5 MPa; MoOx, 340 ◦C, 5 MPa, 6 h; VI, VII—MoOx or WOx, 320–360 ◦C, 5 MPa; 380 ◦C, 1–5 MPa.

2.2.4. The Effect of Temperature and Pressure in Dodecane

Since xylenes were one of the reaction products, toluene was also probably formed.
Thereby, the solvent was changed from toluene to dodecane. The catalytic tests were carried
out at 300–380 ◦C, 5 MPa H2, and 6 h of reaction. The yield of HDO products (benzene,
toluene, xylenes, cyclohexene, cyclohexane) and the BTX fraction for both catalysts are
shown in Figure 8. For both catalysts, the rise in the reaction temperature contributes to an
increase in the yield of HDO products and the BTX fraction. At the same time, WOx is more
selective in the formation of BTX fraction, while in the presence of MoOx, cyclohexane is
also one of the HDO products. In addition, the catalytic tests were carried out at 380 ◦C,
1–5 MPa H2 and 6 h of reaction. As shown in Figure S12, the selectivity for BTX products
changes insignificantly, however, higher pressure results in more cyclohexane selectivity,
especially when MoOx is used.
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2.2.5. The Recycling Tests

Five runs of recycling tests were carried out to estimate the stability of MoOx and
WOx catalysts (Figure S13). The stability tests were carried out at average conversions
(320 ◦C, 5 MPa H2, 1 h). The conversion of guaiacol over MoOx was 73% at the first run.
It gradually decreased and was 56% after the fifth run. Such a decrease in conversion
indicates insignificant deactivation of the MoOx catalyst during the recycling test runs.
Phenol and HDO product selectivity remained almost unchanged. At the same conditions,
the conversion of guaiacol over WOx changed significantly from 43% at the first run to
8% at the fifth run. The reason for this may be the adsorption on the catalyst surface of
significant amounts of reaction products (confirmed by DRIFTS and Raman spectroscopy),
and, as a consequence, the blocking of active sites. Phenol and HDO product selectivity
changed insignificantly.

3. Materials and Methods
3.1. Materials

All reagents were purchased from commercial suppliers and used as received. Molyb-
denum hexacarbonyl (LLC “Redkino experimental plant,” Redkino, Russia, wt. % of Mo
36.5–37.5%), and tungsten hexacarbonyl (LLC “Redkino experimental plant,” Redkino, Rus-
sia, wt. % of W 51–52%) were used as precursors for catalyst preparation. Guaiacol (Acros
organics, Geel, Belgium, >99%) was used as a substrate for hydrodeoxygenation. Toluene
(Component-reaktiv, Moscow, Russia, >98.5%) or dodecane (Sigma-Aldrich, Burlington,
VT, USA, >99%) were used as solvents. Acetone (Component-reaktiv, Moscow, Russia,
>99.5%,) and petroleum ether 40/70 (Component-reaktiv, Moscow, Russia, tech.) were used
for catalyst washing. H2 (≥98%, Air Liquide, Paris, France) and Ar (≥98%, Air Liquide,
Paris, France) gases were also used.

3.2. Catalyst Preparation and Catalytic Tests

The catalysts were prepared in a 45 mL stainless-steel batch autoclave reactor during
the HDO of guaiacol. A mixture of 84.4 mg Mo(CO)6 (or 113.7 mg W(CO)6) and guaiacol
(2 g of 10 wt. % solution in toluene or dodecane) was added to the reactor. The HDO
of guaiacol was investigated at 120–400 ◦C for 6 h while undergoing constant magnetic
stirring (7000 rpm). The initial pressure of H2 was 5 MPa. After the catalytic test, the
reactor was cooled to a room temperature. Liquid products were isolated from the reactor
and separated from the catalysts by centrifugation (5000× g rpm). Catalysts obtained
during the reaction were washed by petroleum ether and acetone until the solution over
the catalysts became colorless. Then, the catalysts were dried in an argon atmosphere at
room temperature.

3.3. Characterization

Powder X-ray diffraction was used to determine the phase composition of the catalysts.
The X-ray diffractograms were obtained for a range of 5−100◦ 2θ by using a Rigaku Rotaflex
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RU-200 diffractometer (CuKα radiation) equipped with a Rigaku D/Max-RC goniometer
(a rotation speed of 1◦/min; a step 0.04◦). Qualitative phase analysis of the samples was
carried out using the PDF-2 ICDD database of powder diffraction patterns. The average
crystallite sizes were estimated using the Scherrer equation.

X-ray photoelectron spectra were obtained using a PREVAC EA15 electronic spec-
trometer (AlKα radiation, hν = 1486.74 eV, 150 W). Spectra were recorded at a pressure not
exceeding 5 × 10–9 mbar. Spectra deconvolution was carried out using a PeakFit software.

The morphology of the catalysts obtained was observed using scanning electron
microscopy and high-resolution transmission electron microscopy. Scanning electron mi-
croscopy with energy-dispersive X-ray spectroscopy was performed using a Carl Zeiss
NVision 40 microscope equipped with an Oxford Instruments X-Max EDX detector oper-
ated at 20 kV. High-resolution transmission electron microscopy with energy-dispersive
X-ray spectroscopy were performed using a FEI Tecnai Osiris transmission electron micro-
scope equipped with a field emission electron gun operated at 200 kV.

Diffuse reflectance infrared Fourier transform spectroscopy was carried out in a high-
temperature PIKE Diffus IR cell coupled with a VERTEX-70 Bruker Fourier transform
IR spectrometer. DRIFT spectra of catalysts (194 scans at a resolution of 2 cm−1 in a
range of 600–4000 cm−1) were investigated in an argon flow in a temperature range of
25–450 ◦C. Spectra processing was carried out using OPUS-7 software. Raman spectra
were obtained using a Senterra II spectrometer (laser power is 0.25 mW, a wavelength is
532 nm; a magnification is 50×).

Liquid reaction products were identified by gas chromatography–mass spectrometry
using a Thermo Scientific ISQ 7000 GC-MS system equipped with a Restek 5XI-17SIL MS
CAP capillary column (30 m × 0.25 mm × 0.25 µm), with helium being used as a carrier
gas. The quantitative analysis of liquid products was carried out using a Crystallux 4000 M
gas chromatograph equipped with a flame ionization detector, an Optima-1 capillary
column (25 m × 0.32 mm × 0.35 µm), with helium used as a carrier gas. Chromatograms
were obtained and analyzed using a NetChromWin software. Guaiacol conversion (%),
product selectivity (%), and yield of full HDO products (%) were calculated using the
following equations:

Conversion o f guaiacol (%) =
mole o f substrate consumed

initial mole o f substrate
× 100%

Selectivity (%) =
mole o f product f ormed
∑ moles o f all products

× 100%

Yield o f f ull HDO products (%) =
∑ moles o f f ull HDO products

initial mole o f substrate
× 100%

Yield o f BTX f raction (%) =
∑ moles o f BTX

initial mole o f substrate
× 100%

4. Conclusions

Th possibility of obtaining in situ MoOx and WOx from the corresponding carbonyls
during the HDO of guaiacol is shown in this study. According to XRD, MoOx is amorphous,
while WOx displayed the crystalline patterns of WO3 at 180 ◦C and W18O49 at 240–360 ◦C.
The HRTEM of the catalysts obtained at 360 ◦C confirms the results of the XRD. It was
shown via XPS that an increase in reaction temperature promoted the reduction of the
surface M6+ to M4+. In the case of MoOx, the reduction proceeded through the formation
of an intermediate M5+. The presence of M5+ and M4+ may indicate vacancy sites on the
surface of the catalysts.

The catalysts obtained were investigated in the HDO of guaiacol. Low guaiacol
conversions at temperatures of 120–180 ◦C were associated with incomplete decomposition
of the precursors. The active phase of the catalysts began to form at temperatures above
200 ◦C. An increase in the reaction temperature promoted the formation of vacancy sites
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on which hydrodeoxygenation could proceed. The full conversion of guaiacol was reached
at 320 ◦C (5 MPa, 6 h) and 360 ◦C (5 MPa, 6 h) using MoOx and WOx, respectively. MoOx,
compared to WOx, is shown to demonstrate higher activity in the full HDO of guaiacol.
However, WOx is more selective in the production of aromatics, in particular the BTX
fraction. The highest yield of the BTX was 96% (380 ◦C, 5 MPa, 6 h) using the WOx catalyst.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13020263/s1, Figure S1: X-ray diffractograms of (a) molyb-
denum and (b) tungsten carbonyls—the precursors of the catalysts; Table S1: Oxidation states (Mo
3d, W 4f regions) on the surface of the catalysts, identified by the XPS; Figure S2: The XPS spectra in
C 1 s region of the catalysts obtained at different temperatures; Figure S3: The XPS spectra in O 1 s
region of the catalysts obtained at different temperatures; Table S2: Oxidation states (C 1 s region)
on the surface of the catalysts, identified by the XPS; Table S3: Oxidation states (O 1 s region) on the
surface of the catalysts, identified by the XPS; Figure S4: The elemental mapping of MoOx. Maps
are assigned to (a) molybdenum, (b) oxygen, (c) molybdenum and oxygen, and (d) the HAADF
image; Figure S5: The elemental mapping of WOx. Maps are assigned to (a) tungsten, (b) oxygen, (c)
tungsten and oxygen, and (d) the HAADF image; Figure S6: The EDX spectra of the catalysts: (a)
MoOx (b) WOx; Figure S7: The DRIFT spectra of MoOx in a range of 4000–600 cm−1; Figure S8: The
DRIFT spectra of WOx in a range of 4000–600 cm−1; Figure S9: The Raman spectra of MoOx and
WOx; Figure S10: The results of the guaiacol HDO over in situ formed (a) MoOx (b) WOx. Reaction
conditions: 120–220 ◦C, 5 MPa H2, 6 h; 10 wt. % guaiacol in toluene solution; Figure S11: The yield of
HDO products over in situ-formed MoOx and WOx. Reaction conditions: 240–380 ◦C, 5 MPa H2, 6 h;
10 wt. % guaiacol in toluene solution.; Figure S12: The results of guaiacol HDO over in situ formed
(a) MoOx (b) WOx. Reaction conditions: 380 ◦C, 1–5 MPa H2, 6 h; 10 wt. % guaiacol in dodecane
solution.; Figure S13: The recycling test runs of (a) MoOx (b) WOx. Reaction conditions: 320 ◦C, 5
MPa H2, 1 h; 10 wt. % guaiacol in dodecane solution.
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Abstract: CO2 hydrogenation to methanol is an important process that could solve the problem
of emitted CO2 that contributes to environmental concern. Here we developed Cr-, Cr-Zn-, and
Cr-Ni-containing nanocomposites based on a solid support (SiO2 or Al2O3) with embedded magnetic
nanoparticles (NPs) and covered by a cross-linked pyridylphenylene polymer layer. The decom-
position of Cr, Zn, and Ni precursors in the presence of supports containing magnetic oxide led to
formation of amorphous metal oxides evenly distributed over the support-polymer space, together
with the partial diffusion of metal species into magnetic NPs. We demonstrated the catalytic activity
of Cr2O3 in the hydrogenation reaction of CO2 to methanol, which was further increased by 50%
and 204% by incorporation of Ni and Zn species, respectively. The fine intermixing of metal species
ensures an enhanced methanol productivity. Careful adjustment of constituent elements, e.g., cat-
alytic metal, type of support, presence of magnetic NPs, and deposition of hydrophobic polymer
layer contributes to the synergetic promotional effect required for activation of CO2 molecules as
well. The results of catalytic recycle experiments revealed excellent stability of the catalysts due to
protective role of hydrophobic polymer.

Keywords: methanol synthesis; CO2 hydrogenation; magnetic nanoparticles; chromium oxide;
nanocomposites; supported catalyst; polymer layer

1. Introduction

Human impact on the environment has become a critical issue for the last 20 years.
Emissions of greenhouse gases are now believed to be responsible for global warming and
have gained worldwide concern. CO2 is one of the most emitted gases with level in the
atmosphere raised from 315 ppm in 1958 when continuous observations began to 420 ppm
in 2021 [1,2]. In this regard, CO2 utilization and transformation into valuable chemicals are
of particular importance.

CO2 can be considered as a carbon feedstock alternative to hydrocarbons whose com-
bustion depletes the carbon sources. The possible transformation routes for CO2 molecule
via catalytic hydrogenation include the formation of formic acid, methane, methanol,
and DME [3,4]. The production of methanol from CO2 is considered as one of the most
effective ways for decreasing the CO2 concentration [5,6]. Methanol is an important
platform molecule which can be converted into a variety of reagents, such as formalde-
hyde, acetic acids, and others [7–9]. It is a component of fuel blends, antifreezes, resins,
and plastics [10]. Currently methanol is almost exclusively synthesized from syngas via
Fischer-Tropsch process over the Cu-ZnO-Al2O3 catalyst [11]. However, recent reports
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have defined CO2 methanolization as one of the most exciting commercial applications for
CO2 capture [4,10,12,13].

The heterogeneous catalysts employed for CO2 to methanol hydrogenation are usually
ternary catalytic systems comprised of bimetallic species deposited on a solid support.
While Cu-ZnO-based materials are the most investigated systems due to high activity and
ability to operate under moderate reaction conditions, recent studies have been focused on
expanding the scope of catalytic systems and chemical element combinations [13,14]. Thus,
Cu-In [15], Pd-Zn [16–18], Rh-In [19], Pd-Cu [20], and Ni-Ga [21,22] catalytic systems have
been explored. The key role of support is also highlighted in numerous papers [14,23]. A
strong metal-support interaction may direct the reaction pathway, enhancing the selectivity
and activity. For example, Ni-based catalysts without proper modification deliver only
methane as a main product of CO2 hydrogenation, while Ni deposited on Ga2O3 provides
methanol with high selectivity [22]. The effect of metal-support interaction is attributed to
the electronic and structural modification due to formation of oxygen vacancies, electronic
doping, formation of alloy interface, and charged metal moieties, etc. [14,24–26]. Al2O3,
CeO2, ZrO2, SiO2, and TiO2 are the widely examined solid materials for this purpose.

However, the explored catalysts usually suffer from relatively poor activity and low
selectivity due to the presence of reverse water-gas shift (RWGS) reaction that proceeds
along with the target hydrogenation reaction. RWGS reaction leads to the formation of CO
and H2O vapors lowering the methanol yield [14]. Moreover, water vapors also cause a
notable decrease in catalyst stability and reusability [27,28]. Another major shortcoming of
the nanosized catalysts used in methanol synthesis is the NP agglomeration that occurs
due to the sintering process induced by high-reaction temperature and pressure [29,30].
Strong and reliable stabilization of NPs may suppress the sintering. This could be achieved
by appropriate interactions with a support and/or incorporation of additional ligand
molecules creating a barrier between metal species [23].

Therefore, novel catalysts developed for methanol synthesis from CO2 should with-
stand harsh reaction conditions, preserve stability under high water partial pressure,
possess high thermostability, and have easily adoptable microstructures. The synthetic
procedures employed in catalyst production should be simple and scalable due to potential
industrial implementation of the process.

In our preceding work, we developed the catalysts based on metal NPs stabilized by
aromatic polymers for different hydrogenation reactions, such as synthesis of methanol
from syngas [31–33], synthesis of gamma-valerolactone from levulinic acid [34], and fur-
furyl alcohol from furfural [35]. These catalysts demonstrated exceptional activity and
stability which have been preserved in several consecutive catalytic cycles. The synthesis of
these nanocomposites has been carried out by thermal decomposition of metal precursors
in the presence of a polymer acting as a stabilizing media. Despite the precious control over
the NP size and morphology provided by this technique, its employment in CO2 methano-
lization is not fully reasonable because of low catalyst yield. Indeed, the approaches to
nanocomposite formation providing several grams of catalyst during simple synthetic
procedures are preferable. This could be achieved by addition of a solid support to the
catalyst formulation. More recently, we developed an approach to the formation of a thin
polymer layer on a mesoporous silica gel containing magnetic nanoparticles [36]. After
incorporation of palladium species by coordination with pyridine groups of the polymer,
the resulting nanocomposites were tested in Suzuki-Miyaura reaction. The results of recycle
experiments revealed the important role of the branched polymer layer in NPs stabilization
and superior catalytic activity under repeated use [36].

In this work, we applied this approach to fabricate the novel nanostructured catalytic
systems for methanol synthesis from CO2 + H2. Deposition of a thin polymer layer which
is hydrophobic in nature on a solid support (SiO2 or Al2O3) containing metal NPs could
be one of the possible strategies for attenuating the negative influence of H2O vapors.
Moreover, the polymer adsorption contributes to NP segregation and stabilization, thus
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preventing the possible sintering and leaching of NPs. Both processes are known to be
responsible for significant drops in the catalyst activity [29,30].

Here we synthesized and explored Cr-, Cr-Zn-, and Cr-Ni-containing magnetically
recoverable catalysts based on two different inorganic supports—SiO2 and Al2O3—covered
by a polymer layer. Recently, Cr2O3 has been shown to possess a potential activity in CO2
methanolization [37] while having an established productivity in the methanol synthesis
from syngas [33,38,39]. The oxygen vacancies presented on the surface of Cr2O3 make it
suitable for activation of thermodynamically stable and inert CO2 molecule [37,40]. The
activity of Cr2O3 can be adopted by doping with different metals like Ni, La, etc. [41]. In
this work we expanded the studies of Cr2O3 catalytic activity in methanol synthesis via
CO2 hydrogenation. To elucidate the main factors underlying the high-catalyst activity, we
fabricated both monometallic and bimetallic catalytic systems. Magnetic NPs included in
the catalyst structure do not possess the catalytic activity in this reaction; however, they
may boost methanol productivity while ensuring the effective magnetic separation for
repeated uses and more sustainable processes.

2. Results and Discussion

To meet requirements for effective CO2 methanolization the designed catalytic sys-
tem should be (1) stable under harsh reaction conditions and high partial pressure of
water vapors, (2) easily separable from reaction mixture to allow the repeated uses,
and (3) synthesized via robust procedure. To develop such catalyst, we used a combi-
nation of synthetic methods.

At the first step, Fe3O4 NPs were formed in the pores of commercially available
mesoporous solid support according to the procedure described previously [42]. Here
we used two different supports: Al2O3 and SiO2 to further assess their influence on the
catalytic activity. Thermal decomposition of iron nitrate in the presence of the support and
mild reducing agent led to the formation of magnetic nanoparticles of 13.2 and 15.6 nm
for SiO2- and Al2O3-based composites, respectively, oriented alongside the pores [42,43].
Magnetic NPs ensure the easy and simple separation of catalyst from the reaction mixture
by external magnet. After formation of magnetic support, a thin layer of cross-linked
pyridylphenylene polymer (PPP) has been deposited by Diels Alder polycondensation
of two branched monomers in the presence of magnetic silica/aluminia. Structure of
PPP together with the scheme of formation of a solid support -Fe3O4 –PPP composite are
given in Figure S1 in SI. PPP is a thermally stable polymer whose thermal decomposition
starts at 500 ◦C which is important for practical application [32,34]. It is worth noting that
deposition of PPP on the surface of support does not decrease the porosity of material due
to cross-linked hyperbranched structure, as was established earlier [36]. This means that a
polymer layer does not hinder the active sites of the future catalyst and does not prevent
the diffusion of substrate molecules. The presence of pyridine moieties in PPP structure
may contribute to more effective chemisorption of CO2 molecules being the first step of
catalysis because of electropositivity of CO2 carbon atom.

The metal species, namely Cr, Cr-Zn, and Cr-Ni, have been incorporated into the struc-
ture of SiO2/Al2O3-Fe3O4-PPP composites by wet impregnation method of corresponding
metal acetyl acetonates followed by a thermal decomposition in a furnace tube at 350 ◦C.
To elucidate the possible promoting effect of Fe3O4 molecules, the nanocomposites without
magnetic NPs have been synthesized as well.

2.1. Structure and Morphology of the Nanocomposites

To identify the position of all species in the composites, STEM EDS mapping was
performed. Figure 1 shows the STEM dark field image and EDS maps of SiO2-Fe3O4-
PPP-Cr-Zn nanocomposite. The carbon map demonstrates a full coverage of silica by
polymer layer. Fe map totally repeats the shape of Si map indicating the formation of
Fe3O4 NPs in silica pores. Cr and Zn maps are similar to Fe map which may correspond
to the incorporation of Cr and Zn species in magnetite structure. It is worth noting that

143



Catalysts 2023, 13, 1

deposition of catalytic species on the top of magnetic oxide with formation of heterogeneous
hybrid nanocomposite is more preferable for effective catalysis rather than homogeneous
nucleation of separately being Cr2O3 and ZnO2 nanoparticles [25,44].
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Figure 1. STEM dark field image (a) and EDS maps of Si (b), Cr (c), C (d), Fe (e) and Zn (f) of
SiO2-Fe3O4-PPP-Cr-Zn nanocomposite.

STEM EDS images for SiO2-Fe3O4-PPP-Cr-Ni nanocomposite are given in Figure 2.
Again, C, Si, Fe, Cr, and Ni maps show a good fit revealing the formation of magnetic
and catalytic species in the silica covered by polymer. However, Ni species are distributed
across the sample with some aggregation of NPs. This may be due to a poor intermixing of
Ni species with a magnetite phase.
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Figure 2. STEM dark field image (a) and EDS maps of Si (b), Cr (c), C (d), Fe (e) and Ni (f) of
SiO2-Fe3O4-PPP-Cr-Ni nanocomposite.

STEM EDS maps of Al2O3-Fe3O4-PPP-Cr-Zn, SiO2-PPP-Cr-Zn, and SiO2-Fe3O4-PPP-
Cr are presented in Figures S2–S4, respectively. Replacement of SiO2 with Al2O3 did not
influence the deposition of PPP on the support. The positions of metal species for all
composites demonstrated their perfect distribution over the support-polymer area and a
good correlation with Fe map.

To assess the chemical composition of the materials obtained, EDS spectra were
recorded (Figure 3a,b for SiO2-Fe3O4-PPP-Cr-Zn, and SiO2-Fe3O4-PPP-Cr-Ni, respectively,
and Figure S5a,b for SiO2-PPP-Cr-Zn and SiO2-Fe3O4-PPP-Cr, respectively). The spectra
confirmed the presence of constituent elements together with successful deposition of
a polymer layer which is evidenced by the presence of carbon in the composite. The
elemental compositions for all samples are given in Table S1.
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Figure 3. EDS spectra of SiO2-Fe3O4-PPP-Cr-Zn (a) and SiO2-Fe3O4-PPP-Cr-Ni (b) nanocomposites.
Cu-Kα signals are presented due to Cu-grid used for recording of the spectra.

Figure 4 displays the XRD spectra of SiO2-Fe3O4-PPP (a), SiO2-Fe3O4-PPP-Cr-Zn (b),
and SiO2-Fe3O4-PPP-Cr-Ni (c) nanocomposites, which are very similar to each other and
show a polymer halo at ~10◦ 2θ and a broad signal at 22◦ corresponding to amorphous silica.
A set of reflections characteristic for a spinel structure of magnetite is also observed for all
samples. Surprisingly, no additional reflections are detected, which could be attributed to
the formation of zinc or chromium oxides. This could be due to the formation of amorphous
oxide structures or different ferrites whose reflections are overlapped with those of Fe3O4 or
due to intermixing of Zn, Cr, and Ni species with a magnetite phase that do not disturb the
Fe3O4 crystalline structure. The more careful inspection of XRD-spectra revealed a slight
shift of (311) peak of Fe3O4 to smaller angles for Cr-Zn-containing composites. The enlarged
depiction of this region is presented in Figure S6. This could indicate a partial penetration
of Cr and Zn species in a magnetite structure as it was reported earlier [42,45,46]. The lattice
constants calculated from XRD data showed an increase from 8.3801 for SiO2-Fe3O4-PPP
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to 8.3982 for SiO2-Fe3O4-PPP-Cr-Zn. The effect could be attributed to the substitution of
some Fe ions with Zn2+ and Cr3+, and formation of ferrites. Another possible explanation
is the penetration of Zn2+ and Cr3+ possessing the higher ionic radii into Fe3O4 NP.
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Figure 4. XRD patterns of SiO2-Fe3O4-PPP (a); SiO2-Fe3O4-PPP-Cr-Zn (b); SiO2-Fe3O4-PPP-Cr-Ni (c).

In case of composite without Fe3O4 only the signals corresponding to PPP and SiO2
are presented in diffractogram (Figure S7a). This suggests the formation of amorphous
Cr- and Zn-containing species. At the same time, for Al2O3-based composites containing
Fe3O4, the diffraction pattern contains a set of peaks corresponding to Al2O3 and reflections
attributed to Fe3O4 structure (Figure S7b,c). Similar to composites based on SiO2-, the
reflections characteristic for Cr and Zn oxides are absent.

To achieve further insight into the structure of the composites obtained, XPS spectra
were recorded. The survey spectra of the samples are given in Figure S8. The oxidation
states of the metal species were analyzed by high resolution (HR) XPS. In all samples, Fe 2p
spectrum contains a main peak at 711.0 eV which is typical for iron oxides [47] (Figure 5a
for SiO2-Fe3O4-PPP-Cr-Zn, and SI for other Fe3O4-containig composites). A region between
Fe 2p3/2 and Fe 2p1/2 displays a plateau indicating the formation of Fe3O4. In the opposite
case (formation of Fe2O3), the prevalence of Fe3+ ions would result in a satellite peak with
binding energy 8 eV higher than the main peak [47]. Importantly, impregnation by Cr,
Zn, and Ni species do not disturb the Fe3+/Fe2+ ratio. If any substitution of Fe2+ by Zn2+

or Ni2+ would appear, which took place upon the formation of ferrites structures like
ZnFe2O4, NiFe2O4, ZnCrFeO4, or chromite, this would influence the Fe3+/Fe2+ ratio and
lead to the occurrence of additional signals, in particular the satellite peak, or peak shifting
(See Figures) [48,49]. However, the Fe 2p spectra before and after incorporation of metal
compounds are similar (See Figure 5a and Figure S9).

146



Catalysts 2023, 13, 1Catalysts 2022, 12, x FOR PEER REVIEW 7 of 18 
 

 

740 730 720 710

4800

5000

5200

5400 satellite
 Fe2+

Fe3+2p1/2

CPS

Binding energy, eV

2p3/2

Fe2+

satellite
 Fe3+

 
(a) 

600 590 580 570

5000

5200

5400

5600 Cr3+ 2p1/2

CPS

Binding energy, eV

Cr3+ 2p3/2

Zn LMM

 
(b) 

1050 1040 1030 1020

6400

6800

7200

7600

Zn2+2p1/2

CPS

Binding energy, eV

Zn2+2p3/2

 
(c) 

880 870 860 850

4100

4200

4300
Ni(OH)2

2p1/2

CPS

Binding energy, eV

2p3/2

Ni2+

satellite

 
(d) 

Figure 5. HR XPS spectra of SiO2-Fe3O4-PPP-Cr-Zn in the Fe 2p (a); Cr 2p (b); Zn 2p (c) regions; and 

Ni 2p (d) of SiO2-Fe3O4-PPP-Cr-Ni. 

The analysis of Cr 2p XPS spectra (Figure 5b) revealed that Cr solely exists in the form 

of Cr3+. The spin-orbit splitting energy (Cr 2p3/2−Cr 2p1/2 = 9.76 eV) coincides with that of 

Cr2O3 [50]. The positions of peaks at Zn 2p XPS spectra with binding energies of 1022.8 

and 1045.9 eV for 2p3/2 and 2p1/2, respectively, correspond to Zn2+ typical for ZnO (Figure 

5c) [51]. For Ni-containing composite, the positions of peaks at HR XPS spectrum match 

Ni2+ state in oxide-hydroxide form [49,52,53] (Figure 5d). The deconvolution parameters 

Figure 5. HR XPS spectra of SiO2-Fe3O4-PPP-Cr-Zn in the Fe 2p (a); Cr 2p (b); Zn 2p (c) regions; and
Ni 2p (d) of SiO2-Fe3O4-PPP-Cr-Ni.

The analysis of Cr 2p XPS spectra (Figure 5b) revealed that Cr solely exists in the
form of Cr3+. The spin-orbit splitting energy (Cr 2p3/2−Cr 2p1/2 = 9.76 eV) coincides with
that of Cr2O3 [50]. The positions of peaks at Zn 2p XPS spectra with binding energies of
1022.8 and 1045.9 eV for 2p3/2 and 2p1/2, respectively, correspond to Zn2+ typical for ZnO
(Figure 5c) [51]. For Ni-containing composite, the positions of peaks at HR XPS spectrum
match Ni2+ state in oxide-hydroxide form [49,52,53] (Figure 5d). The deconvolution pa-
rameters for all spectra are summarized in Tables S2–S7. HR XPS of Fe, Cr, and Zn for all
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nanocomposites are presented in SI, Figures S9–S13. The positions of the main peaks are
consistent with those described in Figure 5.

Thus, one can conclude that formation of ferrites is not observed, and decomposition
of Cr, Zn, and Ni precursors leads to formation of amorphous metal oxides. However,
considering the peak shifting (Figure S6) and increase in the values of lattice constants
revealed by XRD, we assumed the possible diffusion of Cr, Zn, and Ni species into magnetic
NPs. This assumption is based on XPS data for 2p and 3p electrons. 2p electrons are
known to possess considerably lower kinetic energy than that of 3p electrons. Thus, the
contribution of 2p electrons in the spectrum reflects the surface concentration of the element,
while 3p electrons characterize the deeper layers of the material. Data on 2p and 3p content
of the metals in the nanocomposites are presented in Table 1. As one can see, the enrichment
of the surface with metal is dependent on the metal type. For all samples, the composites
surface was enriched with Cr3+ species since the chrome content for 2p electrons was
higher than that of 3p electrons. However, small amount of Cr3+ species were able to
penetrate the deeper magnetite NP level as well. For Ni-containing samples, XPS data
show the surface accumulation of Ni species. Surprisingly, Zn content was higher for 3p
electrons which means a higher fraction of Zn in the deeper layers rather than at the surface.
This phenomenon could be explained by a better compatibility of Zn2+ with Fe3O4 in
comparison with that of Cr3+ and Ni2+. Although, the possibility of solid solution and alloy
formation is governed by Hume-Rothery rules, small metal clusters do not always follow
the rules [54]. In addition, the thermal decomposition of zinc acetyl acetonate starts at 190
◦C and ZnO NPs formation was reported to proceed at 195 ◦C [55,56]. For chromium acetyl
acetonate, the decomposition temperature is much higher (250 ◦C) [57]. The differences in
decomposition temperature and consequent earlier destruction of Zn precursor are another
reason for deeper migration of Zn2+ into a magnetite structure in comparison with Cr3+.

Table 1. Atomic concentrations of metals for Cr-, Zn-, and Ni-containing magnetic nanocomposites
determined by HR XPS for 2p and 3p transitions.

Sample
Relative Content by XPS, Atomic %

Fe 2p/3p Cr 2p/3p Zn 2p/3p Ni 2p/3p

SiO2-Fe3O4-PPP-Cr-Zn 0.50/0.30 0.41/0.07 0.23/0.32 -

SiO2-Fe3O4-PPP-Cr-Ni 0.55/0.26 0.54/0.09 - 0.45/0

Al2O3-Fe3O4-PPP-Cr-Zn 0.52/0.31 0.41/0.08 0.25/0.31 -

To conclude, most probably the decomposition of Cr, Zn, and Ni acetyl acetonates,
in the presence of magnetite-containing solid supports covered by PPP, results in the
formation of thin metal oxide layers on SiO2(Al2O3)-Fe3O4-PPP composites together with
a partial diffusion of metal oxides into magnetic NP. The diffusion was the most prominent
for Zn2+ ions and slightly occurred for Cr3+. Such intermixing does not influence the
Fe3+/Fe2+ ratio and the magnetite structure was preserved in all samples. Considering the
structural data obtained, the formation of ferrite structures like ZnFe2O4, ZnCrFeO4, and
NiFe2O4 were not established. Therefore, intermixing of ZnO and Cr2O3 with magnetite
NP stands at the intermediate stage before the ferrite formation which has been reported
elsewhere [48].

Since the adsorption of CO2 and H2 plays an important role for the CO2 hydrogenation
process, the adsorption capacities of the composites have been estimated by CO2 and H2
temperature-programmed desorption (TPD) measurements. The results are presented
in Figures 6 and 7. To elucidate the polymer ability to enhance the CO2 adsorption,
measurements were carried out for parent SiO2-Fe3O4 and after deposition of PPP-SiO2-
Fe3O4-PPP (Figure 6a). Placement of a thin polymer layer on a solid support significantly
increases the CO2 adsorption. While parent SiO2-Fe3O4 is characterized by two types of
adsorption centers (moderate center at 266 ◦C and strong center at 478 ◦C) with the total
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amount of adsorbed CO2 equal to 0.015 mmol/g, the addition of PPP results in noticeable
changes in adsorption centers. The appearance of new desorption peaks at 244 ◦C, 294 ◦C,
366 ◦C, and 562 ◦C is accompanied by increase in CO2 amount up to 0.035 mmol/g. The
effect is undoubtedly attributed to the presence of basic pyridine centers in PPP structure.
Since the CO2 adsorption is the first step of the catalytic reaction, introduction of PPP into
the catalyst structure should enhance the catalysis rate due to advanced CO2 adsorption.
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Figure 7. Recycling experiments for SiO2-Fe3O4-PPP-Cr-Zn (green column) and Al2O3-Fe3O4-PPP-
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Figure 7. Recycling experiments for SiO2-Fe3O4-PPP-Cr-Zn (green column) and Al2O3-Fe3O4-PPP-
Cr-Zn (blue column) in CO2 hydrogenation. Reaction conditions are: 250 ◦C, 5 MPa, 50 mg of the
catalyst, CO2:H2 = 1:4, 15 mL of dodecane, 6 h.

The incorporation of metal species further influenced the CO2 adsorption capacities of
the composites (Figure 6b). Thus, monometallic SiO2-Fe3O4-PPP-Cr showed the adsorption
capacity of 0.073 mmol/g exceeding that of SiO2-Fe3O4-PPP. It is worth noting that strong
adsorption centers (at 562 ◦C) arising due to PPP structure are retained in composites with
catalytically active metals. Formation of bimetallic composites leads to weakening of total
basicity to 0.032 mmol/g. Nevertheless, the composites efficiently adsorb CO2 which is a
prerequisite for effective catalysis.

The H2 adsorption capacities of the synthesized nanocomposites were also estimated
(Figure S14a,b). Similarly, deposition of PPP leads to an increase in amount of adsorbed
H2 (0.023 mmol/g for SiO2-Fe3O4 vs 0.03 mmol/g for SiO2-Fe3O4-PPP). Incorporation of
metal species and formation of bimetallic nanocomposite increases the total amount of
adsorbed H2 to 0.043 mmol/g.

2.2. Catalytic Properties of Nanocomposites in CO2 Hydrogenation

Cr-, Cr-Zn-, and Cr-Ni-containing nanocomposites have been tested in CO2 hydro-
genation to methanol. The process is challenging due to the high thermodynamic stability
of CO2 molecule. The formation of methanol from CO2 is energetically undesired, implying

149



Catalysts 2023, 13, 1

the high temperature and pressure along with structural promotion of the catalyst should
be applied to obtain the sufficient methanol productivity. Table 2 displays the results of
the catalyst performance. The widely accepted approach to assess the catalyst activity in
this reaction is to calculate the methanol productivity rate per the catalyst amount and per
the metal content. The activity of the catalysts was compared with commercial catalyst
MegaMax 800. To elucidate the optimal ratio of the metals, nanocomposites with different
metal loadings have also been synthesized. Here we focused on the best catalytic results
obtained, while the activity of the composites differed in metal ratio is given in SI, Table S8.

Table 2. Catalytic properties of the nanocomposites in methanol synthesis from CO2 + H2.
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Sample Notation
Content by Elemental Analysis, wt% Conversion, % Selectivity, %

Methanol
Productivity, g

Methanol/kg Me
× h

Fe Cr Zn Ni

SiO2-Fe3O4-PPP 9.1 - - - - - -
SiO2-Fe3O4-PPP-Cr 6.8 2.1 - - 4.2 98.3 115

SiO2-Fe3O4-PPP-Cr-Ni 4.3 2.2 - 2.3 6.0 98.5 172
SiO2-Fe3O4-PPP-Cr-Zn 4.1 2.0 2.1 - 9.4 99.1 350

Al2O3-Fe3O4-PPP-Cr-Zn 4.3 2.2 2.1 - 6.2 98.6 195
SiO2-PPP-Cr-Zn - 2.1 2.0 - 4.1 99.0 120
MegaMax 800 4.8 87.5 78

Reaction conditions: 250 ◦C, 5 MPa, CO2:H2 = 1:4, 15 mL of dodecane, 50 mg of the catalyst, 6 h.

The magnetic silica with deposited PPP expectedly shows no catalytic activity. The
monometallic composite SiO2-Fe3O4-PPP-Cr provides the methanol productivity compara-
ble with that of a commercial catalyst. The result confirms the ability of Cr2O3 to catalyze
the methanol synthesis from CO2 and H2. The incorporation of additional metals leads to
an increase in the catalyst activity with the highest methanol productivity observed for
the Cr-Zn-containing composite. Notably, the SiO2-based, Cr-Zn-containing composite
was in two orders of magnitude more active than Al2O3-based system prepared with the
same metal loadings. The catalytic activity of the composite without magnetic NPs-SiO2-
PPP-Cr-Zn-was considerably lower than that of the Fe3O4-containing sample, revealing the
promoting effect provided by Fe3O4 NPs. It also should be noted that a decrease in metal
loading leads to a decrease in catalytic activity (Table S8).

To analyze the enhanced catalytic activity of SiO2-based systems, the nitrogen
adsorption-desorption measurements were carried out. The adsorption isotherms are
presented in Figure S15. The analysis revealed the distinct textural properties of SiO2 vs
Al2O3 composites with the smaller BET surface area and pore sizes of the latter. This could
have a detrimental effect on the catalyst activity due to worse accessibility of active catalytic
species and diffusion limitations. Several studies also report a positive influence of SiO2 on
catalytic activity in CO2 hydrogenation reaction. The addition of SiO2 as itself to convenient
Cu-ZnO-Al2O3 catalyst increased the activity and enhanced CuO dispersion [58]. The simi-
lar promoting effect has been observed in another study [59]. SiO2-modified Cu-ZnO-ZrO2
catalyst exhibits a better catalytic activity and higher long-term stability in comparison
with a non-modified system due to a better intermixing of metal oxide components [59].
SiO2 has also been shown to accelerate the selective hydrogenation of CO2 to methanol
for Co-based catalysts [60]. The effect was attributed to efficient stabilization of methoxy
*CH3O species being intermediates in the catalytic process by interface formed between
SiO2 and catalytic metal—Me-O-SiOn. Our results support the data on the promotional
effect of silica on methanol synthesis from CO2, and highlight the importance of careful
adjustment and optimization of catalyst composition by the appropriate choice of support.

Our results demonstrated that the introduction of magnetic NPs in catalyst structure
along with convenience and simplicity of magnetic separation provided the promoting
effect on methanol productivity. We assume that Fe3O4 NPs serve as a reservoir for a
better intermixing and dispersion of ZnO and Cr2O3 components. Such assumption is
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supported by XPS data. This led to a closer contact between catalytic species being a
prerequisite for effective catalytic performance. The positive effect of spinel structures
of Fe3O4 on methanol synthesis has also been reported previously [42,61]. The addition
of Fe3O4 to Cu-Zn-based catalyst results in improved methanol selectivity and enhanced
catalyst activity. Magnetic NPs have also been shown to induce a strong metal support
interaction (SMSI) effect due to formation of oxygen vacancies that stabilize the reaction
intermediates and activate CO2 molecule [42,62,63].

To conclude, each structural element in the designed nanocomposites influences the
catalytic activity and the synergistic effect between catalyst constituents such as: support,
polymer layer, magnetic NPs, and metal species ensures high catalytic activity and stability.
The type of support determines distribution of metal species, accessibility of active centers,
and occurrence of strong metal-support interactions which were shown to positively in-
fluence the catalysis. Here we demonstrated the advantages of SiO2 support over Al2O3.
Magnetic NPs boost the catalyst activity due to metal intermixing and migration of catalytic
species onto Fe3O4 surface, as was observed by XPS data on 2p/3p electron content and
XRD analysis. The precious miscibility of metal species allows for better catalytic perfor-
mance, as was evidenced by the higher activity of Cr-Zn-containing catalyst over Cr-Ni-
one. Bimetallic Cr-containing systems were shown to outperform monometallic ones. The
results are consistent with the data on the activity of other heterogeneous catalysts for
CO2 hydrogenation, and bimetallic systems typically demonstrate a better catalytic per-
formance [4,10,13,14]. The formation of bimetallic interfaces notably lowers the activation
barrier of CO2 to methanol hydrogenation compared to monometallic systems [64]. For
industrial Cu-ZnO-Al2O3 catalyst, Cu-ZnO interface is believed to be the active site [65].
Moreover, the formation of bimetallic interfaces is usually followed by the formation of
oxygen vacancies which are crucial for CO2 activation and intermediate stabilization [14,63].
In particular, chromium doping with metals has been shown to induce the oxygen vacancy
formation [41,66].

Comparison of the catalytic results with the literature data undoubtedly demonstrated
the advantages of the proposed approach to creation of effective catalysts for the synthesis of
methanol from CO2 [67–75]. The results of recycling experiments revealed the exceptional
stability of the catalysts after six repetitive uses. The methanol productivity rate was
preserved at nearly 98% for SiO2-based catalysts, while 5% drop of activity was observed
for Al2O3-containing systems starting from the fifth use (Figure 7). We believe that superior
catalyst stability is due to the protective role of the hydrophobic polymer layer. In contrast
to the PPP-covered SiO2/Al2O3-catalysts, the conventional catalytic systems show 11%
drop of activity after 36 h of catalytic experiment [30]. The deactivation was induced by
agglomeration of ZnO species and sintering of Cu particles for CuO-ZnO-Al2O3 system [30].
Sintering and NP aggregation have also been proved to be the main reason of deactivation
for other catalytic systems [29].

To elucidate the polymer layer role, the catalysts after catalysis have been separated
from the reaction mixture with external magnet and analyzed by STEM EDS. SiO2-Fe3O4-
PPP-Cr-Zn and Al2O3-Fe3O4-PPP-Cr-Zn have been chosen for analysis. The results are
presented in Figures S16 and S17. For both samples, Cr- and Zn-species remained evenly
distributed over all samples with no visible bulk NPs which could be due to the aggregation
of metal species during catalysis. The results confirm the outstanding stability of the
catalytic systems. Therefore, the deposition of PPP not only facilitates the catalytic reaction
through the enhanced adsorption of CO2, but also ensures the structural separation of NPs
against sintering.

3. Materials and Methods
3.1. Materials

Iron (III) nitrate nonahydrate (ABCR, 98%), mesoporous silica gels (Sigma-Aldrich,
Darmstadt, Germany, 6 nm, 200–425 mesh), aluminum oxide (Sigma-Aldrich, 5.8 nm,
150 mesh), zinc acetylacetonate hydrate (Sigma-Aldrich), chromium (III) acetylacetonate
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(Sigma-Aldrich, 97%), nickel (II) acetylacetonate (ABCR, 98%), ethylene glycol (Sigma-
Aldrich, 99%), and diphenyl ether (Sigma-Aldrich, 99%) were used as received. Acetone
(99.5%) and ethanol (96%) were purchased from “Component-reactive” and used as re-
ceived. Magnetic NPs in the pores of mesoporous silica gel and aluminum oxide were
synthesized according to procedures published in [42,43], respectively. Deposition of
polymer PPP layer on the surface of magnetic silica gel was performed as described previ-
ously [36]. Monomers for the synthesis of PPP in the presence of solid support (see Figure
S1) were synthesized according to [76].

3.2. Synthesis of Al2O3-Fe3O4-PPP

Al2O3-Fe3O4 (0.2027 g) was heated in a Schlenk reaction flask under flowing argon
atmosphere at 120 ◦C for 2 h to remove moisture. Monomer A6 (50 mg, 0.037 mmol)
was dissolved in 3 mL of dichloromethane. This solution was added to Al2O3-Fe3O4 and
sonicated for 20 min to allow the monomer to adsorb on the Al2O3-Fe3O4 surface. The
flask was placed in a rotary evaporator and the solvent was evacuated. B2 (0.087 g, 0.111
mmol) was dissolved in 3 mL of diphenyl ether and added to the reaction flask containing
A6 deposited on Al2O3-Fe3O4. The reaction flask was filled with argon and heated at 160
◦C for 10 h upon stirring. The final material (Al2O3-Fe3O4-PPP) was collected from the
suspension using a rare earth magnet, washed with dichloromethane (8 × 10 mL), and
dried at room temperature overnight in vacuo. The elemental analysis data: N 1.23%, C
25.45%, H 1.89%.

3.3. Synthesis of Catalytically Active Nanocomposites

In a typical experiment, 0.23 g of zinc acetylacetonate were dissolved in 10 mL of ace-
tone, followed by a dropwise addition to 2.57 g of Fe3O4-SiO2-PPP (or Al2O3-Fe3O4-PPP).
After acetone evaporation, the solution containing 0.70 g of chromium (III) acetylacetonate
dissolved in 10 mL of acetone was added to Fe3O4-SiO2-PPP (or Al2O3-Fe3O4-PPP) coated
with zinc acetylacetonate. The mixture was allowed to stir for 3 h in air for acetone evapora-
tion. The sample was then dried in a vacuum oven at room temperature for 12 h. Then the
sample was heated in a tube furnace under argon with 7% of H2 to 350 ◦C with a heating
rate of 2 ◦C/min. The temperature was held at 350 ◦C for 3 h and then the sample was
cooled to room temperature. For the Cr-Ni-containing sample (SiO2-Fe3O4-PPP- Cr-Ni),
0.22 g of nickel acetyl acetonate was added instead of zinc precursor. For SiO2-Fe3O4-PPP-
Cr nanocomposite, only 0.70 g of chromium (III) acetylacetonate in 10 mL of acetone was
used. To assess the metal content in the resulted nanocomposites, X-ray fluorescence (XRF)
measurements were applied.

3.4. Characterization

Transmission electron microscopy (TEM), scanning transmission electron microscopy
(STEM), and energy-dispersive X-ray (EDX) microanalysis was carried out in an Osiris
TEM/STEM (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a high angle
annular dark field detector (HAADF) (Fischione, Export, PA, USA) and an X-ray energy
dispersive spectrometer Super X (ChemiSTEM, Bruker, Bradford County, FL, USA) at an
accelerating voltage of 200 kV. Specimens for TEM, STEM, and EDXS studies were prepared
by placement of the Lacey carbon film on Cu grid into the vial with the suspension of the
nanocomposite in CH2Cl2.

Powder X-ray diffraction patterns were recorded using Proto AXRD Θ-2Θ diffractome-
ter (Detroit, MI, USA) with copper anode (Kα = 1.541874 Å, Ni-Kß filter) and 1D-detector
Dectris Mythen 1K in the angular range 2θ = 5–100◦. A scanning step was set to be 0.02◦

and the speed was 0.5◦/min. Identification was performed with the PDXL software (Rigaku
Corporation, Tokyo, Japan) using the ICDD PDF-2 database (2017).

X-ray photoelectron spectroscopy (XPS) data were obtained using Axis Ultra DLD
(Kratos) spectrometer (Kyoto, Japan) with a monochromatic Al Kα radiation. All the data
were acquired at X-ray power of 150 W. Survey spectra were recorded at an energy step of
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1 eV with an analyzer pass energy 160 eV, and high-resolution spectra were recorded at an
energy step of 0.1 eV with an analyzer pass energy 40 eV. Samples were out-gassed for 180
min before analysis. The data analysis was performed by CasaXPS.

Carbon dioxide temperature programmed desorption experiments were made using
AutoChem HP chemisorption analyzer (Norcross, GA, USA). For carbon dioxide desorption
experiments synthesized samples were placed in quartz cuvette and placed in analyzer
module. The sample was heated in helium atmosphere up to 700 ◦C, then cooled down
to 105 ◦C, and flashed with carbon dioxide for one hour followed by flashing with pure
helium for one hour. Afterwards, the sample was heated to 700 ◦C with a temperature
gradient of 10 ◦C/min and carbon dioxide desorption curve was recorded. Quantity of
basic sites were calculated according to quantity of chemosorbed carbon dioxide using
preliminary made calibration curve.

Hydrogen temperature programmed desorption experiments were made using Au-
toChem HP chemosorption analyzer. For hydrogen desorption experiments synthesized
samples were placed in quartz cuvette and placed in analyzer module. The sample was
heated in argon atmosphere up to 700 ◦C, then cooled down to ambient temperature, and
flashed with mixture of 10 v.% of hydrogen in argon for one hour followed by flashing with
pure argon for one hour. Afterwards, the sample was heated to 700 ◦C with a tempera-
ture gradient of 10 ◦C/min and hydrogen desorption curves were recorded. Quantity of
hydrogen-capable adsorption sites were calculated according to quantity of chemosorbed
hydrogen using preliminary made calibration curve.

Zn, Cr, and Ni content of the composites was obtained from X-ray fluorescence (XRF)
measurements using a Zeiss Jena VRA-30 spectrometer (Oberkochen, Germany) equipped
with a Mo anode, a LiF200 crystal analyzer, and a SD detector.

3.5. Catalytic Study

In a typical experiment, 50 mg of the catalyst and 15 mL of dodecane were loaded in
the stainles-steel reactor (7) (internal volume of 50 mL) equipped with a propeller mixer
(stirring rate 250 rpm). Then the hydrogen pressure was set to 5.0 MPa, the reactor was
purged with hydrogen for 3 times, and the mixture was heated up to 250 ◦C. When the
above temperature was achieved, the catalyst was reduced for 1 h, then the hydrogen was
substituted for the gas mixture (H2/CO2 = 4/1) and stirring rate was increased up to 750
rpm. Reaction was provided for six hours followed by cooling to ambient temperature.
Gas phase was directed into the chromatographic system of on-line analysis along the
heated line through the return pressure valve and removed from the system through a
flowmeter. Liquid phase was analyzed using GS-MS Shimadzu 2010 (Kyotocity, Japan)
gas chromatomass spectrometer using preliminary made calibration curves. Methanol
accumulation rate was calculated taking into account mass of formed methanol in reaction
media, catalysts mass and reaction time.

For repeated catalytic experiments, the catalyst after reaction was collected with an
external magnet in a vial, washed thoroughly with ethanol, and dried in vacuo until the
constant weight. The reaction conditions for recycling experiments were similar to those
described above.

4. Conclusions

In this work, novel SiO2/Al2O3-Fe3O4-PPP-Cr-Me (Me = Zn, Ni) catalysts possessing
high activity and exceptional stability in CO2 hydrogenation reaction to methanol have
been synthesized. The developed approach to synthesis of the catalysts offers several
possibilities for structural adoption that boost the catalytic activity due to the synergetic
effect Synthesized SiO2/Al2O3-Fe3O4-PPP composites providing a carrier for deposition
and dispersion of catalytically active metal species as well as a structural barrier against
sintering. Presence of a hydrophobic heteroaromatic polymer layer on the silica and
alumina supports prevents the aggregation of catalytically active species, elevates the
stability of the catalyst, and facilitates CO2 hydrogenation through enhanced adsorption of
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CO2 and H2. Magnetic NPs facilitate the reaction rate through the structural promotion,
probably due to formation of oxygen vacancies, and allow for fast and simple magnetic
separation of the catalyst for repeated uses as well. Creation of bimetallic interface by
combination of two metals (Cr-Zn and Cr-Ni) enhances the catalytic activity with the
highest methanol productivity achieved for the Cr-Zn-containing composite. Considering
the robust synthetic procedures, high activity attained for non-noble metals, easy catalyst
recovery, and excellent stability over six consecutive catalytic cycles, the proposed approach
can be considered as a promising strategy for improving the performance of the catalysts
in production of methanol from CO2 + H2.
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of Cr 2p (a) and Zn 2p (b) regions of SiO2-PPP-Cr-Zn; Figure S12: HR XPS of Fe 2p (a), Cr 2p (b)
and Ni 2p (c) regions of SiO2-Fe3O4-PPP-Cr-Ni; Figure S13: HR XPS of Fe 2p (a), Cr 2p (b) and Zn
2p (c) regions of Al2O3-Fe3O4-PPP-Cr-Zn; Figure S14. H2-TPD results of the examined catalysts:
(a) SiO2-Fe3O4 (red line) and SiO2-Fe3O4-PPP (black line) and (b): SiO2-Fe3O4-PPP-Cr (red line)
and SiO2-Fe3O4-PPP-Cr-Zn (black line). Figure S15: N2 adsorption-desorption isotherms (a,c) and
pore sizes distributions (b,d) of Al2O3-Fe3O4-PPP (a,c) and SiO2-Fe3O4-PPP (c,d). SBET = 164 m2/g
(Al2O3-Fe3O4-PPP) and SBET = 246 m2/g (SiO2-Fe3O4-PPP); Figure S16: STEM dark field image (a)
EDS maps of Si (b), Cr (c), C (d), Fe (e) and Zn (f) of SiO2-Fe3O4-PPP-Cr-Zn nanocomposite after
catalysis; Figure S17: STEM dark field image (a) EDS maps of Al (b), Zn (c), C (d), Fe (e) and Cr (f) of
Al2O3-Fe3O4-PPP-Cr-Zn nanocomposite after catalysis. Table S1: Atomic percentage of elements in
samples; Table S2: Fitting parameters for HR XPS of Fe 2p, Cr 2p and Zn 2p of SiO2-Fe3O4-PPP-Cr-Zn;
Table S3: Fitting parameters for HR XPS of Fe 2p of SiO2-Fe3O4-PPP; Table S4: Fitting parameters
for HR XPS of Fe 2p and Cr 2p of SiO2-Fe3O4-PPP-Cr; Table S5: Fitting parameters for HR XPS Cr
2p and Zn 2p of SiO2-PPP-Cr-Zn; Table S6: Fitting parameters for HR XPS of Fe 2p, Cr 2p and Ni
2p of SiO2-Fe3O4-PPP-Cr-Ni; Table S7: Fitting parameters for HR XPS of Fe 2p, Cr 2p and Zn 2p of
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Abstract: Cerium oxide (Ce100), molybdenum oxide (Mo100), and a material containing Ce and
Mo (CeMo) were synthesized by the Pechini method, using glycerol as a polyol. These materials
were applied for fructose conversion in an aqueous medium. The characterization results show the
formation of cerium molybdate (Ce2(MoO4)3) for CeMo. Ce100 presented good thermal stability, and
Mo100 sublimation of MoO3 and polymolybdates was verified. CeMo exhibited a mass loss of 19%,
associated with the sublimation of MoO3 and polymolybdate species. Additionally, the existence of
Bronsted and Lewis acid sites was confirmed, and the addition of Mo to Ce was an efficient strategy
to increase the acidity. Regarding the catalytic activity (150 ◦C and 0.5 to 6 h), Ce100 exhibited low
conversions and high selectivity to 5-hydroxymethylfurfural (5-HMF). For Mo100, high conversions,
with a significant formation of insoluble materials, were detected. For CeMo, beyond the high activity,
a lower formation of insoluble materials was noted. In this case, selectivity toward products from the
retro–aldolic route and 5-HMF were obtained. These results indicate that the main factor influencing
fructose conversion is an adequate combination of the acid sites. Recycling experiments were carried
out, and stability was observed for four cycles, confirming the robustness of this system.

Keywords: cerium oxide; molybdenum oxide; cerium molybdate; biomass; biorefinery

1. Introduction

The environmental and social problems caused by the dependence of the global energy
matrix and the chemical synthesis on fossil fuels (oil, coal, and natural gas) motivated
the search for sustainable energy sources, with an emphasis on biomass [1–3]. Regarding
biomass-derived inputs, special attention is directed to carbohydrates, such as fructose,
since the conversion of these molecules provides the formation of a spectrum of valuable
chemicals [4], including 5-hydroxymethylfurfural [5] and lactic acid [6].

Catalysis is strategic in the transformation of biomass, mainly because it influences the
selectivity to the desired product and thus minimizes the generation of byproducts. The
development of heterogeneous catalysts is a key resource for sustainable advancement due
to its associated advantages, such as easy recovery and reuse. From this perspective, metal
oxides have been widely explored due to their acid/base and redox characteristics, as well
as the presence of structural defects. These parameters are very important for academic
and industrial applications; moreover, these materials are affordable [3,7–12].

The unique properties of cerium- and molybdenum-based materials justify their
various catalytic applications. Cerium oxide exhibits outstanding physical and chemical
stability, ease of reduction or oxidation (Ce3+ ↔ Ce4+), and high electron mobility in
the crystal lattice [8,13,14]. Molybdenum oxide is known to be an efficient modulator of
acidity [15]. The presence of Lewis and Bronsted acid sites directly influences the conversion
of carbohydrates [11].

The junction of metal oxides can lead to attractive changes in physical, chemical, and
catalytic properties [8]. This fact allows for the development in this study of a promising
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catalytic system using cerium and molybdenum for carbohydrate conversion. Although
the application of cerium molybdate—exhibiting contributions in photocatalysis [16], gas
detection [12], antiviral activity [17], and catalysis [18]—in diverse areas is extensive, to
date, no information has been found on its evaluation in the conversion of hexoses. Several
synthesis routes, including the precipitation method [19], wet impregnation [15,20], and
hydrothermal methods [21], can be used for the preparation of metal oxides. However, the
Pechini method has been noted as one of the most promising methodologies for obtaining
heterogeneous catalysts because it requires low cost and the use of mild temperatures,
as well as being considered a simple process [22]. The basic procedure of the synthesis
consists of the formation of a polymeric resin in which the cations are homogeneously
dispersed through a reaction between a polycarboxylic acid (such as citric acid), metal ions,
and a polyol [23–26]. Ethylene glycol is commonly used as a polymerizing agent in the
Pechini method [22,27]. However, this compound presents toxicity and is generated largely
by fossil fuel sources [28,29]. On the other hand, glycerol is a nontoxic product, and it can
be obtained renewably; a possible replacement of polyol may assign a more sustainable
footprint to this route [24,30,31].

Therefore, this study proposed to synthesize cerium oxide (CeO2), molybdenum oxide
(MoO3), and a mixed oxide based on Mo and Ce through the modified Pechini method,
using glycerol as a polymerizing agent. For the first time, such materials, after characteriza-
tion, were evaluated in the conversion of fructose to chemical inputs of industrial interest.

2. Results and Discussion

The catalysts Ce100, Mo100, and Ce Mo were used in the conversion of fructose in an
aqueous medium, and the results are shown in Figure 1. Initially, the experiments showed
that Ce100 leads to low conversions, comparable to those obtained in the reaction carried
out without the addition of a catalyst. However, in the presence of Mo100 and CeMo,
higher conversions were observed, especially for Mo100. For example, at 3 h of reaction,
the observed values of conversion were 97.4 and 91.8% for Mo100 and CeMo, respectively.
After 4 h of reaction, the two systems led to very close conversions, and the system tended
to reach equilibrium.

Catalysts 2023, 13, x FOR PEER REVIEW 2 of 12 
 

 

crystal lattice [8,13,14]. Molybdenum oxide is known to be an efficient modulator of 
acidity [15]. The presence of Lewis and Bronsted acid sites directly influences the 
conversion of carbohydrates [11]. 

The junction of metal oxides can lead to attractive changes in physical, chemical, and 
catalytic properties [8]. This fact allows for the development in this study of a promising 
catalytic system using cerium and molybdenum for carbohydrate conversion. Although 
the application of cerium molybdate—exhibiting contributions in photocatalysis [16], gas 
detection [12], antiviral activity [17], and catalysis [18]—in diverse areas is extensive, to 
date, no information has been found on its evaluation in the conversion of hexoses. Several 
synthesis routes, including the precipitation method [19], wet impregnation [15,20], and 
hydrothermal methods [21], can be used for the preparation of metal oxides. However, 
the Pechini method has been noted as one of the most promising methodologies for 
obtaining heterogeneous catalysts because it requires low cost and the use of mild 
temperatures, as well as being considered a simple process [22]. The basic procedure of 
the synthesis consists of the formation of a polymeric resin in which the cations are 
homogeneously dispersed through a reaction between a polycarboxylic acid (such as citric 
acid), metal ions, and a polyol [23–26]. Ethylene glycol is commonly used as a 
polymerizing agent in the Pechini method [22,27]. However, this compound presents 
toxicity and is generated largely by fossil fuel sources [28,29]. On the other hand, glycerol 
is a nontoxic product, and it can be obtained renewably; a possible replacement of polyol 
may assign a more sustainable footprint to this route [24,30,31]. 

Therefore, this study proposed to synthesize cerium oxide (CeO2), molybdenum 
oxide (MoO3), and a mixed oxide based on Mo and Ce through the modified Pechini 
method, using glycerol as a polymerizing agent. For the first time, such materials, after 
characterization, were evaluated in the conversion of fructose to chemical inputs of 
industrial interest. 

2. Results and Discussion 
The catalysts Ce100, Mo100, and Ce Mo were used in the conversion of fructose in an 

aqueous medium, and the results are shown in Figure 1. Initially, the experiments showed 
that Ce100 leads to low conversions, comparable to those obtained in the reaction carried 
out without the addition of a catalyst. However, in the presence of Mo100 and CeMo, 
higher conversions were observed, especially for Mo100. For example, at 3 h of reaction, 
the observed values of conversion were 97.4 and 91.8% for Mo100 and CeMo, respectively. 
After 4 h of reaction, the two systems led to very close conversions, and the system tended 
to reach equilibrium. 

 
Figure 1. Fructose conversion at 150 °C without a catalyst or with 1.5 × 10−3 g of Ce100, Mo100, or 
CeMo. 
Figure 1. Fructose conversion at 150 ◦C without a catalyst or with 1.5 × 10−3 g of Ce100, Mo100,
or CeMo.

Such conversions may be related to the properties of these catalytic systems, and
Table 1 presents some results regarding the characterization and evaluation of the acid
sites.
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Table 1. Textural and structural properties of the solids investigated in this study.

Sample SBET
a (m2·g−1) Crystallite Size (nm) b Amount Bronsted c

(mmol·g−1)
Amount Lewis c

(mmol·g−1) AB/AL
d

Ce100 70.6 10.1 157.5 120.0 1.3
Mo100 >5.0 133.6 700.0 531.8 1.3
CeMo >5.0 40.5 490.7 291.1 1.7

a SBET, specific surface area, calculated by the BET equation. b Crystallite size (nm) calculated by the Debye–
Scherrer equation. c Number of Lewis and Bronsted acid sites (mmol·g−1), obtained from FTIR spectra using
pyridine as the probe molecule. d Ratio of the number of Lewis and Bronsted acid sites.

The low conversion obtained in the presence of Ce100 can be explained by the fact that,
even with a surface area much larger than that observed for the other systems investigated
here, there is a smaller number of Bronsted and Lewis acid sites in the structure of this
material. In the case of the other two systems, higher numbers of acid sites were observed,
which justifies the higher conversions, despite the low surface areas. Furthermore, it is
important to note that in the CeMo catalyst, the AB/AL ratio is superior to the other pure
oxides, indicating a higher incidence of Bronsted acid sites in this material.

Previous study data indicate that the number of Lewis and Bronsted acid sites available
in the catalyst is related to the success of this type of conversion, and the synergism resulting
from the combination between these sites is responsible for obtaining promising results
in terms of converting carbohydrates into molecules of interest [8,32,33]. For example,
in the synthesis of the mixed oxides of molybdenum and tin, increasing the content of
molybdenum in relation to tin increases the acidity, leading to high fructose conversions,
with selectivity to the products obtained by retro-aldol and dehydration reactions [11].

Regarding the soluble products identified (see Figure 2) in the presence of Mo100, there
is no defined selectivity, although in the first few hours of reaction, this system is the most
active of all. In contrast, in the presence of Ce100, a great selectivity to HMF and to products
and intermediates of the retro–aldol pathway is observed (glyceraldehyde, dihydroxyacetone,
pyruvaldehyde, and lactic acid). However, the latter showed maximum conversions of 50%
between 5 and 6 h of reaction. For CeMo, a change in the selectivity profile is observed, with a
majority targeting the retro–aldol pathways (pyruvaldehyde, glyceraldehyde, lactic acid, and
acetic acid), isomerization (glucose), and dehydration (5-HMF).
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The formation of 5-HMF follows the route of dehydration of the fructose molecule,
which occurs through the consecutive loss of three water molecules. However, due to
the high instability of 5-HMF in aqueous media, organic acids are formed, as well as
humins [34,35]. The Ce100 catalyst showed high selectivity (70.2% at 6 h) for 5-HMF. On
the other hand, the Mo100 and CeMo systems exhibited lower selectivity for this product
under the same conditions, 14.5% and 27.5%, respectively. This fact can be explained by
the formation of organic acids (levulinic and formic) through the hydration of 5-HMF [34].
It should be noted that for Ce100, no levulinic or formic acid was identified, and this
fact can be associated with the nature of the acid sites associated with this catalyst [36].
The literature reports that the decomposition of 5-HMF into organic acids and other side
reactions are favored when there are higher numbers of acidic sites in the catalyst [11,37,38].
As shown in Table 2, CeMo and Mo100 contain more of these sites when compared to Ce100.
However, for Ce100 and CeMo, the increase in fructose conversion implies an increase in
5-HMF selectivity, a characteristic that is not observed for Mo100.

Table 2. Ranges of thermal decomposition for Ce100, Mo100, and CeMo.

Range T (◦C) Ce100 Mo100 CeMo

100–150 2.3 nd nd
700–850 2.7 78.2 nd
850–1000 nd 17.5 nd

>1000 2.4 nd 19.0
nd = not detected.

The reduced selectivity to 5-HMF, mainly with the use of Mo100 (14.5%) and CeMo
(27.5%) compared to Ce100 (70.2%), may also be associated with the formation of humins,
promoted by the condensation between 5-HMF and other reaction intermediates and which
is closely related to the conditions used and the acidity of the catalyst [36,39]. The presence
of this byproduct can be quantitatively identified through the color change of the reaction
medium, that is, the evolution to a dark brown color [36]. As shown in Figure 3, there was a
greater formation of humins for Mo100 due to the high acidity of the material (Table 2). For
CeMo, a lower and adequate acidity inhibited the high generation of these byproducts. The
same justification can be used for Ce100; however, the lower number of acid sites also directly
influenced the catalyst activity (see Figure 1). Such observations suggest that a possible
structural change, in relation to the pure oxides, obtained in the case of CeMo leads to a better
conversion of fructose, maintaining the advantage in terms of the formation of a smaller
amount of insoluble products when compared to Mo100.

Lactic acid is a product widely used in the food, chemical, pharmaceutical, and
cosmetics industries [40]. When using CeMo and Ce100, a high selectivity was observed
for pyruvaldehyde (lactic acid precursor) in the initial reaction times up to 2 h. With
longer reaction times, the selectivity to pyruvaldehyde decreases as lactic acid is formed.
Interestingly, for Ce100, the presence of glyceraldehyde is notable at lower levels than
those of the other precursors, suggesting that the conversion reaction of the product to
pyruvaldehyde is very rapid [41]. Previous studies report that the Bronsted and Lewis acid
sites are fundamental in promoting the formation of lactic acid, with the first acting on
the dehydration of triose to pyruvaldehyde and the second promoting the conversion of
pyruvaldehyde to lactic acid through the 1,2 displacement of hydride [42,43].

As shown in Figure 2, Mo100 showed greater selectivity for lactic acid and its inter-
mediates due to the greater number of Lewis acid sites in its structure, which enabled the
conversion of pyruvaldehyde. Similarly, this explanation is also useful in relation to the
greater selectivity of CeMo to lactic acid when compared to Ce100. This suggests that the
lower Lewis acidity and considerable number of Bronsted acid sites present in CeMo and
Ce100 led to higher selectivities to pyruvaldehyde in the initial reaction times.
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Acetic acid is one of the products in high demand in the chemical industry, and it is
used as a precursor for various chemical compounds [44,45]. Its most common formation
route from the biomass is the retro–aldolic pathway [11,24]. When Ce100 was used as a
catalyst, the presence of this compound was not observed, since the decomposition route
for the formation of acetic acid is directed by the Lewis acid sites, which were also not
identified when Ce100 was used [46]. Furthermore, a greater selectivity of CeMo (29.9%) to
acetic acid was observed in relation to Mo100 (18.8%) at 6 h. This result suggests a greater
suitability of sites in CeMo, while the greater acidity of Mo100 led to other parallel reactions.

The characterization of these materials, obtained through the Pechini method by using
glycerol instead of ethylene glycol, by XRD revealed that cerium molybdate (Ce2(MoO4)3)
was formed in the case of the CeMo material (Figure 4), and no signals referring to the
individual oxides were identified. The formation of (Ce2(MoO4)3) was confirmed by the
crystalline planes assigned to the reflection lines (002) (100) (101) (112) (004) (200) (211)
(204) (220) (116) (312) (224) (card # 30–0303) [17]. As shown in Figure 4, Ce100 exhibits a
fluorite-like (CaF2) face-centered cubic structure, according to the JCPDS crystallographic
sheet No. 34-0394 [8,13,21]. Mo100 showed all peaks perfectly indexed, suggesting the
formation of the orthorhombic phase (JCPDS No. 05-0508).
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diffraction peaks of CeMo, Ce100, and Mo100 were used, e.g., (112), (040), and (111), 
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to an increase in crystallite size, suggesting crystal growth by particle aggregation because 
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Based on the information extracted from the diffractograms, the crystallite size (see
Table 1) was calculated using the Debye–Scherrer equation, and for this, the most intense
diffraction peaks of CeMo, Ce100, and Mo100 were used, e.g., (112), (040), and (111),
respectively. Therefore, the diffractograms show that the addition of molybdenum leads to
an increase in crystallite size, suggesting crystal growth by particle aggregation because
of mixed oxide formation [15]. This fact also corroborates the result obtained by the BET
method, from which a pronounced reduction in the specific surface area was observed (see
Table 1).

The structural changes that occurred by the formation of Ce2(MoO4)3, in relation
to the individual oxides, were confirmed by the evaluation of thermal behavior. In the
thermogram obtained for CeMo (Table 2 and Figure S1, Supplementary Materials), only
one thermal decomposition event was observed above 1000 ◦C (with a mass loss of 19%),
which clearly continues to occur, but which is not quantified due to the limitation of the
equipment, which operates at a maximum temperature of 1500 ◦C. This suggests that
the interaction between the molybdenum and cerium ions for the formation of cerium
molybdate leads to an increase in thermal stability, and the mass loss above 850 ◦C is
associated with the decomposition of the material into cerium and molybdenum oxide
and the subsequent sublimation of MoO3 [47–49]. Reports indicate that in this type of
material, when subjected to temperatures above 700 ◦C, defects are formed that favor
greater mobility of the molybdenum and cerium ions, consequently leading to changes in
the mutual interaction between them, leading to increased thermal stability [48].

Three thermal decomposition events were observed in Ce100 (Figure S1, Supplemen-
tary Materials). The first event (mass loss of 2.3%) is attributed to the desorption of water
molecules (Khalil et al., 2005). The second event starts at 730 ◦C (mass loss of 2.7%) and
can be related to the oxygen output from the oxide structure [50,51]. The total mass loss
recorded after heating from 25 ◦C to 1500 ◦C was 7.4%, suggesting good thermal stability.
In the case of Mo100 (see Figure S1, Supplementary Materials), two thermal decomposition
events were observed. The first, which occurs in the range of 700–850 ◦C (mass loss of
78.2%), corresponds to the sublimation of MoO3. The second occurs between 850–1000 ◦C
(mass loss of 17.5%) and can be associated with the output of polymolybdates [11].

Therefore, it can be inferred that the synthesis of the material from the molybdenum
and cerium precursors, under the conditions used here, is an efficient strategy for the
modulation of acid sites, resulting in a suitable catalytic system for the conversion of
fructose into an aqueous medium. The formation of insoluble byproducts is minimized
when compared to Mo100, leading to promising conversions, mainly after 3 h of reaction
under the conditions investigated here. In addition, a superior thermal stability of CeMo
was observed in relation to Mo100.
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Catalyst recyclability is of great importance in biorefinery processes [11]. In this
study, the catalyst was calcined to eliminate organic fractions and perform reuse tests (1 h,
1.5 × 10−3 g of catalyst, 150 ◦C). The results of the recycling experiments are shown in
Figure 5, and only a small variation in conversion and selectivity values was observed
for CeMo for each of the 4 cycles tested (approximately 72.0% of conversion, on average).
The liquid samples collected after the first and the last (4th) cycle were subjected to X-ray
dispersive energy spectrometry (EDX) analysis, and no significant amount of molybdenum
or cerium was detected, suggesting that leaching did not occur.
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3. Materials and Methods
3.1. Materials

Ammonium heptamolybdate tetrahydrate (99.9%, Sigma-Aldrich, St. Louis, MI, USA),
cerium(III) nitrate hexahydrate (99.9%, Sigma-Aldrich), citric acid (>99.0%, Sigma-Aldrich),
ammonium hydroxide (Sigma-Aldrich), nitric acid (>65.0%, Sigma-Aldrich), glycerol
(>99.0%, Sigma-Aldrich), and fructose (>99.0%, Sigma-Aldrich) were obtained commer-
cially and used as received.

3.2. Synthesis and Characterization

Initially, citric acid and the metal precursor were weighed in a molar ratio of 3:1. Then,
both were dissolved separately in deionized water at 30 ◦C under constant stirring and
mixed for 30 min. The next step was the addition of glycerol to the prepared solution in a
molar ratio of 60:40, based on the amount of citric acid, maintaining vigorous stirring at
70 ◦C for 3 h to ensure the homogeneity of the system. Subsequently, the temperature was
increased to 130 ◦C to promote the polyesterification reaction and the subsequent formation
of the polymeric resin. The metal precursors used were cerium(III) nitrate hexahydrate
and ammonium heptamolybdate [24,31]. The mixed catalyst was prepared in a mass ratio
of 75% cerium to 25% molybdenum, and cerium(III) nitrate hexahydrate and ammonium
heptamolybdate were weighed and dissolved separately in deionized water at 30 ◦C under
constant stirring. Soon after, both were mixed and added to a beaker containing a solution
of citric acid, maintained under vigorous stirring for 30 min. All the following procedures
were identical to those described above for the pure oxides. The materials were subjected
to heat treatment at 280 ◦C for 2 h, using a heating rate of 10 ◦C/min to break the polymer
chains and form a semicarbonized black powder. Subsequently, they were macerated in
a mortar and sieved (100 mesh) to be placed again in the muffle furnace at 550 ◦C for
4 h. Finally, all materials were stored under an argon atmosphere. Table 3 presents the
description of the catalysts and the codes used.
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Table 3. Code of the catalysts and the respective descriptions.

Code Description

Ce100 Cerium oxide(IV) (CeO2)
Mo100 Molybdenum oxide(VI) (MoO3)
CeMo Cerium molybdate (Ce2(MoO4)3)

For material characterization, X-ray diffraction (XRD) measurements were performed
using a Shimadzu diffractometer, model XRD-6000, and a Cu Kα radiation source (1.5418 Å)
with a nickel filter to obtain wide-angle diffraction patterns in the 2θ = 3–40◦ range. Crys-
tallite size (nm) was calculated using the Debye–Scherrer equation.

Nitrogen adsorption measurements were performed at 77.15 K using a gas adsorption
analyzer (Micromeritics, model ASAP-2020). The textural properties were estimated from
the N2 adsorption isotherms using the Brunauer–Emmett–Teller (BET) equation and the
Barrett–Joyner–Halenda (BJH) method. Before the analysis, all the samples were pretreated
under vacuum at 423.15 K for 24 h. Thermogravimetric (TG/DTG) analyses were per-
formed using a Shimadzu analyzer, model DTG-60H, with an N2 flow rate of 40 mL·min−1

in the temperature range of 30–800 ◦C at a heating rate of 10 ◦C·min−1. Fourier transform
infrared (FTIR) spectra were obtained with a Shimadzu IR Prestige 21 infrared spectropho-
tometer using potassium bromide tablets (KBr). A total of 80 scans were performed in the
transmittance mode in the spectral range of 4000–400 cm−1 at a resolution of 4.0 cm−1.

3.3. Conversion of Fructose

All experiments were performed in 4 mL vials under magnetic stirring and heating
(150 ◦C), at several reaction times. The fructose solution was 0.016 g of fructose in 2 mL of
deionized water, and for some experiments, catalysts (1.5× 10−3 g) were used. Conversion,
yield, and selectivity were calculated from the results of quantification by HPLC. The reuse
tests of CeMo (G) were carried out at 150 ◦C for 2 h under the same reaction conditions.
Subsequently, the catalyst was removed from the reaction medium by centrifugation and
calcined at 550 ◦C for 4 h for subsequent reuse. The liquid samples collected after the
cycles were subjected to X-ray dispersive energy spectrometry (EDX) analysis to determine
whether leaching had occurred.

4. Conclusions

In the absence of a catalyst or using Ce100, low fructose conversions were observed,
with the formation mainly of 5-HMF. In contrast, in the presence of Mo100 and CeMo,
higher conversions are achieved, and the formation of different products was observed.
However, using Mo100, which exhibits a higher number of Lewis and Bronsted acid sites
than does CeMo, higher conversions were observed before the achievement of thermody-
namic equilibrium, but this is accompanied by the formation of a greater amount of soluble
and insoluble material, directly reflected in the color evolution of the reactions over time.
In relation to the soluble products formed from fructose using CeMo, the direction to the
retro–aldolic pathway was observed, evidencing the modulation of these systems. It is
important to highlight that the low conversion obtained in the presence of Ce100 can be
explained by the smaller number of Brostend and Lewis acid sites in the structure of this
material, even with a surface area much higher than that observed for the other systems. In
the case of Mo100 and CeMo, higher levels of acid sites were observed, which justifies the
higher conversions, despite the low surface areas. Reuse and leaching tests indicated that
the CeMo system proved to be stable and robust under the conditions tested.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13010004/s1, Figure S1: Thermogravimetric analysis (TG/DTG):
(A) Ce100, (B) Mo100, and (C) CeMo.
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Abstract: Transfer hydrogenation (TH) is considered as one of the most promising ways to convert
biomass into valuable products. This study aims to demonstrate the performance of high-loaded
Ni-based catalysts in the TH of phenolic compounds such as guaiacol and dimethoxybenzenes. The
experiments were carried out under supercritical conditions at 250 ◦C using 2-PrOH as the only
hydrogen donor. Ni-SiO2 and NiCu-SiO2 were synthesized using the eco-friendly original method
based on supercritical antisolvent coprecipitation. It has been found that guaiacol is rapidly converted
into 2-methoxycyclohexanol and cyclohexanol, while the presence of Cu impedes the formation of the
latter product. Transformations of dimethoxybenzene position isomers are slower and result in differ-
ent products. Thus, 1,3-dimethoxybenzene loses oxygen atoms transform into methoxycyclohexane
and cyclohexanol, whereas the saturation of the aromatic ring is more typical for other isomers. The
Cu addition increases specific catalytic activity in the TH of 1,2-and 1,3-dimethoxybenzene compared
to the Cu-free catalyst.

Keywords: transfer hydrogenation; antisolvent supercritical coprecipitation; phenolic compounds;
2-propanol; hydrodeoxygeantion; hydrodearomatization

1. Introduction

The global energy crisis, accompanied by environmental issues, is driving society to
the need for a green transition. In this concept, lignocellulosic biomass should play the
role of the renewable and non-edible source of carbon atoms [1,2]; therefore, its conversion
into chemicals, materials, and fuels is widely studied [3,4]. Unlike cellulose, lignin has an
irregular structure represented by phenolic fragments that makes lignin upgrading into
valuable products difficult. Due to the high oxygen content reaching up to 40 wt.% [5], hy-
drodeoxygenation (HDO) via H2 hydrogenation is considered as one of the most promising
and effective methods of lignin transformations [6,7]. However, this method has important
disadvantages from practical and environmental points of view. First, H2 is known for its
corrosive activity and explosiveness, and it requires high-pressure equipment presenting a
significant safety hazard. Second, the low solubility of molecular hydrogen in almost all
organic compounds results in low rates of hydrogenation in the liquid phase. At the same
time, the use of organic solvents prevents biomass thermal decomposition and increases
the effectiveness of the whole process [8].

Alcohols can be easily produced from renewable sources; moreover, they demonstrate
the excellent H-donor activity in transfer hydrogenation (TH). For example, alcohols
were used as H-donors in the TH of phenol-like compounds [9–11] and other bio-based
molecules [12,13]. Sometimes alcohols demonstrate superior H-donor activity compared
to H2 [1,14]; however, as a rule, the use of organic H-donors requires harder conditions,
including supercritical fluids [15,16]. In addition to donor activity, the supercritical state of
alcohols also promotes the destruction of complex compounds such as lignin, polymers,
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or inorganic oxides [17–19]. Thus, supercritical alcohols are considered as a promising
reducing agents for H2-free hydrogenation.

Biomass catalytic conversion is aimed at obtaining a huge number of products, and het-
erogeneous catalysts are considered as an essential part of the process. One of the promising
methods of the catalyst preparation is supercritical antisolvent (SAS) coprecipitation, which
demonstrated promising results in the preparation of metal nanoparticles [10,20,21]. This
method is based on high supersaturation of a precursor solution with supercritical fluid, in
the role of which CO2 is often used. The formation of a CO2-solvent binary system results
in a sharp decrease in dissolving power and the fast precipitation of catalyst precursors [22],
which can be coprecipitated simultaneously with oxide sols, forming a catalyst support [21].
One of the key advantages of the SAS coprecipitation method is that it allows metal in a cat-
alyst to reach up to 90% while maintaining the high dispersion of the metal particles [23,24].
Moreover, CO2 and a solvent of the precursors can be easily separated and used repeatedly
in a way that complies with the principals of green chemistry. In our earlier studies, the
high-loaded nickel-based catalysts prepared according SAS coprecipitation demonstrated
excellent results in the TH of anisole [10,25].

Considering the potential of supercritical fluids in catalyst preparation and H2-free
hydrogenation, this study aims to demonstrate the performance of the high-loaded Ni-
based catalysts in the transfer hydrogenation of phenolic compounds, such as guaiacol and
dimethoxybenzenes, for the first time. For this, the catalysts were synthesized accordingly
the supercritical antisolvent coprecipitation method using sc-CO2 as an antisolvent. The
obtained catalysts containing 36–40 wt.% of nickel were used in the TH of guaiacol and
dimethoxybenzenes modeling the products of lignin degradation. The transformations
were carried out in sc-2-PrOH, which played the role of a solvent and an H-donor. Special
attention was paid to the effect of copper addition to nickel and the comparison of guaiacol
and dimethoxybenezene positional isomers in terms of their reactivity and the selectivity
of their transformations.

2. Results
2.1. Catalyst Properties

The properties of the synthesized catalysts are described in detail in our previous
study [25] and in the Supplementary Materials. Briefly, the results of XRF demonstrate
that the Ni-SiO2 catalyst contains 36.4 wt.% of Ni, while NiCu-SiO2 contains 40.7 wt.%
and 4.0 wt.% of nickel and copper, respectively (Table S1). XRD shows that Ni0 and Cu0

form the monophasic particles, which means the crystallite size does not exceed 5.5 nm,
while the mean size of Ni0 crystallites in Ni-SiO2 is 6.0 nm (Figure S1). The samples have
similar areas of Ni atoms measured by CO adsorption–35 m2/g and 32 m2/g for Ni-SiO2
and NCu-SiO2, respectively. TEM microphotographs shows that the nanosized particles
are agglomerated in larger structures up to several micrometers in size (Figure S2). EDX
data show that Ni and Cu are evenly distributed.

2.2. Transfer Hydrogenation of Guaiacol

Both catalysts provide higher conversion in TH of guaiacol than the other phenolic
compounds used in this study. Guaiacol has a free OH group, which facilitates the interac-
tion between this substrate and the catalyst surface according to the literature data [9,26].
The conversion of guaiacol reaches 100% after 2 h, and Ni-SiO2, 2-methoxycyclohexanol,
and cyclohexanol are found to be the main products (Figure 1). The kinetic data show
that 2-methylcyclohexanol formed in the reaction mixture transforms into cyclohexanol
and cyclohexane. In our recent study [25], methoxycyclohexane formed after the aromatic
ring saturation of anisole demonstrated stability under very similar conditions. Thus, we
suggest that the presence of two oxygen atoms in the substrate as well as the free OH group
can facilitate hydrodeoxygenation.
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The literature data show that the addition of Cu to Ni nanoparticles can improve the
catalytic performance of the Ni-based catalysts. It has been demonstrated that Cu lowers the
catalyst activation temperature [23,27] and contributes to the resistance of the Ni-Cu phase
against oxidation [28,29]. Moreover, the presence of Cu can promote anisole HDO when H2
is used [24,30]. However, in case of transfer hydrogenation, the Cu additives decrease the
conversion of anisole as well as the rate of C-O bond cleavage [25]. These observations were
confirmed in the present study because the use of NiCu-SiO2 results in the lower guaiacol
conversion compared to Ni-SiO2 catalyst (Figure 1). At the same time, the cyclohexanol
yield reaches only 32% vs. 44% after 3 h over NiCu-SiO2 and Ni-SiO2, respectively. Our
previous studies demonstrated that this effect is based on acetone formation, which is
suggested to adsorb on the catalyst surface, blocking active sites [25]. It is clearly seen in
Figure S3 (see the Supplementary Materials) that the logarithmic dependence of guaiacol
conversion on time is not linear.

2.3. Transfer Hydrogenation of Dimethoxybenzenes

The conversion of 1,2-dimethoxybenzene (1,2-DMB) achieves 83% and 88% for 3 h over
Ni-SiO2 and NiCu-SiO2, respectively (Figure 2). In both cases, 1,2-dimethoxycyclohexane
was found to be the main product, whereas the concentrations of other compounds did
not exceed 10%. Thus, the oxygen-containing groups are almost uninvolved in the TH, in
contrast to the results obtained for guaiacol. The difference can be related to the influence
of OH group of guaiacol, which interacts with the catalyst facilitating the adsorption of
the organic molecule. This promotes the transformations of the oxygen-containing groups
on the catalyst surface. It is important to notice that the Cu addition results in the higher
rate constant (Table 1) as well as the specific catalytic activity (Table 2), compared to the
Cu-free catalyst. This fact is in good accordance with the known literature data [14,26,31]
demonstrating the positive Cu influence on HDO under TH conditions.
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Table 1. Rate constants of phenolic compound transformations in TH with 2-PrOH, 250 ◦C, and
7.0–7.7 MPa. All constants were calculated taking into account the negative influence of acetone.

Catalyst
k × 10−2, min−1

Guaiacol 1,2-DMB 1,3-DMB 1,4-DMB

Ni-SiO2 5.9 1.3 0.65 1.3
NiCu-SiO2 2.6 1.6 0.67 0.71

Table 2. Specific activity of the catalysts in TH of phenolic compounds at 250 ◦C.

Catalyst
k/SCO × 10−3, min−1×m−2

SCO, m2/g Guaiacol 1,2-DMB 1,3-DMB 1,4-DMB

Ni-SiO2 35 15 3.4 1.7 3.4
NiCu-SiO2 32 7.4 4.5 1.9 2.0

Figure 3 shows the data obtained in the experiments with 1,3-dimethoxybenzene
(1,3-DMB). After 3 h at 250 ◦C, the conversion of the initial substrate is relatively low and
reaches 44% and 52% over the Ni-SiO2 and NiCu-SiO2 catalyst, respectively. In terms
of the rate constants and the specific catalytic activity, the Cu addition has a limited
positive effect (Tables 1 and 2). The qualitative content of the products has the significant
differences compared to 1,2-DMB. Methoxycyclohexane and cyclohexanol were found to
be the main products; at the same time, oxygen-free cyclohexane is presented in small
amounts. Thus, the saturation of the 1,3-DMB benzene ring under TH conditions is always
accompanied by C-O cleavage that is not typical for other phenolic compounds used in
this study. Unfortunately, reductive transformations of 1,3-DMB are not widely studied
in the literature; however, the results of the conventional hydrogenation of 1,3-DMB over
silica-supported Pt and Pd [32] catalysts are quite similar to the data presented here.
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(1,3-DMB) transformation over catalysts: (A)–Ni-SiO2 and (B)–NiCu-SiO2. 250 ◦C, 7.0–7.7 MPa,
and m(catalyst) = 0.10–0.11 g.

In contrast to other position isomers, Cu negatively affects both the rate constant
of 1,4-DMB consumption and the specific catalytic activity (Tables 1 and 2). This fact is
mirrored in the conversion of 1,4-DMB, which reaches 84% and 49% over the Ni-SiO2 and
NiCu-SiO2 catalysts, respectively (Figure 4). Thus, it is clearly seen that the influence of
Cu on rate constants changes from positive for 1,2-DMB to almost neutral and negative
for 1,3-DMB and 1,4-DMB, respectively. We assume that this effect can be related to the
more effective adsorption of 1,2-DMB promoted by Cu. For example, De Castro et al. [26]
explain the low reactivity of 3-methoxyphenol and 4-methoxyphenol in TH in terms of the
adsorption on the catalyst surface. The results of the FTIR study provided by the authors
demonstrated that after dissociation of the OH group, tilted structures are formed. The
oxygen-containing groups of 2-methoxycyclohexanol are closer to the Ni surface compared
to other derivatives, which causes the faster transformation of 2-methoxycyclohexanol. This
fact, along with the known promoting effect of Cu on the adsorption of oxygen-containing
compounds [31,33], proves our observations.

The transfer hydrogenation of 1,4-DMB results in the formation 1,4-dimethoxycyclohexane
and 4-methoxycyclohexanol (Figure 4). Small amounts of methoxycyclohexane, cyclohex-
anol, and cyclohexane have been also found in the reaction mixtures. Figure 4 shows
that the Cu addition affects the yields of the products negatively; however, the selectivity
remains almost unchanged. As seen, the Carom-O bonds are not significantly involved
in the reductive transformations in contrast to the aromatic rings. At the same time, the
formation of 4-methoxycyclohexanol indicates the noticeable activity of both catalysts in
the CH3-O bond cleavage.
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Figure 4. The composition of the reaction mixture in the course of 1,4-dimethoxybenzene
(1,4-DMB) transformation over catalysts: (A)–Ni-SiO2 and (B)–NiCu-SiO2. 250 ◦C, 7.0–7.7 MPa,
and m(catalyst) = 0.10–0.11 g.

2.4. Kinetic Studies

As it was mentioned above, the first-order kinetic model as well as any other mod-
els based on the higher-order kinetic equations of the elementary reaction do not fit the
experimental data (see Supplementary Materials). In our recent study devoted to anisole
transformations in the TH [25], the negative influence of acetone was demonstrated. In the
kinetic calculations, it was mirrored as a negative term kac × Cac (Equation (3)), decreas-
ing the rate constant. This term includes kac, which is technically the quasi-equilibrium
constant showing the ratio between acetone adsorbed on the catalysts surface and in the
solution. The same kinetic model applied to guaiacol and dimethoxybenzenes describes
the dependence of conversion on time quite well (see the Supplementary Materials).

The calculated rate constants (Table 1) show that the transformation of guaiacol over
Ni-SiO2 occurs at least 4.5 times faster than for dimethoxybenzenes. The Cu addition
has a negative effect on the guaiacol conversion; therefore, the difference in the kinetic
constants over NiCu-SiO2 is not so high. However, in the case of 1,2-DMB copper increases
the rate constant from 3.4 × 10−3 min−1 m−2 to 4.5 × 10−3 min−1 m−2. Additionally, the
limited positive effect of the copper addition on the rate constant was found for 1,3-DMB.
To calculate the specific catalytic activity, the rate constants were normalized to the Ni0

surface area (Table 2). Due to the close values of the Ni0 area, the dependences observed
for the rate constants are also valid for the specific catalytic activity.

The comparison of the data obtained in this study [25] shows that the specific catalytic
activity in anisole transformation reaches 9.0 × 10−3 min−1 m−2 and 3.8 × 10−3 min−1 m−2

for the Ni-SiO2 and NiCu-SiO2 catalysts, respectively. Thus, the influence of copper on
anisole TH is close to those observed for guaiacol and 1,4-DMB. At the same time, the
specific catalytic activity of Ni-SiO2 and NiCu-SiO2 in the TH of anisole remains relatively
high compared to that of dimethoxybenzenes.

Thus, the high-loaded Ni-based catalysts synthesized using coprecipitation in super-
critical CO2 demonstrated excellent performance in the TH of the phenolic compounds. The
significant influence of the structure of the phenolic compound on the catalytic activity was
shown. In particular, the transformations of guaiacol were found to be the fastest due to the
presence of the non-methylated OH group. In contrast to other dimethylbenzene position
isomers, 1,3-DMB actively loses oxygen atoms, transforming into methoxycyclohexane
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and cyclohexanol; however, the rate of its transformations remains the lowest compared to
other isomers. There are many studies showing the positive effect of the Cu addition on
the rate of the reductive transformations. This work demonstrates that in the case of TH of
phenolic compounds, Cu can affect the rate constants in the different ways.

3. Materials and Methods
3.1. Materials

The following materials were used: 2-PrOH (≥99.8, EKOS-1), MeOH (J.T. Barker,
Phillipsburg, NJ, USA, HPLC Gradient Grade), 1,2-dimethoxybenzene (99%, Sigma-Aldrich,
Burlington, MA, USA), 1,3-dimethoxybenzene (≥98%, Sigma-Aldrich), 1,4-demethoxybenzene
(99%, Sigma-Aldrich), guaiacol (≥98%, Sigma-Aldrich), dodecane (≥99%, Sigma-Aldrich),
tetraethoxysilane (TEOS, 98%, Acros Organics, Geel, Belgium), Ni(OAc)2·4H2O, (99% extra,
Acros Organics), Cu(OAc)2·H2O, (98%, Sigma Aldrich), and CO2 (99.8%, Promgazservis,
Orenburg, Russia).

3.1.1. Catalyst Preparation and Characterization

The catalysts were synthesized according to the original supercritical antisolvent co-
precipitation method using the SAS-50 setup (Waters, Milford, MA, USA). The obtained
solid particles were characterized by XRD, XRF, TEM, EDX, and CO adsorption. The de-
tailed procedure of the catalyst synthesis and characterization is described in our previous
publication [25]. Two samples, Ni-SiO2 and NiCu-SiO2, were synthesized.

3.1.2. Batch Experiments

Before application in the treatment of the phenolic compounds, the Ni-based catalysts
were reduced in H2 flow (30 L/h) at 400 ◦C for NiCu-SiO2 and at 450 ◦C for Ni-SiO2, to
obtain the metal nanoparticles. The completeness of the reduction process was controlled
by XRD. After 45 min under H2 flow, the catalysts were cooled down to room temperature.
Then, H2 was replaced with Ar, and catalyst was placed under 2-PrOH, avoiding contact
with air.

The catalytic experiments were carried out in the batch reactor (285 mL, AISI 316 L).
The system was purged with Ar and then charged by the reaction mixture, including a
catalyst (0.10–0.11 g); 2-PrOH (110 mL); phenolic compound (30 mmol, 3.72–4.14 g); and
dodecane (0.30 g), which was used as an internal standard. After charging, the reactor was
purged with Ar under stirring (mechanical agitator MagneDrive®, Erie, PA, USA, 800 rpm),
closed, and then heated up to 250 ◦C for 30–35 min. During the experiment, the pressure
was 7.0–7.7 MPa, and no H2 or any other substances were added to the reaction mixture.
The probes were collected just after reaching the target temperature, and then after 20, 40,
60, 90, 120, and 180 min of the reaction. The conversion of the initial substrate and yield of
the products was calculated according to the following equations:

Conversion =

(
1 −

C0
ph − Cph

C0
ph

)
× 100% (1)

Yield =
Cpr

∑ Cpr
× 100% (2)

where C0
ph and Cph represent molar concentrations of the phenolic compounds (guaiacol

and dimethoxybenzenes) in the reaction mixture at an initial and a certain time, and Cpr
represents a concentration of a certain product at a certain time.
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3.1.3. Kinetic Calculations

The rate constants describing the consumption of phenolic compounds were calculated
according to Equation (3):

dCph

dt
= −(k − kac × Cac)× Cph (3)

where Cph is a concentration of the phenolic compound in the solution at a certain time,
Cac is a concentration of acetone in the solution at a certain time, k is the kinetic constant of
phenolic compound consumption, and kac is a coefficient showing the proportion between
acetone in the solution and on the catalyst surface.

3.1.4. Product Analysis

The liquid products were analyzed using the Shimadzu GCMS-QP2010 SE spec-
trometer (Kyoto, Japan), equipped with an autosampler. The GsBP-INOWAX capillary
chromatographic column (crosslinked polyethylene glycol) was used (length 30 m, internal
diameter 0.32 mm, and stationary phase thickness 0.25 µm). The column was conditioned
at 55 ◦C for 3 min, heated up to 200 ◦C at a rate of 15 ◦C per minute, and then heated up to
250 ◦C at a rate of 25 ◦C per minute. The evaporator temperature was 270 ◦C, and helium
was used as a carrier gas. The products were identified using the peak retention time and
the mass spectrum of the substance, which were compared with the corresponding data of
the pure compounds or with the data from the NIST and Wiley electronic mass spectral
libraries. Conversion of the initial phenolic compound and the yield of the products were
evaluated by the internal standard method using dodecane.

To determine the qualitative composition of the formed gases, the reactor was cooled
to 40 ◦C when the pressure dropped to 1.3–2.0 MPa. Then, the gas was sampled from the
reactor using a 150 mL syringe. Before the analysis, a gas sample in the syringe was diluted
20 times with air. The chromatographic analysis was preformed using a Chromos GC 1000
(Chromos, Nizhny, Russia) equipped with a chromatography column (length 2 m, internal
diameter 3 mm, and stationary phase—NaX zeolite) and a thermal conductivity detector.
Ar was used as a carrier gas, and the temperature mode of column conditioning was as
follows: 30 ◦C for 3 min, programmed heating up to 120 ◦C at a rate 24 ◦C/min, and then
for 5 min at 120 ◦C.

4. Conclusions

This study shows that high-loaded Ni and Ni-Cu catalysts demonstrate promising
results in transformations of phenolic compounds and 2-PrOH under supercritical con-
ditions. The obtained kinetic constants show the high reactivity of guaiacol compared to
dimethoxybenzenes and the negative influence of Cu addition on the reaction rate. At
the same time, Cu promotes transformations of 1,2-dimethoxybenzene, increasing the rate
constant from 1.3 × 10−2 min−1 to 1.6 × 10−2 min−1. Guaiacol and 1,3-dimethoxybenzene
actively lose oxygen atoms, transforming into cyclohexanol and methoxycyclohexane,
whereas the main products of 1,2-and 1,4-dimethoxybenzene transfer hydrogenation are
corresponding dimethoxycyclohexanes. Thus, the copper addition and the structure of phe-
nolic compounds significantly affect the rate and selectivity of transfer hydrogenation. This
study expands the understanding of the fundamental aspects of H2-free hydrogenation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal12121655/s1, Figure S1: XRD data obtained for the catalysts
after activation in H2. A—Ni-SiO2, B—NiCu-SiO2; Table S1: Content of Ni and Cu in the Ni-Cu
catalysts measured by XRF. D—mean crystallite size, a—lattice parameter, measured by XRD, and
SCO—surface area, measured by CO adsorption.; Figure S2: TEM and EDX-mapping pictures ob-
tained for A—Ni-SiO2, B—NiCu-SiO2; Figure S3: Kinetic data for the experiments with guaiacol over
A—Ni-SiO2 and NiCu-SiO2. The first-order kinetic model was used; the dots—experimental
data, and the lines—calculated using Equation (3); Figure S4: Kinetic data for the experiments
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with 1,2-DMB over A—Ni-SiO2 and NiCu-SiO2. The first-order kinetic model was used; the
dots—experimental data, and the lines—calculated using Equation (3); Figure S5: Kinetic data
for the experiments with 1,3-DMB over A—Ni-SiO2 and NiCu-SiO2. The first-order kinetic model
was used; the dots—experimental data, and the lines—calculated using Equation (3); Figure S6:
Kinetic data for the experiments with 1,4-DMB over A–Ni-SiO2 and NiCu-SiO2. The first-order
kinetic model was used— the dots–experimental data, and the lines—calculated using Equation (3).
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Abstract: A comparison of the activity of mono- and bimetallic Ni-Cr/C catalysts deposited on
a carbon carrier (sibunite) in the bicyclohexyl dehydrogenation reaction as a stage of hydrogen
evolution in hydrogen storage systems is carried out. The interaction of Ni and Cr supported onto
the carbon carrier—sibunite in bimetallic NiCr systems affects the change in the parameters of the
crystal lattice of nickel, compared with the FCC lattice of Ni, as shown by the methods of XPS, TPR,
XRD, high-resolution TEM and electron diffraction.

Keywords: hydrogen storage; dehydrogenation; bicyclohexyl; Pt-Ni-Cr supported catalysts; Ni-Cr alloys

1. Introduction

Recently, catalysis has become an increasingly important tool aimed at creating modern
materials and technologies. For example, the successful replacement of lithium-ion batteries
with cheaper methanol fuel cells largely depends on the development of new catalysts
for the electrooxidation of methanol. It is known that the most active in this reaction, as
well as in many other reactions, are supported systems based on noble metals, especially,
platinum [1–3]. At the same time, these metals are prone to rapid CO poisoning in the
methanol medium. The problem is solved by developing bi- and trimetallic catalysts,
which not only increase resistance to the deactivating action of CO, but also allow one to
reach a better performance of catalysts with a lower loading of precious metals. To increase
the catalytic activity, transition metals (Fe, Ni, Co, Ag and others) are usually used as
promoting additives [4–7]. The second group consists of metals that improve the corrosion
stability of the catalysts (Cr, V, Mn) [8]. In particular, an increase in the conversion and
selectivity in the methanol electrooxidation reaction with reduction of production costs is
reported for bi- and trimetallic catalysts, such as PtCo, PtNi, PtFe, PtPb [9,10], PtNiCr and
PtCoCr [11–13]. At the same time, the greatest resistance to CO poisoning is achieved when
platinum is doped with ruthenium [14,15], including the addition (dilution) of third-base
metals in the case of trimetallic systems, such as PtRuFe [16], PtRuNi [17], PtRuCo [18],
PtRuW [19] and PtRuMo [20].

An increase in the activity of PtNiCr trimetallic catalytic systems supported on the
carbon carrier, sibunite, was also found in [21] compared with mono- and binary systems
applied in the bicyclohexyl dehydrogenation reaction. The reaction is crucial for hydrogen
storage and hydrogen release systems based on the use of liquid organic hydrogen carriers
(LOHC) as an alternative fuel system without the so-called carbon footprint instead of
traditional hydrocarbon raw materials, since hydrogen oxidation does not produce COx
gases that pollute the atmosphere. In this reaction, the high activity of PtNiCr/C trimetallic
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catalysts, as in the methanol electrooxidation reaction, is presumably achieved due to
the stabilizing effect of the NiCr binary system on platinum [7]. In relation to hydrogen
storage systems, the development of catalysts is limited by the need to carry out conju-
gated hydrogenation–dehydrogenation reactions without the formation of by-products
of hydrogenolysis and cracking, which destroy the substrate and reduce the lifetime of
hydrogen storage and release systems as a whole. This limits the choice of carriers and
active metals; therefore, for the purposes of hydrogen storage, the study of the stimulating
effect of promoting additives on the activity of Pt catalysts is of great interest. The aim of
this study is to study the effect of the interaction of modifying base metals (Cr, Ni) on the
activity of platinum in the bicyclohexyl dehydrogenation reaction.

2. Results

The morphology, average size of Ni and Cr particles and their distribution in bimetallic
systems deposited on oxidized sibunite (C) and consisting of a mixture of Ni (3 wt.%) and
Cr (1.5 wt.%) were studied using transmission electron microscopy (TEM). Figure 1 and
Figure S1 (Supplementary Materials, SM) show an example of a micrograph of a catalyst
(3Ni-1.5Cr)/C in a light (a) and dark field (b). It can be seen from Figure 1 that small
particles of a regular shape are located on top of some large particles on the surface of the
carbon carrier. The average size of large particles is ~20–30 nm and that of smaller ones is
~3–5 nm. The EDX data for this system, together with the analysis of interplane distances
by the high-resolution TEM, show that the particles contain atoms of Ni and Cr metals
coated with an oxide shell (NiO, Cr2O3). At the same time, a comparison of micrographs
of TEM of a number of bimetallic Ni-Cr/C catalysts with their monometallic analogues
showed that large particles belong to nickel and smaller ones are formed by chromium.
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Comparison with other investigated Ni-Cr systems indicates that the order of the
application of metals does not have a noticeable effect on the change in the average size
and distribution of particles on the surface of the sibunite. At the same time, the presence
of CrxNi1−x solid solutions with different Cr/Ni ratios, as well as small amounts of NiCrO4
with a rutile structure and NiCr2O4 with a spinel structure, is determined at the points
of contact of the two metals at interplanar distances. Interestingly, the formation of the
latter, together with a decrease in the degree of oxidation of the catalyst surface due to
the alloying of nickel with chromium, is indicated as a possible reason for an increase in
the activity of the PtNiCr system in the electrooxidation of methanol compared with a
monometallic Pt catalyst [7,8]. It was shown [11–13] that the substitution of chromium for
Mn and Co also affects the activity of the Ni-Mn and Ni-Co binary systems; however, the
effect is less pronounced.

In order to identify the forms of nickel and chromium in the catalysts under study,
the corresponding samples were examined using X-ray photoelectron spectroscopy (XPS).
The comparison showed that the XPS spectra of all the analyzed systems, regardless of the
order of application of metals, are identical and have no fundamental differences among
themselves. In particular, only a doublet of broad lines with a poorly expressed structure
and with a binding energy of the Cr 2p3/2 component of about 577.0 eV, which is typical
for trivalent chromium compounds, is observed in the Cr 2p spectra of all the samples
studied [22]. In the Ni 2p spectra of the studied samples, a small shoulder with a binding
energy of about 852.7 eV is observed, which indicates the presence of metallic nickel [23].
At the same time, the main contribution to the Ni 2p spectrum is made by the oxidized state
of nickel, which corresponds to the Ni 2p3/2 component with a binding energy of about
855.8 eV and an intense shake-up satellite, which is characteristic of divalent nickel [23].
The result of deconvolution of the spectra by the example of the catalyst (3Ni-3Cr)/C is
shown in Figure 2 and in Table 1. The proportions of nickel in various states in this catalyst
are indicated in comparison with the most characteristic data for other studied Ni systems.
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Table 1. The content of nickel in various degrees of oxidation on the surface of the studied samples
according to the XPS data.

Catalyst
Ni 2p

Eb, eV Content, at.% Eb, eV Content, at.%

3Ni/C 852.5 53 855.8 47
(3Ni-1.5Cr)/C 852.5 27 855.4 73
(3Ni-3Cr)/C 852.7 8 855.4 92
1.5Cr/3Ni/C 852.7 18 854.8 82

A comparison of the data in Table 1 shows that, regardless of the order of application
of metals in the presence of chromium, the content of non-oxidized nickel (Ni(0)) in the
studied bimetallic NiCr/C systems compared to the monometallic catalyst 3Ni/C decreases
and the more strongly, the higher the Cr content. At the same time, it can be seen that
there is a peak of Ni 2p3/2 electrons with binding energies Eb = 852.7 eV in the spectra of
catalysts with a low Ni0 content, which is slightly higher than in the spectrum of 3Ni/C
(852.5 eV) This may indicate that metallic nickel acquires some positive charge in these
samples. This is also evidenced by the binding energy characterizing the second state of
nickel in NiCr/C systems (Ni2+). The value of the Eb for this peak in the spectrum of the
sample of 3Ni/C is equal to 855.8 eV, which is higher than that for the samples containing
chromium. The difference in the electronic state of the components seems to indicate the
presence of an interaction between these two metals. The effect is most pronounced for the
1.5Cr/3Ni/C catalyst, in which chromium is deposited on top of nickel.

The shape of the TPR profiles for the studied NiCr systems also shows a noticeable
difference with individual monometallic catalysts. The TPR curves for the monometallic
catalyst 3Ni/C [24] and 1.5Cr/C [25] demonstrate a number of characteristic peaks as-
sociated with the reduction processes of nickel and chromium. In contrast, in the NiCr
systems, several processes occurring in a wide temperature range (T = 300–800 ◦C) are
superimposed on the TPR profiles. This shape of the curves may be due to a variety of
topochemical reactions responsible for the reduction of mixed Ni-Cr oxides, including the
interaction between nickel and chromium noticed in the analysis of XPS spectra. At the
same time, a low-temperature peak is highlighted in Figure 3, the position of which on
the TPR curve for NiCr systems with different metal deposition, the order differs and is
T = 138 ◦C for the catalyst (3Ni-1.5Cr)/C, T = 146 ◦C for 1.5Cr/3Ni/C and T = 170 ◦C for
3Ni/1.5Cr/C.
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It is noteworthy that the position of each of these peaks decreases in comparison with
both the Ni/C catalyst (T = 190 ◦C) and Cr/C catalyst (T = 265 ◦C) [25]. The intensity of
the peaks for the bimetallic systems significantly exceeds those for monometallic catalysts.
The authors [26,27] associated the increase in the intensity of TPR peaks with a decrease in
the fraction of amorphous particles of metal oxides, including those produced due to the
formation of the Ni-Cr alloy or bimetallic particles. It was also established that chromium
doping of the Ni/MgO-La2O3 system leads to the modification of a part of the catalyst
sites, with the formation of alloys with nickel and possibly the reduction of the size of
crystallites [28]. Similar results were obtained for the Cu-Ni/Al2O3 system, where the
addition of copper contributed to an increase in the stability of amorphous nanoalloy
catalysts and a decrease in the Ni reduction temperature [29].

Comparison of monometallic Ni/C and bimetallic NiCr/C systems by the XRD
method shows that the diffractograms of all the studied catalysts have peaks at 2θ = 25.7
and 43.4◦, corresponding to the reflections of (002) and (101) of the carbon sibunite carrier
(Figure 4). The maxima at 2θ = 44.4 and 51.8◦ are attributed to the crystallographic planes
(111) and (200) of the FCC lattice of Ni (2θ = 44.505 and 51.86◦; PDF 4-850). At the same
time, the maximum of the (200) peak on the diffractogram of the monometallic catalyst
3Ni/C is shifted towards larger angles (2θ = 52.0◦), as compared with bimetallic catalysts.
The value of this shift corresponds to the lattice period a = 0.3514 (+0.0003) nm, which is
lower than the table value for the FCC lattice of Ni (a = 0.3524 nm; PDF 4-850). Such an
increase was associated [30] with the formation of metastable Ni3C carbide, the enthalpy
of formation of which is ∆HNi3C = 75.3kJ/mol. The enthalpy of formation of chromium
carbides have large negative values (∆HCr3C2 = −9.5 kJ/mol; ∆HCr7C3 = −164.4 kJ/mol;
∆HCr23C6 = −341.4 kJ/mol); therefore, Cr atoms interact more actively with Ni than with
the carrier when added to the bimetallic system. The Ni lattice periods calculated by two
reflexes (111) and (200) in bimetallic NiCr systems exceed those for both the FCC lattice of
Ni and the monometallic catalyst 3Ni/C [21]. At the same time, the most intense reflex 110
of the Cr BCC lattice (2θ = 44.37◦, PDF 6-694) overlaps with the indicated reflex (111) of the
Ni FCC lattice and does not appear on diffractograms, apparently due to the low content of
metallic Cr in the volume of the catalyst or its X-ray amorphous state. In the absence of
the contribution of chromium to the position of peaks on the graphs, this excess indicates
the formation of Cr-Ni solid solutions formed by the type of substitution of nickel atoms
for chromium. The broadening of the (200) Ni lines on the diffractogram indicates that the
CrNi-solid solution has a heterogeneous character, in which there are regions with different
chromium contents (CrxNi1−x).
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The estimate of interplane distances of different sites obtained by the high-resolution
TEM of the surface of the studied NiCr catalysts closely coincides with the data of the electron
diffraction method. Two series of reflexes (111) and (200) are observed on electronograms
of the NiCr catalysts: nickel (d(111) = 0.209 ± 0.006 nm and d(200) = 0.179 ± 0.002 nm) and
chromium solid solution in nickel (d(111) = 0.215 ± 0.010 nm and d(200) = 0.187 ± 0.010 nm).
The value d(111) of nickel in a two-component catalyst (3Ni-1.5Cr)/C calculated from the
distance between adjacent parallel atomic planes is d = 0.2124 nm, which also exceeds the
value of d(111) for the catalyst containing no chromium (d = 0.2091 nm). In accordance
with the calculated parameters of the FCC lattice, the crystallographic structure of Ni-Cr is
shown in Figure 5.
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The data obtained in studying the catalytic activity of catalysts in bicyclohexyl dehy-
drogenation showed that monometallic Ni and Cr catalysts exhibited a low activity in the
selectivity formation of the final product, biphenyl (C12H10); thus, the rate of hydrogen
evolution is low (Table 2). Both monometallic and bimetallic catalysts demonstrate a
stable rate of hydrogen evolution and selectivities to the semi-hydrogenated and fully
dehydrogenated products indicated in Table 2, without any noticeable loss for at least 8 h
of operation.

Table 2. Catalytic properties of Ni-Cr/C catalysts of bicyclohexyl dehydrogenation (T = 320 ◦C, p = 1
atm, WHSV = 2.8 h−1).

3Ni/C 1.5Cr/C 3Ni/1.5Cr/C (3Ni-1.5Cr)/C 1.5Cr/3Ni/C

Rate of hydrogen evolution,
mol/h × 10−3 1.863 2.760 1.021 1.542 1.014

SC12H10, % * 35 60 48 49 47
SC12H16, % * 65 40 52 51 53

* Selectivities to the semi-hydrogenated and fully dehydrogenated products.

It is seen from Table 2 that the rate of hydrogen evolution in the course of conversion
of bicyclohexyl on the Cr catalysts was noticeably higher than on the Ni catalysts; in turn,
it is much lower than that observed on the Pt catalysts [21]. However, the selectivity for the
final product, biphenyl (C12H10), on the Cr catalysts was noticeably higher than on the Ni
catalysts. In the case of nickel, the formation of trace amounts of cracking products [24]
was also observed. Since the content of cracking products ranged from 50 to 200 ppm, their
contribution was not taken into account when calculating the selectivity of the main reaction
products. No by-products were found for the studied bimetallic NiCr systems, which is
important for hydrogen storage systems. According to chromato-mass spectrometry, in all
the cases, the reaction mixture in addition to fully unsaturated biphenyl, contained one
intermediate cyclohexylbenzene. At the same time, the rate of bicyclohexyl conversion
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(hydrogen release) on NiCr systems, regardless of the order of introduction of metals, was
even lower than on monometallic catalysts. This decrease correlates with a decrease in the
content of non-oxidized nickel (see Table 1).

3. Materials and Methods
3.1. Preparation of Catalysts

Oxidized sibunite was used as a carrier (trademark C, Omsk, Russia), with an average
granule diameter of 1.5–1.8 mm, a specific surface area of 243 m2/g, an average pore
size of 4.2 nm and a pore volume of 0.45 cm3/g [31]. Monometallic Ni and Cr catalysts
deposited on a carbon carrier were prepared by incipient wetness impregnation with aque-
ous solutions of the corresponding salts, nitrates Ni(NO3)2 6H2O (chemical grade purity;
Khimmed, Russia) and Cr(NO3)3 9H2O (chemical grade purity; “Acros Organics”), and
bimetallic catalysts—Ni-Cr/C—by impregnation of Ni/C and Cr/C or joint impregnation
of the sibunite. After impregnation, the samples were successively dried for 24 h in air at
room temperature and then, for 4 h at a temperature of 130 ◦C. Further, the samples were
calcined at a temperature of 500 ◦C in a current of N2 (99.9%, 50 mL/min). Pt-containing
catalysts were prepared by incipient wetness impregnation of the carrier or Ni/C, Cr/C
and Ni-Cr/C systems with an aqueous solution of H2PtCl6 6H2O (chemical grade purity;
Khimmed, Russia); then, dried and calcined at a temperature of 350 ◦C in a flow of N2
(99.9%, 50 mL/min) for 2 h.

3.2. Characterization of Catalysts

The surface morphology of the catalysts was studied by transmission electron mi-
croscopy (TEM) using a JEOL-2100F (Tokyo, Japan) electron microscope in light and dark
field modes at an accelerating voltage of 200 kV. The charge state of metals and the composi-
tion of the catalyst surface were determined using X-ray photoelectron spectroscopy (XPS),
with a Kratos Axis Ultra DLD device (Manchester, UK) with a monochromatic radiation Al
Ka (hυ = 1486.6 eV, 150 W). The standard energy of the analyzer was 160 eV and 40 eV for
high-resolution spectra.

The phase composition of the samples was studied by X-ray phase analysis (XRD)
using an automatic diffractometer DRON-3 (Moscow, Russia), with Cu Ka radiation
(λ = 1.5405 A) with a graphite monochromator in step-by-step scanning mode (step 0.1◦,
exposure per point—5 s). The main 2Θ interval was 20◦–90◦.

The dependence of the hydrogen absorption rate in the mode of thermoprogrammable
reduction (TPR) of catalysts was recorded at the laboratory installation KL-1 (Moscow,
Russia). The reduction was carried out with a mixture of gases of 5% H2/Ar at a flow rate
of 23 mL/min until a temperature of 850 ◦C. The linear heating rate of the detector was
10 ◦C/min.

Dehydrogenation of bicyclohexyl was carried out in a flow reactor without a carrier
gas. Samples of all the studied catalysts with a weight of 1.85 g were placed in a steel reactor
with an internal diameter of 10 mm and activated. Before starting the reaction, each portion
of the new catalyst was precalcined in an inert atmosphere and then, reduced in a hydrogen
flow. The substrate was fed at a rate of 6 mL/h (normal conditions, ρ = 0.864 g/cm3)
by a high-pressure pump HPP 5001. Commercial bicyclohexyl (99%, Acros Organics,
Geel, Belgium, C12H22) was used as a substrate. Dehydrogenation was carried out at a
temperature of 320 ◦C and atmospheric pressure for 4 h. Hydrogen and reaction products
were separated. The hydrogen released during dehydrogenation was measured using a gas
burette. To prevent the entrainment of organic substrates with a hydrogen flow, a system
of cooling traps and membrane was used.

The reaction products were analyzed with a Crystallux 4000M chromatograph (Kazan,
Russia) using a ZB-5 capillary column (Zebron, Phenomenex, Torrance, CA, USA) and
a flame ionization detector of the FOCUS DSQ II chromato-mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA), with a TR-5ms capillary column. The analysis
was performed in a programmable temperature mode of 70–220 ◦C at a heating rate of
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6 ◦C/min. The purity of the hydrogen released was determined by gas chromatography
with a thermal conductivity detector and a Porapak Q packed column. The conversion
(X) of bicyclohexyl was calculated as the ratio of the change in the amount of bicyclohexyl
before and after the reaction to the initial amount of bicyclohexyl. The selectivity (S) of the
reaction products was determined as the ratio of the amount of one of the reaction products
formed to the total amount.

4. Conclusions

Thus, the study of the composition and structure of the surface phases of mono-
and bimetallic catalysts based on Ni and Cr deposited on a carbon carrier by methods
of physico-chemical analysis showed the interaction of metals with each other. Due to
the significant difference in the enthalpy of formation of nickel and chromium carbides
when interacting with the carbon carrier, Cr atoms, when added to a bimetallic system,
interact more actively with Ni than with the carrier. The data of XRD, TEM and electron
diffraction indicate a change in the parameters of the nickel crystal lattice in bimetallic
NiCr systems, compared with the FCC Ni lattice, which indicates, in turn, the formation
of Cr-Ni solid solutions formed by the type of substitution of nickel atoms for chromium.
However, this does not lead to a change in the conversion and selectivity in the bicyclohexyl
dehydrogenation reaction on bimetallic NiCr catalysts, compared with the corresponding
monometallic catalysts. At the same time, this circumstance leaves open the question of
the high activity of trimetallic Pt catalysts deposited on the studied NiCr/C system [21,26].
Thus, the mechanism of increasing the activity of three metallic Pt catalysts deposited on
the Ni-Cr/C system under study deserves additional study.
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(a) 1.5Cr/3Ni/Cox and (b) 0.1Pt/1.5Cr/3Ni/Cox; electron diffraction patterns of crystallites Cr-Ni
(1, 2) and Pt (3) on the surface of the 0.1Pt/1.5Cr/3Ni/Cox catalyst.
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Abstract: Reductive catalytic fractionation (RCF) has emerged as an effective lignin-first biorefinery
strategy to depolymerize lignin into tractable fragments in high yields. Herein, we propose the
RCF of spruce wood over a Ru/C bifunctional catalyst in the medium of ethanol and molecular
hydrogen to produce monomeric phenolic compounds from lignin, polyols from hemicelluloses, and
microcrystalline cellulose. This contribution attempts to elucidate the role of the Ru/C bifunctional
catalysts characteristics. The results clarify the particular effect of the carbon support acidity, catalyst
grain size, content and dispersion of Ru on the effectiveness of lignin and hemicelluloses extraction
and the yields of liquid and gaseous products. The most efficient catalysts for RCF of spruce wood,
providing high yields of the monomeric phenols, glycols, and solid product with content of cellulose
up to 90 wt%, bear 3 wt% of Ru with a dispersion of 0.94 based on an acidic oxidized graphite-like
carbon support Sibunit®, and having a grain size of 56–94 µm. The Ru/C catalysts intensify the
reactions of hydrodeoxygenation of liquid products from lignin. The main phenolic monomers
are 4-propyl guaiacol, 4-propenyl guaiacol, and 4-propanol guaiacol. We explored the effect of the
process temperature and time on the yield and composition of the liquid, solid, and gaseous products
of spruce wood RCF. The optimal trade-off between the yields of phenolic monomers (30.0 wt%).
polyols (18.6 wt%) and the solid product containing 84.4 wt% of cellulose is reached at 225 ◦C and 3
h over the most acidic Ru/C catalyst.

Keywords: spruce wood; fractionation; reduction; Ru/C catalysts; ethanol; hydrogen; liquid
products; phenols; polyols; cellulose

1. Introduction

The depletion of fossil resources and CO2 emissions negatively affecting the environ-
ment require new methods for the use of renewable plant feedstock, including agricultural
waste, to ensure environmental safety and social and economic sustainability. In recent
years, there has been increased interest in deep processing of renewable plant biomass
due to the fact that the use of biomass, in contrast to fossil organic raw materials, does not
change the CO2 balance in the atmosphere [1–3]. Wood is a widespread and available re-
source for the production of various chemical products and biofuels. The main components
of wood (cellulose, hemicelluloses, and lignin) form a complex biocomposite complicating
chemical conversion of wood into high-demand products.

The most large-scale industrial process in the chemical conversion of wood is the
production of cellulose [4]. In conventional pulp production processes, hemicelluloses
and lignin are extracted as by-products; besides, technical lignins are highly condensed
and contain sulfur that hinders their further processing. Hence, the development of new
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processes to ensure processing of all main components of lignocellulosic biomass into
various chemical products and liquid biofuels is an important topic [5,6]. Among such
processes is organosolv delignification of wood using organic solvents [7,8]. A lower degree
of condensation of organo-soluble lignins than technical lignins and the absence of sulfur
facilitates their catalytic processing into required phenolic and aromatic substances [5,9].
However, when organosolv lignins are isolated, the undesirable polymerization processes
can occur to decrease their yield and reactivity. These circumstances make it urgent to
develop methods of lignin depolymerization which eliminate the additional stage of its
isolation from lignocellulosic material.

The most promising approaches to the complex conversion of wood are based on
the methods of oxidative [10–12] and reductive [12–14] catalytic fractionation of wood
biomass. Oxidative catalytic fractionation leads to the formation of valuable products:
microcrystalline cellulose, aromatic and aliphatic acids, and vanillin. In particular, the
reductive catalytic fractionation (RCF) of lignocellulosic biomass ensures depolymerization
of lignin to form liquid hydrocarbons while preserving the main part of cellulose [4,6].
Hemicelluloses depolymerize partially to form soluble products. In this case, the products
formed during the partial depolymerization of hemicelluloses can be separated from
the lignin products by extraction with dichloromethane and water [15]. Processes of
reductive depolymerization of lignin are achieved over metallic catalysts (Pd/C, Ni-Raney,
Ni/C, and Ni/Al2O3), over the reductive hydrogen donor agent [16,17]. The hydrogen
donor agents like aliphatic alcohols (methanol, ethanol, or isopropanol) [11–13] and formic
acids [14,15] are used. Supported noble metals (Pt, Pd, and Ru) catalysts show highest
activity in these processes, thus providing high yields of phenolic monomers and high-
quality cellulose [13,18–20]. The nature of catalysts and solvents used, as well as the process
conditions (temperature, time, etc.) determine the yield and composition of phenolic
monomers from lignin [15].

The use of Ru/C, Pt/C, and Rh/C catalysts leads to propyl-substituted methoxyphe-
nols S/G (propyl guaiacol/syringol) as the main monomer compounds in the liquid
products of softwood and hardwood hydrogenation [21–23]. The Pd/C or Ni/C catalysts
give propanol-substituted monomers (4-propanol guaiacol and syringol) [23,24]. Over
the Ru/C catalyst, the main products of the RCF process are 4-propanol guaiacol in the
butanol/water medium [18] and 4-propyl guaiacol in the methanol medium [23].

The resulting methoxyphenols can be used in various fields; in particular, 4-propyl
guaiacol can serve as a component of epoxy resins and polycarbonates [25,26] and 4-
propanolguaiacol and its derivatives with the antioxidant and anti-inflammatory activity
have prospects for application in medicine [27]. Polyols, e.g., propylene glycol and ethylene
glycol, are used to produce foams, elastomers, and adhesives, as well as pharmaceuti-
cals, antifreezes, and solvents [28,29]. The cellulose product can be used to obtain high-
demand chemicals (ethanol, esters, levulinic and lactic acids, 5-hydroxymethylfurfural and
others) [30–32]. Microcrystalline cellulose finds application in the pharmaceutical, food,
cosmetic, and perfume industries and in production of sorbents [33]. In addition, it can be
a basis of nanocellulose materials and composites [34].

The use of bifunctional solid acidic catalysts with platinum metals results in intensifi-
cation the lignin depolymerization and enhances the yield of monomeric phenol deriva-
tives [13,35]. A bifunctional catalyst containing 3% of Ru on an acid-modified graphite-like
carbon Sibunit® has been previously shown to exhibit the high activity in the hydrogenol-
ysis of wood and ethanol lignin of birch [12,32,36] and abies [37]. However, the content
and nature of acidic species on the surface of the carbon support can affect both the acidic
properties of the catalyst and the deposition of metal particles on its surface. This issue has
not been studied earlier.

Herein, we explored the influence of characteristics of the Ru/C bifunctional catalysts
(the acidity of a carbon support, catalyst gain size, content and dispersion of Ru) as well
as the conditions (temperature and time) of the process of spruce wood RCF on the yield,
composition, and structure of the liquid, solid, and gaseous products. The conditions
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for the optimal balance between the yields of monomeric phenols and polyols as well as
cellulose product have been found. One of the main forest forming tree species in Siberia
and in the north of the European part of Russia—the spruce Picea obováta [38]—was chosen
as the object of this study.

2. Results
2.1. Characterization of Ru/C Catalysts

We chose a commercial synthetic graphite-like carbon material of the Sibunit® family
as the catalyst support. The large surface area, high mechanical strength and the meso-
porous structures make Sibunit materials the promising liquid-phase catalysts. Original
Sibunit grains (1.0–1.6 mm in size) and powder (56–94 µm in particle size) were used as
supports. In order to create surface oxygenate species, Sibunit was oxidized with gas
mixture saturated with water vapor (O2/N2 = 1/5) at 400, 450 and 500 ◦C.

Table 1 shows N2 adsorption, TEM, and pHpzc data on the oxidized carbon supports
and Ru/C catalysts. After the oxidative treatment of almost all the carbon supports used,
except the sample oxidized at 450 ◦C, the Brunauer–Emmett–Teller specific surface areas
(SBET) decreased. The deposition of ruthenium onto the carbon support surface also leads
to a decrease in the specific surface area and pore volume (Table 1) due to blocking of some
pores of the supports by particles of the active component [9,39].

Table 1. Characteristics of the carbon supports and ruthenium catalysts.

No. Support/Catalysts Label
SBET,
m2/g

Vpore,
cm3/g

〈d〉pore,
nm

pHpzc
a Ru Particle Size, nm b

DRu
dmin dmax <dl> <ds>

1 Sib-4 c S 375 0.55 5.87 7.59 - - - - -
2 3%Ru/Sib-4 c 3RS 321 0.43 5.45 8.01 0.60 2.73 1.22 ±

0.01 1.48 0.88

3 Sib-4-granular d Sg 364 0.51 5.66 7.66 - - - - -

4 3%Ru/Sib-4-granular 3RSg 273 0.32 4.77 8.05 0.76 3.46 1.42 ±
0.02 1.71 0.77

5 Sib-4-ox-400 c S400 332 0.42 5.06 6.88 - - - - -
6 3%Ru/Sib-4-ox-400 c 3RS400 300 0.37 5.01 7.12 0.66 3.00 1.19 ±

0.01 1.40 0.94
7 Sib-4-ox-450 c S450 380 0.53 5.66 5.33 - - - - -
8 1%Ru/Sib-4-ox-450 c 1RS450 368 0.52 4.80 6.06 0.52 1.79 1.06 ±

0.03 1.27 1.03

9 3%Ru/Sib-4-ox-450 c 3RS450 341 0.50 5.88 6.89 0.52 2.37 1.13 ±
0.01 1.39 0.94

10 Sib-4-ox-500-granular d S500g 287 0.37 5.14 3.34 - - - - -

11 3%Sib-4-ox-500-granular d 3RS500g 233 0.28 4.80 6.44 0.69 3.14 1.30 ±
0.01 1.53 0.85

a pHpzc is pH at the zero charge point (PZC); b dmin and dmax are the minimum and maximum particle size,
<dl> = Σdi/N is the average particle size, <dS> = Σdi

3/Σdi
2 is the weight average particle size, and DRu is the Ru

dispersion; c the grains are 56–94 µm in size; d the grains are 1.0–1.6 mm in size.

The interaction of negatively charged surface functional groups of the oxidized support
with ruthenium ions during the catalyst preparation prevents sintering of ruthenium
particles in the course of the high temperature reduction of the catalyst [40]. Thus, the
oxidative treatment of the support results in an increase in the content of sorption-active
groups on the surface, which helps to reduce the size of metal particles (Figure 1).

The temperature elevation during the oxidative treatment of the carbon support
leads to an increase in the support and the catalyst acidities (Table 1). The deposition
of ruthenium onto the surface of the initial and oxidized supports raises pHpzc. Note
that a slightly alkaline reaction (pH) is characteristic of the catalyst slurry based on the
nonoxidized Sibunit-4 support.

Thus, the bifunctional ruthenium catalysts bearing Ru nanoparticles can be prepared
via deposition of Ru(NO)(NO3)3 on the surface of the oxidized Sibunit-4 carbon support.
The prepared series of the Ru/C catalysts with different grain size, Ru content (1 and
3 wt%), dispersion (0.77–1.00), and acidity (pH 3.34–8.05) were tested for hydrogenation of
spruce wood in an ethanol medium.
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Figure 1. High-resolution transmission electron microscopy images and Ru-particle side distribution
for the Ru (3%)/Sib-4 (A) and Ru (3%)/Sib-4-ox-450 (B) catalysts.

2.2. Yield and Composition of the Spruce Wood RCF Products over the Ru/C Catalysts

Non-catalytic hydrogenation of spruce wood in ethanol at 225 ◦C and an initial H2
pressure of 4 MPa for 3 h yields liquid products (23.8 wt%), gaseous products (4.4 wt%), and
solid products (67.7 wt%) (Table 2). The aqueous phase contains up to 3.5 wt% of polyhydric
alcohols including ethylene glycol, propylene glycol, 1,2-butanediol, and pentane-1,2,5-
triol as products of decomposition of the carbohydrate constituent of the wood. The solid
product contains 59.4 wt% of cellulose, 24.4 wt% of lignin, and 16.2 wt% of hemicelluloses
(Table 2).

The yield of the liquid products of wood RCF over the 3RS450 catalyst increases to
36 wt% and the contents of phenolic monomers in the organic phase and polyols in the
aqueous phase increase to 26 and 18.6 wt%, respectively. The cellulose content in the solid
product increases to 84.4 wt% at a simultaneous decrease in the contents of hemicelluloses
and lignin to 7.0 and 8.6 wt%, respectively (Table 2).

Table 2. The results of RCF of spruce wood at 225 ◦C for 3 h over different Ru catalysts.

Catalyst
Product Yield, wt% Solid Product Composition, wt%

Solid Liquid Gaseous Phenolic Monomers c Polyols d Hemicelluloses Lignin Cellulose

no 67.7 23.8 4.4 1.5 3.5 16.2 24.4 59.4
3RS450 49.5 36.0 10.6 26.0 18.6 7.0 8.6 84.4
3RS400 54.3 32.5 9.0 30.0 13.9 14.8 7.6 77.6

3RS500g b 54.7 27.5 12.2 12.0 11.3 15.8 9.3 74.9
3RS a 57.4 30.0 9.0 22.0 12.5 14.1 9.8 76.1

3RSg a,b 57.6 29.0 7.8 15.7 10.6 16.5 12.1 71.4

a Non-oxidized support; b a grain size of 1.0–1.6 mm; c the yield from the lignin weight in wood; d the yield from
the polysaccharide weight in wood.

The gain size affects significantly the yield and composition of the liquid, solid, and
gaseous products of spruce wood hydrogenation. The granular catalysts (1.0–1.6 mm
fraction) are less efficient to the process of RCF of spruce wood than the powder catalysts
(56–94 µm fraction). When used, the monomer and polyol yields are lower by a factor of
1.5–2 over the granular catalysts than over the powder catalysts, obviously, due to diffusion
restrictions inherent in liquid-phase catalytic processes.

Figure 2 shows yields of the main RCF products obtained without catalysts and over
different catalysts. The remaining monomer products were found in trace amounts. The
maximum content (30 wt%) of monomer phenols was observed in the liquid products
over the 3RS400 catalyst and the maximum content (18.6 wt%) of polyols over the 3RS450
catalyst. Notably, 4-propenyl guaiacol dominates among the phenolic products of the non-
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catalytic hydrogenation of spruce wood (Figure 2A). The main component of the phenol
products in the RCF is 4-propyl guaiacol at a yield of 18.1 wt% over the 3RS450 catalyst
and 23.9 wt% over the 3RS400 catalyst (Figure 2A). In the non-catalytic hydrogenation of
wood, the yield of glycols is no more than 3.5 wt% (Figure 2B). In the liquid products of the
RCF, the yield of glycols, mainly ethylene glycol and propylene glycol, rises sharply (by a
factor of 2.9) (Figure 2B).

We observed a trend to an increase in the total yields of monomer methoxyphenols
and polyols with the increasing dispersion of ruthenium in the catalysts. The higher Ru
dispersion accounts for better active center accessibility to promote to the higher overall
catalytic activity [41] (Figure 3).

Elemental analysis of the liquid products of spruce wood hydrogenation reveals
intensification of the deoxygenation reactions over the ruthenium catalysts (Figure 4).

The liquid products of the spruce wood RCF at 225 ◦C contain a lower amount of
oxygen and a higher amount of hydrogen and carbon compared to those in the initial
wood; this leads one to conclude about more intensive deoxygenation reactions over the
ruthenium catalysts. The minimum oxygen content and the maximum carbon content
are observed in the liquid products of wood RCF over the 3RS400 and 3RS450 catalysts.
According to the Van Krevelen diagram, the atomic ratio O/C of liquid products of non-
catalytic and catalytic hydrogenation of spruce wood is much lower than in the original
wood. The most significant decrease in O/C and the highest H/C ratio in liquid products
were observed over the 3RS450 catalyst.
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Figure 2. The yields of monomers from lignin (A) and polyols from polysaccharides (B) over the
Ru catalysts.
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Figure 4. Van Krevelen diagram for the liquid products of spruce wood RCF at 225 ◦C for 3 h over
different catalyst (a Original (non-oxidized) support; b the grain size is 1.0–1.6 mm).

Carbon oxides (4.4 wt%) and trace methane (less than 0.1 wt%) were detected in
gaseous products of non-catalytic hydrogenation. The methane content increases signifi-
cantly (up to 4.5 wt%) in the gaseous products over the ruthenium catalysts. Ruthenium is
known to catalyze CO2 conversion to methane. The usual reaction temperature range is
from 200 to 450 ◦C depending on the catalyst, support and the reaction conditions. So, it is
reasonable to assume such pathways in our case. However, the main pathway of methane
formation is catalytic hydrocracking of aliphatic structural fragments of lignin [42].

We examined the effect of the ruthenium content in the catalyst on the yield and
composition of the products of spruce wood RCF at 225 ◦C (Table 3).

Table 3. The effect of ruthenium content in the catalyst on the yield and composition of products of
spruce wood RCF at 225 ◦C for 3 h.

Catalyst
Product Yield, wt% Solid Residue Composition, wt%

Solid Liquid Gaseous Phenolic Monomers a Polyols b Hemicelluloses Lignin Cellulose

no 67.7 23.8 4.4 1.5 3.5 16.2 24.4 59.4
1RS450 60.0 28.7 9.1 23.1 14.2 10.2 9.3 80.5
3RS450 49.5 36.0 10.6 26.0 18.6 7.0 8.6 84.4

a The yield from the lignin weight in wood; b the yield from the polysaccharide weight in wood.

Compared to the non-catalytic process, a 15-fold increase in the content of monomer
phenolic compounds (Figure 5A) and a 4-fold increase in the content of polyols is observed
in the spruce wood RCF over the catalyst containing 1 wt% of Ru. At the RCF of spruce
wood, the contents of ethylene glycol and propylene glycol increase and the content of
pentane-1,2,5-triol decreases (Figure 5B). At a higher Ru content in the catalyst (3 wt%),
the yield of the liquid products of wood RCF increases up to 36.0 wt% and the content of
phenolic monomers decreases to 26.0 wt% and the content of polyols to 18.6 wt%. While the
yield of the solid product drops down, the cellulose content increases to 84.4 wt% (Table 3).
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Figure 5. The effect of Ru content in the catalyst on the yield of phenolic monomers (A) and polyols
(B) after spruce wood RCF at 225 ◦C for 3 h.

The influence of the metal content in the Ru/C catalyst on the molecular weight
distribution (MWD) of the liquid products of spruce wood RCF at 225 ◦C for 3 h was
studied using GPC (Figure 6).

Among the liquid products of the non-catalytic hydrogenation of spruce wood, there
are fractions of organosolv lignin (MW = 1000–10,000 g mol−1) and products, mainly
dimers, of its partial depolymerization. With the catalysts, the profile of the MWD curve of
the liquid products changes significantly to indicate a change in their composition. The
MWD curves of the liquid products of RCF contain an intense peak at MW of ~150 g/mol
corresponding to the monomer compounds. An increase in the amount of ruthenium in
the Ru/C catalyst to 3 wt% leads to a decrease in the content of oligomers with 2–4 units
(MW ~ 400–600 g/mol) and an increase in the content of the monomer compounds in the
liquid products (Figure 6, Table 4).
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Figure 6. The effect of Ru content on the molecular weight distribution of the liquid products of
spruce wood RCF at 225 ◦C for 3 h.

Table 4. Effect of the Ru content on molecular weight characteristics of the liquid products of spruce
wood RCF at 225 ◦C for 3 h.

Catalyst Mn
a, g mol−1 Mw

b, g mol−1 PD c

no 458 1001 2.186
3RS450 337 578 1.715
1RS450 351 580 1.652

a The number average molecular weight; b the weight average molecular weight; c the polydispersity Mw/Mn.
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An increase in the ruthenium content in the catalyst from 1 to 3 wt% leads to a slight
increase in the yield of gaseous carbon oxides with a noticeable rise in the yield of methane
(Figure 7).
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Figure 7. The effect of Ru content on the yield and composition of the gaseous products of spruce
wood RCF at 225 ◦C for 3 h.

2.3. Influence of Temperature on the Yield and Composition of the Products of Spruce Wood RCF
over the 3RS450 Catalyst

To study the effect of temperature on the yield and composition of the spruce wood
RCF products, we chose a 3RS450 catalyst that provides the highest yield of the liquid
products (Table 5).

Table 5. The effect of temperature on the yield and composition of the products of spruce wood RCF
(3 h) over the 3RS450 catalyst.

Temperature, ◦C
Product Yield, wt% Solid Residue Composition, wt%

Solid Liquid Gaseous Phenolic Monomers a Polyols b Hemicelluloses Lignin Cellulose

200 69.0 19.6 6.7 15.6 10.2 18.6 14.5 56.7
225 49.5 36.0 10.6 26.0 18.6 7.0 8.6 84.4
250 41.0 32.0 18.1 35.0 19.1 4.4 5.2 90.4

a The yield from the lignin weight in wood; b the yield from the polysaccharides weight in wood.

The liquid product yield increases from 19.6 to 36 wt% over this catalyst as the process
temperature rises from 200 to 225 ◦C. The temperature rises up to 250 ◦C leads to a decrease
in the yield of the liquid products down to 32 wt% at a simultaneous increase in the contents
of phenolic monomers and polyols. The solid product yield decreases from 69 to 41 wt%
with the hydrogenation temperature rise from 200 to 250 ◦C (Table 5).

The process temperature elevation from 200 to 250 ◦C leads to an increase in the
cellulose content in the solid product of wood RCF from 56.7 to 90.4 wt%, while the
contents of lignin and hemicelluloses decrease from 13.2 and 17.6 to 5.2 and 4.4 wt%,
respectively (Table 5). The content of phenolic monomers in the liquid products also
increases from 15.6 to 35 wt% (Figure 8A). We observed an increase in the content of
4-ethylguaiacol (1), 4-propylguaiacol (2), and 4-propenylguaiacol (3) and reduction of the
content of 4-propanolguaiacol (4) with the hydrogenation temperature rising from 200 to
225 ◦C. 4-Propanolguaiacol appears to convert into 4-propylguaiacol upon elimination of
the γ-OH group with the rise of the RCF temperature [43].

The most noticeable increase (from 10.2 to 18.6 wt%) of the polyol yields is observed
when the temperature rises from 200 to 225 ◦C; the further temperature elevation to 250 ◦C
does not change significantly this yield (Figure 8B).
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Figure 8. The effect of temperature of spruce wood RCF over the 3RS450 catalyst on the yield of
phenolic monomers (A) and polyols (B).

From GPC data, the rise of the wood RCF temperature from 200 to 250 ◦C facilitates
the reduction of the average molecular weight Mw of the liquid products from 578 to
502 g/mol (Table 6). The intensity of the MWD curves of the liquid products at the region
corresponding to the monomeric compounds with MW≈ 150 g/mol increases with the rise
of the RCF temperature. In addition, a curve shoulder assigned to oligomeric fragments of
lignin depolymerization narrows noticeably. However, at 250 ◦C, the intensity increases
at the region of dimers with MW = 350–400 g/mol to indicate the contribution of the
repolymerization reactions. The polydispersity PD of the liquid products passes through a
maximum at 225 ◦C to increase from 1.614 to 1.715 and then decreases to 1.679 at 250 ◦C
(Table 6, Figure 9).
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Table 6. Effect of temperature of spruce wood RCF over the 3RS450 catalyst for 3 h on the molecular
weight characteristics of the liquid products.

Temperature, ◦C Mn
a, g mol−1 Mw

b, g mol−1 PD c

200 350 565 1.614
225 337 578 1.715
250 299 502 1.679

a The number average molecular weight; b the weight average molecular weight; c the polydispersity Mw/Mn.

2.4. The Yield and Composition of the Products of Spruce Wood RCF over the 3RS450 Catalyst
Depending on Time

We studied the effect of the time of RCF of spruce wood at 225 ◦C over the 3RS450
catalyst on the product yield. As the process time lengthens from 3 to 4.5–6 h, the yields
of the liquid and solid products decrease from 36 to 29 wt% and from 49.5 to 46 wt%,
respectively, and the yield of the gaseous products increases from 10.6 up to 14.3 wt%;
whereas the lignin and hemicelluloses contents in the solid product decrease from 8.6 to
6.8 wt% and from 7.0 to 6.0 wt%, respectively, while the cellulose content increases from
84.4 to 87.2 wt% (Table 7).

Table 7. The effect of time of spruce wood RCF at 225 ◦C over the 3RS450 catalyst on the products
yield and composition.

Reaction
Time, h

Product Yield, wt% Solid Product Composition, wt%

Solid Liquid Gaseous Phenolic Monomers a Polyols b Hemicelluloses Lignin Cellulose

3.0 49.5 36.0 10.6 26.0 18.6 7.0 8.6 84.4
4.5 48.2 31.0 11.7 22.6 15.5 6.2 7.6 86.2
6.0 46.0 28.8 14.3 21.4 13.6 6.0 6.8 87.2

a The yield from the lignin weight in wood; b the yield from the polysaccharide weight in wood.

The yields of monomer methoxyphenols in the liquid products decreases progres-
sively from 26 to 21.4 wt% with lengthening of the spruce wood RCF time from 3 to 6 h. It
seems like the yield of these compounds decreases due to the contribution of condensation
reactions of the monomer compounds. The increasing process time affects also the compo-
sition of phenolic monomers: the yields of 4-propenylguaiacol (3) and 4-propylguaiacol (2)
decrease and 4-propanolguaiacol (4) increase (Figure 10A).
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Figure 10. The effect of time of spruce wood RCF on the yield of phenolic monomers (A) and polyols
(B) over the 3RS450 catalyst at 225 ◦C.
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The yield of glycols, mainly ethylene glycol and propylene glycol, in the liquid prod-
ucts decreases more sharply than the yields of phenolic monomers (from 18.6 to 13.7 wt%)
with the increasing RCF time (Figure 10B). An increase in the yield of the gaseous prod-
ucts with the spruce wood RCF time can be accounted for by the contribution of the
hemicelluloses hydrocracking reaction to produce CO [44] (Figure 11).
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Figure 11. The effect of time of spruce wood RCF over the Ru/C catalyst at 225 ◦C on the yield and
composition of the gaseous products.

The GPC data reveal a narrowed high-molecular shoulder on the MWD curve of the
liquid products and decreasing polydispersity PD (from 1.715 to 1.623); this occurs due
to a decrease in the average molecular weight Mw of the products from 578 to 526 g/mol
at a longer RCF time. The intensity of the peaks corresponding to the mono- and dimeric
products of the lignin transformation also reduces to indicate a decrease in their yields
(Table 8, Figure 12).
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Figure 12. The effect of time of spruce wood RCF over the Ru/C catalyst at 225 ◦C for 3 h on the
molecular weight distribution of the liquid products.
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Table 8. The effect of time of spruce wood RSF over the 3RS450 catalyst at 225 ◦C for 3 h on the
molecular weight characteristics of the liquid products.

Process Time, h Mn
a, g mol−1 Mw

b, g mol−1 PD c

3.0 337 578 1.715
4.5 329 545 1.626
6.0 324 526 1.623

a The number average molecular weight; b the weight average molecular weight; c the polydispersity Mw/Mn.

2.5. Effect of Ru/C Catalyst Acidity on the Yield and Composition of the Spruce Wood RCF Products

Acidic conditions are known to promote hydrolysis of ether bonds. The most promi-
nent event in acid-catalyzed lignin chemistry is the cleavage of b-O-4 ether bonds. Never-
theless, acidic media affect the lignin structure by facilitating both depolymerisation (i.e.,
acidolysis) and repolymerisation [4]. In order to check these impacts, we used bifunctional
powder catalysts based on acidic supports.

The acid-base properties of the ruthenium catalysts were changed by oxidizing the
carbon support Sibunit at 400 and 450 ◦C. The acidity of the catalysts determined from the
pHpzc (Table 9) vary from 6.89 to 8.01. The highest yields of the liquid products (36.0 and
32.5 wt%, respectively) were obtained over the 3RS450 and 3RS400 bifunctional catalysts
at pHpzc values of 7.12 and 6.89. The yield of the solid product decreases progressively
from 57.4 to 49.5 wt% with decreasing pHpzc. The solid products contain less lignin and
hemicelluloses and more cellulose, in contrast to the case of the monofunctional ruthenium
catalyst with the weak-alkaline properties (pH 8.01) (Table 9).

Table 9. The effect of pHpzc value of the Ru catalysts on the yield and composition of products of
spruce wood RCF at 225 ◦C for 3 h.

Catalyst pHpzc
Product Yield, wt% Solid Product Composition, wt%

Solid Liquid Gaseous Phenolic Monomers b Polyols c Hemicelluloses Lignin Cellulose

3RS450 6.89 49.5 36.0 10.6 26.0 18.6 7.0 8.6 84.4
3RS400 7.12 54.3 32.5 9.0 30.0 13.9 14.8 7.6 77.6
3RS a 8.01 57.4 30.0 9.0 22.0 12.5 14.1 9.8 76.1

a The original nonoxidized support; b the yield from the lignin weight in wood; c the yield from the polysaccharide
weight in wood.

The yields of phenolic monomers and polyols (Figure 13A,B) are essentially affected
by the catalyst acidity. On oxidation of the carbon support at 400 ◦C followed by pHpzc
decrease to 7.12, the yield of the monomer phenolic compounds increases from 22 to
30 wt%. Oxidation at higher temperature (450 ◦C) results in a decrease in pHpzc to 6.89
and a decrease in the yield of these compounds to 26 wt%. The yield of polyols increases
with a decrease in the catalyst pHpzc; it reaches 18.6 wt% over the most acidic catalyst
3RS450 with pHpzc 6.89. The increase in the yield of polyols seems to cause an increase
in the efficiency of the glycosidic bond hydrolysis in hemicelluloses and/or amorphous
cellulose with increasing acidity of the catalyst. [45]. (Table 9).
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Figure 13. The effect of pH(pzc) of the catalysts on the yields of phenolic monomers (A) and polyols
(B) at spruce wood RCF at 225 ◦C for 3 h.

2.6. Characterization of the Solids Obtained from RCF of Spruce Wood

The structure of the solid products of spruce wood hydrogenation was studied using
infrared (IR) spectroscopy and X-ray diffraction (XRD) techniques. IR spectra of the initial
wood and the solid products of its hydrogenation are shown in Figure 14. The IR spectrum
of the initial spruce wood is a sum of absorption bands of its main structural components
and includes the bands characteristic of bonds between cellulose, lignin, and hemicellulose
macromolecules (Figure 14) [46]. The absorption band at 1737 cm−1 is assigned to stretching
vibrations of the C=O group in the uronic acid ester monomer of hemicelluloses [47]. In the
solid products of the RCF, the intensity at 1737 cm−1 almost disappears. The absorption
bands at 1606 and 1510 cm−1 in the IR spectra of spruce wood and the solid products of its
RCF correspond to skeletal vibrations of syringyl and guaiacyl aromatic rings [48]. These
less intense bands, as well as band at 1269 cm−1 (C-O stretching of guaiacyl unit) [48], in
the solid RCF products argue for a decrease in the lignin content.
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Figure 14. IR spectra for the initial spruce wood samples (1) and the solid products of wood RCF
over the 3RS450 (2) and 3RS400 (3) catalysts.
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The absorption bands at 1500–900 cm−1 are assigned to vibrations of C–H bonds in the
methyl and methylene groups, C–O and O–H bonds, the glycosidic bond, and the cellulose
glucopyranose ring [49].

Figure 15 shows XRD patterns of the samples of the initial spruce wood and solid
products of its hydrogenation.
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Figure 15. X-ray diffraction patterns for the initial spruce wood sample (1) and solid products of RCF
over the 3RS400 (2) and 3RS450 (3) catalysts.

XRD patterns of all the samples under study contain two intense peaks with maxima
at 2θ angles of 22.2◦ and 15.6◦ (Figure 15). They correspond to reflections of atoms at the
(002) plane and superimposed reflections of atoms at the (101) and (101) planes of the
cellulose crystal lattice [50]. A pronounced peak at a 2θ diffraction angle of ~22.2◦ is a
criterion for the cellulose crystallinity and characterizes the fraction of densely packed
cellulose molecules [51].

The crystallinity index of the initial spruce wood is 0.47. The solid products of RCF of
the wood have the higher crystallinity indices as compared with those of the initial spruce
wood. This relates to the removal of a significant part of amorphous carbohydrates during
the wood hydrogenation (Table 10).

Table 10. Crystallinity indices for the spruce wood samples and solid products of wood RCF.

Sample Crystallinity Index of the Solid Product

Spruce wood 0.47
Catalyzed solid hydrogenation products (RS400) 0.71
Catalyzed solid hydrogenation products (RS450) 0.78

The highest crystallinity index (0.78) is characteristic of the solid product of the
catalytic hydrogenation of spruce wood over the more acidic RS450 bifunctional catalyst.
The composition and structure of the solid product corresponds to the parameters of
commercial microcrystalline cellulose with a crystallinity index of 0.75 [52].

2.7. Optimal Conditions for the Reductive Catalytic Fractionation of Spruce Wood

To be an effective biomass processing strategy for fuels and commodity chemical
production, RCF should provide high levels of lignin and hemicelluloses extraction as well
as depolymerization but minimize cellulose dissolution and decomposition. A trade-off
between these parameters exists based on the data shown in the present study. A scenario
aimed at achieving an optimal balance between the removal of lignin and the preservation
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of all carbohydrates in the pulp seems difficult to realize due to the fact that lignin and
hemicellulose are intertwined in the cell wall.

The conditions for the RCF process providing the optimal trade-off between the yields
of phenols, polyols, and cellulose form spruce wood are determined (Figure 16).
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Trends in the influence of various process parameters (temperature, time, content and
dispersion of ruthenium, catalyst acidity, catalyst particle size) on the yield and composition
of liquid, solid, and gaseous products of spruce wood RCF have been revealed. The yield
of monomeric phenols and polyols in the liquid products increases with the hydrogenation
temperature elevation; an increase in the process time over 3 h reduces their yield. Thus, the
highest yield of phenolic monomers and polyols are achieved at the process temperature
of 250 ◦C and a process time of 3 h. The yields of phenolic and polyolic monomers
increase with increasing content and dispersion of ruthenium in the catalyst as well as with
increasing catalyst acidity.

Summarizing the results, we can conclude: the most efficient spruce wood RCF
catalysts, that provide the highest yield of monomeric phenols and polyols, are the 3RS400
and 3RS450 bifunctional catalysts, which contain 3 wt% of Ru with a dispersion of 0.94,
possess high acidity (pH 7.12 and 6.89, respectively), and have a particle size of 56–94 µm.

Figure 17 shows the Sankey diagram for the material balance of the spruce wood RCF
process (3 g loaded into the reactor) calculated for the experiment over the 3RS450 catalyst
(10 wt% of the wood weight). The initial pre-deresined spruce wood sample contained
1.407 g of cellulose, 0.869 g of lignin, and 0.719 g of hemicelluloses. The reductive catalytic
fractionation in ethanol at 225 ◦C for 3 h yielded 1.470 g of microcrystalline cellulose
(49.0% of the wood weight), 1.049 g of the liquid products (36.0% of the wood weight),
and 0.318 g of gases (10.6% of the wood weight). After extraction of the liquid products
with dichloroethane and water, 0.413 g of the aqueous phase containing 0.392 g of glycols
(18.6% of the polysaccharide weight in the wood) and 0.636 g of the dichloromethane
phase containing 0.233 g of phenolic monomers (26.0% of the lignin weight in the wood)
were obtained (Figure 17). The total loss of these substances during the extraction and
pyrogenetic water was 0.163 g (5.4% of the wood weight).
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Thus, the optimum trade-off between the yields of the liquid products enriched in
phenolic monomers and polyols is obtained at the spruce wood hydrogenation temperature
of 225 ◦C and the time of 3 h over the the highly-acidic 3% Ru/C bifunctional catalyst.

3. Materials and Methods
3.1. Materials and Reagents

Siberian spruce (Pícea obováta) wood (Krasnoyarsk region) used in this study contained
cellulose (44.4), lignin (28.6), hemicelluloses (22.6), extractives (3.8), and ash (0.6%) from
the weight of absolutely dry wood. The wood was ground into particles smaller than
1 mm in size, successively deresined with petroleum ether and acetone by a conventional
ANSI/ASTM D 1105 method, and then dried at 24 ◦C to a constant moisture content
(4.3 wt%).

In this study, we used AO RFK ethyl alcohol (95%), Ru(NO)(NO3)3 (31.3% of Ru, Alfa
Aesar, Ward Hill, MA, USA), −N, O bistrifluoroacetamide (BSTFA + TMCS 99:1, Sigma-
Aldrich, Burlington, MA, USA), and ionol (>99%, Sigma-Aldrich, Burlington, MA, USA).

3.2. Preparation and Study of the Ru/C Catalysts

Carbon supports containing acid sites were prepared by oxidizing a Sibunit commer-
cial mesoporous carbon material with an oxygen–argon mixture containing 20 vol% of O2 in
the presence of water vapor (saturation at 90 ◦C, vapor pressure 70.1 kPa) at temperatures
of 400, 450, and 500 ◦C for 2 h using the technique described elsewhere [53].

One percent Ru/C and 3% Ru/C catalysts were prepared by incipient wetness im-
pregnation of a carbon support with the Ru(NO)(NO3)3 aqueous solution followed by
drying at room temperature for 2–3 h and then at 60 ◦C for 12 h. The active component
was reduced in flowing hydrogen (30 mL/min) at 300 ◦C and the rate of 1 ◦C/min for 2 h.
After cooling down to room temperature in the hydrogen atmosphere, the catalysts were
passivated using 1% O2 in argon as described in [54].
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The texture characteristics of the samples were determined from the N2 adsorption
isotherms using a Micromeritics ASAP-2020 Plus analyzer (US) at 77 K. The size distribution
of ruthenium particles in the ruthenium catalysts was determined using a Hitachi HT7700
transmission electron microscope (Toranomon Minato-Ku, Japan, 2014) at the accelerating
voltage of 110 kV and resolution of 2 Å. The particle size distribution histograms were
obtained by the statistical (500–800 particles) processing of electron microscopy images.
The linear-average (<dl>) and weight-average (<ds>) diameters of deposited particles were
calculated using the formulas [55]:

<dl> = Σdi/N, <ds> = Σdi
3/Σdi

2,

where di is the diameter of the deposited particle and N is the total number of particles.
The ruthenium dispersion DRu in the catalysts was calculated as:

DRu = 6· MRu
aRu·ρ·N0·〈ds〉

(1)

where MRu = 0.101 kg/mol is the ruthenium molar mass, ρ = 12,410 kg/m3 is the density
of ruthenium metal, aRu = 6.13; 10−20 m2 is the average effective area of a metal atom on
the surface, N0 is the Avogadro number, and ds is the weight-average ruthenium particle
diameter [55].

The acid-base properties of the catalysts were investigated by finding the point of
zero charge (pzc) by the Sörensen–de Bruin method [41]. This method was shown [53] to
be suitable for comparing the acid properties of carbon materials. The results obtained
by this method correlate well with the results of XPS and acid-base titration [53], and the
technique does not require expensive instruments or lengthy experiments compared to
other methods. Ten mL of distilled water was poured in a potentiometric cell and the test
sample was successively added as small (0.01-g) portions in specified (5–10 min) intervals
under continuous stirring with a magnetic stirrer until the constant glass electrode potential
was reached [41].

3.3. Catalytic Hydrogenation of Spruce Wood

The process of hydrogenation of crushed deresined wood was studied in a 300 mL
ChemRe SYStem R-201 autoclave (Gwanyang–dong, Korea) (see Figure 18). Fifty mL of
ethanol, 5.0 g of sawdust, and 0.5 g of the ruthenium catalyst were loaded into the reactor.
Then, the autoclave was hermetically sealed, purged with argon to remove air, and filled
with hydrogen to a pressure of 4 MPa. The hydrogenation was carried out at 200, 225, and
250 ◦C for 3 h under continuous stirring at the speed of 800 rpm. The operating pressure in
the reactor ranged from 8.6 to 9.5 MPa.

After completion of the reaction and cooling of the reaction mixture to room temper-
ature, gaseous products were collected in a gasometer, their volume was measured, and
the composition was determined by gas chromatography (GC). The mixture of the liquid
and solid products was quantitatively discharged from the autoclave by washing with
ethanol and separated by filtration; then, the solid product was washed with ethanol until
the solvent discoloration and dried to a constant weight at 80 ◦C. Ethanol was removed
from the liquid product by distillation on a rotary evaporator and the liquid product was
brought to a constant weight by drying under vacuum (1 mmHg) at room temperature.
The yields of the liquid (a1), solid (a2), and gaseous (a3) products and the spruce wood
conversion (Y1) were calculated using the equations:

a1 =
ml(g)

minit(g)
× 100% (2)

a2 =
ms(g)−mcat(g)

minit(g)
× 100% (3)

204



Catalysts 2022, 12, 1384

a3 =
mg(g)

minit(g)
× 100% (4)

Y1 =
minit(g)−ms(g)

minit(g)
(5)

where ml (g) is the liquid product weight, minit (g) the weight of the initial wood, ms (g) the
solid product weight, mcat (g) is the catalyst weight, and mg (g) the gaseous products weight.
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3.4. Study of the Spuce Wood RCF Products

The ethanol-soluble liquid products of wood hydrogenation were extracted with a mix-
ture of dichloromethane and water to separate into the aqueous and organic fractions (see
Figure 17). The aqueous fraction was silylated by evaporating 1 mL of the solution to dry-
ness and adding 100 µL of pyridine and 100 µL of−N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA); then, 10 µg of the internal standard (ionol) was introduced and kept at 70 ◦C for
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1 h. After that, the organic and aqueous phases were analyzed by gas chromatography–
mass spectrometry (GC–MS) using an Agilent 7890A chromatograph with an Agilent
7000A Triple Quad selective mass detector and an HP-5MS capillary column (30 m) at
temperatures programmed within 40–250 ◦C. The compounds were identified using the
NIST MS Search 2.0 database. Propyl guaiacol, propenyl guaiacol, ethyl guaiacol (Sigma-
Aldrich) were used as standard substances for quantifying the yield of monomers from
lignin. The response factor for each standard compound was defined relative to the internal
standard [56]. Phenanthrene was used as an internal standard. Ethylene glycol, propylene
glycol, 1,2-butanediol and glycerol (Acros Organics, Fair Lawn, NJ, USA) were used as
standards for the quantitative determination of products in the aqueous phase.

The molecular weight distribution of the liquid wood RCF products, weight average
molecular weight Mw, number average molecular weight Mn, and polydispersity PD of
the liquid product samples were determined by gel permeation chromatography (GPC)
using an Agilent 1260 Infinity II Multi-Detector GPC/SEC System with the triple detection
using a refractometer, a viscometer, and light scattering. The mixtures were separated in a
PLgel Mixed-E column using tetrahydrofuran stabilized with 250 ppm BHT as a mobile
phase. The column was calibrated using Agilent polydisperse polystyrene standards (Santa
Clara, USA). The eluent feed rate was 1 mL/min and the volume of the injected sample
was 100 µL. Before the analysis, the samples were dissolved in THF (1 mg/mL) and filtered
through a 0.45-µm Millipore PTFE membrane filter. The data obtained were collected and
processed using the Agilent GPC/SEC MDS software ver. 2.2.

The composition of the gaseous products was determined by GC using a Chromatec
Crystal 2000 M chromatograph (Russia) with a thermal conductivity detector in a helium
flow at the flow rate of 15 mL/min and a detector temperature of 170 ◦C. The CO and CH4
analysis was carried out in a NaX zeolite column (3 m × 2 mm) in the isothermal mode at
60 ◦C. The analysis of CO2 and hydrocarbon gases was carried out in a Porapak Q column
in the following mode: 60 ◦C for 1 min and then elevation of temperature to 180 ◦C at the
rate of 10 ◦C/min.

The solid wood product was analyzed for hemicelluloses, cellulose, and lignin con-
tents. The residual lignin content was determined by hydrolysis with 72% H2SO4 at
98 ◦C [57]. The composition and concentration of monosaccharides in the solution obtained
by hemicelluloses hydrolysis with 4% sulfuric acid were determined by GC [57]. The
cellulose content was calculated from the difference between the wood weight (or the solid
residue) and the hemicelluloses and lignin contents.

The GC study was carried out with a Varian-450 GC gas chromatograph (Varian,
Inc., Palo Alto, CA, USA), a flame ionization detector, and a VF-624ms capillary column
with a length of 30 m, an inner diameter of 0.32 mm, and helium as a gas carrier at an
injector temperature of 250 ◦C. Before the analysis, the solution was derivatized to produce
trimethylsilyl derivatives according to the procedure described elsewhere [58]. Sorbitol
was used as an internal standard. The peaks were identified from retention times of the
tautomeric forms of monosaccharides.

The elemental compositions of wood and the products of its conversion were deter-
mined using a CHNSO VARIO EL CUBE analyzer (Elementar, Germany).

X-ray diffraction (XRD) analysis was carried out using a PANalyticalX’Pert Pro (PAN-
alytical, EA Almelo, The Netherlands) spectrometer with CuKα radiation (λ = 0.54 nm).
The analysis was performed in the angle 4 range of 2θ = 5–70◦ in 0.1◦ intervals on the
powder sample in a 2.5-cm diameter cuvette. The crystallinity index was calculated as
the ratio between the crystalline peak intensities I002–IAM and the total intensity I002 after
subtraction of the background signal:

CI =
I002 − IAM

I002
, (6)

where I002 is the height of peak 002 and IAM is the height of the minimum between peaks
002 and 101 [51].
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4. Conclusions

Reductive catalytic fractionation (RCF) of lignocellulose offers a biorefinery technology
which integrates both lignin and carbohydrates valorization. During this process, lignin
is solvolytically extracted and simultaneously depolymerized via hydrogenolysis. In this
study, we propose the RCF of spruce wood over a bifunctional catalyst Ru/C in the medium
of ethanol and molecular hydrogen to produce monomer phenolic compounds from lignin,
polyols from hemicelluloses, and microcrystalline cellulose.

TIe influence of the Ru/C bifunctional catalyst characteristics was assessed. The
ruthenium catalysts were characterized by transmission electron microscopy. The solid,
liquid, and gaseous products of the reductive fractionation of spruce wood biomass were
characterized by IR spectroscopy, XRD analysis, GC-MS, GPC, GC, N2 adsorption methods
and by elemental and chemical analysis. The results show the particular effect of the carbon
support acidity, catalyst grain size, content and dispersion of Ru on the effectiveness of
lignin and hemicelluloses extraction and the yields of liquid and gaseous products. The
most efficient catalysts for RCF of spruce wood providing high yields of monomer phenols,
glycols, and solid product with content of cellulose up to 90 wt% bear 3 wt% of Ru with a
dispersion of 0.94 based on an acidic oxidized graphite-like carbon support Sibunit®, and
having a grain size of 56–94 µm.
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