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Platform chemicals, also known as chemical building blocks, are substances that serve as starting materials for the

synthesis of various value-added products, which find a wide range of applications. These chemicals are the key

ingredients for many fine and specialty chemicals. Most of the transformations of platform chemicals are catalytic

processes, which should meet the requirements of sustainable chemistry: to be not toxic for humans, to be safe for the

environment, and to allow multiple reuses of catalytic materials. Hypercrosslinked polymers are already widely applied in

industry as excellent (ad)sorbents. Their use for the synthesis of heterogeneous catalysts is a relatively new but

dynamically developing area. A new class of heterogeneous catalysts based on nanoparticles of catalytically active metals

stabilized in a polymer matrix of hypercrosslinked polystyrene (HPS) are provided, their synthesis, properties, and

application to produce several platform chemicals from renewable raw materials. Some transformations of platform

chemicals into compounds with high added value are addressed and multiple perspectives are discussed.

Keywords: porous organic polymer ; hypercrosslinked polystyrene ; platform chemicals ; heterogeneous catalysts ; metal

nanoparticles ; biomass processing

1. Hydrolytic Hydrogenation of Cellulose to Hexitols

Sugar alcohols, including sorbitol, are included in the list of substances with high added value obtained from biomass .

Sorbitol is a product of glucose hydrogenation and an industrial raw material . It is used in the food, textile,

pharmaceutical, and cosmetology industries for the synthesis of vitamin C, surfactants, resins, glycols, lactic acid, etc. 

. The main industrial method for producing sorbitol is the hydrogenation of glucose, which can be obtained from

components of plant biomass, like easily hydrolyzed starch or cellulose .

Cellulose has no nutritional value and comes in large quantities as a waste from the paper, woodworking, and agricultural

industries that require disposal. Therefore, using it as a renewable raw material to produce sorbitol is in accordance with

the principles of green chemistry, and can be economically beneficial. The presence of many hydroxyl groups in the

structure of cellulose determines one of the most effective options for its processing, namely, conversion into hexitols

through the hydrolytic hydrogenation , known as one-pot reactions of hydrolysis and hydrogenation (Figure 1). The

products of hydrolytic hydrogenation of cellulose are mainly hexitols (sorbitol and mannitol) and some amounts of C –C

polyols formed as a result of hydrogenolysis of monosaccharides and polyols.

Figure 1. Scheme of hydrolytic hydrogenation of cellulose to hexitols .

The study of simultaneous hydrolysis and hydrogenation of plant polysaccharides began in the 1950s by A.A. Balandin et

al., who subjected cellulose to hydrolytic hydrogenation in the presence of mineral acids and Ru-, Pd-, and Pt-containing
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catalysts . For example, in the invention  high yield of sorbitol during the hydrolytic hydrogenation of cellulose is

claimed in the presence of suspended nickel catalyst at hydrogen pressure of 100–120 atm at 180–200 °C for 40–60 min.

Several decades later, this topic was reconsidered due to the concepts of Green Chemistry . The number of reports on

the hydrolytic hydrogenation and hydrogenolysis of cellulose began to increase . For environmental reasons, in

some cases (under subcritical conditions) the mineral acids as hydrolysis catalysts were replaced by cheap and

environmentally friendly water . In the late 1990s, Sasaki et al.  studying the kinetics of dissolution and

hydrolysis of cellulose in subcritical and supercritical water showed that in the supercritical region (at a temperature of 374

°C and above) the rate of cellulose hydrolysis is higher than the rate of thermal destruction of glucose, while in subcritical

conditions the rate of glucose destruction significantly exceeds the rate of hydrolysis of cellulose macromolecules. Thus,

the efficiency of the process of hydrolytic hydrogenation of cellulose carried out in a subcritical water environment will

largely be determined by the activity of the catalyst, its ability to quickly and selectively hydrogenate hexoses, which is

confirmed by the results of experiments without a catalyst. In the latter case, solutions are formed with an odor and color

characteristic of products of the thermal destruction of glucose.

Large numbers of heterogeneous catalytic systems for the direct conversion of cellulose to sorbitol have been proposed.

An assessment of the activity of various catalysts in the conversion of biomass into fuel and chemicals showed that

catalysts containing noble metals have the highest efficiency . The ruthenium-based catalyst has the maximum activity

and comes first in the series: Ru >> Pt ≈ Pd ≈ Au > Rh > Ir >> Os. This is the reason why ruthenium is part of the majority

of catalytic systems proposed for the hydrolytic hydrogenation of cellulose and its oligomers with high potential for

practical application .

Based on the results obtained in the hydrogenation of mono- and disaccharides with HPS-based catalysts , our

group proposed the use of Ru/HPS catalysts in the hydrolytic hydrogenation of microcrystalline cellulose to produce

sorbitol and mannitol .

The catalysts were synthesized using the following procedure: HPS was impregnated according to incipient wetness

impregnation with the solution of the calculated amount of ruthenium (IV) hydroxochloride in a complex solvent consisting

of tetrahydrofuran, methanol, and water at a volume ratio 4:1:1 at room temperature. Then, the catalyst was dried at 70

°C, consecutively treated with solutions of NaOH and H O , and then washed with water until the absence of chloride

anions in the washing water. The catalyst was then dried at 85 °C, reduced by hydrogen at 300 °C and atmospheric

pressure for 2 h, cooled in nitrogen and kept under air. The catalyst particle size was controlled by sieving (mesh size 60

μm) the initial powdered support. Commercial sorbents HPS MN270 (without functional groups), MN100 (functionalized

with amino groups), and MN500 (functionalized with sulfo groups), were purchased from Purolite, UK, and used for the

synthesis.

It was found that the catalyst based on HPS MN270 has the maximum catalytic activity in this process. Its functionalized

analogues showed much worse results. Comparing the results of nitrogen physical adsorption, one can see that the 1%

Ru/MN500 catalyst during the reduction in hydrogen at 300 °C underwent significant structural changes, leading to a more

than fivefold decrease in the specific surface area and a huge decrease in the surface of micropores. This is due to a

desulfurization of MN500 at temperatures of 100–150 °C  affecting the HPS structure.

HPS MN270 and MN100 are thermostable as confirmed by thermogravimetry results . Intensive, multi-stage (probably

associated with the rupture of methylene crosslinks) destruction of HPS MN270 begins at about 450 °C. At this

temperature the rate of polymer mass loss attains the maximum of 10%/min. A similar behavior is observed for HPS

MN100. Intensive destruction of this polymer also begins around 450 °C. However, the maximum rate of mass loss is

higher and attains 15%/min. HPS MN100 degrades faster, probably due to the removal of NH  groups. The results

obtained suggest that reducing the catalyst based on HPS MN270 and MN100 in hydrogen flow at 300 °C does not affect

the HPS morphology.

The main products of hydrolytic hydrogenation of cellulose using a 1% Ru/MN270 catalyst are sorbitol and mannitol;

minor products include 1,4-sorbitan, xylitol, erythritol, glycerol, glycols, and some glucose. In addition, trace amounts of

glycolic acid, 2-methylpropane-1,2-diol, 3-methylbutane-1,2-diol, butane-1,4-diol, pentane-1,5-diol, hexane-diol, 1,2,6-triol,

hexane-1,2,5,6-tetriol, hexane-1,2,3,4,5-pentol, hexane-1,2,3,5,6-pentol, cellobiose, cellotriose, cellotetraose, and other

products were found in the reaction medium. The gas phase contains methane and trace amounts of ethane, propane,

and isobutane.

Comparing the results obtained with those available in the literature , it should be noted that in

the hydrolytic hydrogenation reaction, the 1% Ru/MN270 catalyst showed a fairly high and stable yield of hexitols, a high
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degree of cellulose conversion, and its use does not require the pretreatment of cellulose (for example, as in most cases,

grinding separately or together with a catalyst) or acid addition to accelerate the hydrolysis of cellulose.

2. Magnetic Catalysts Based on HPS in the Conversion of Plant
Polysaccharides

Despite the advantages of homogeneous catalysts, such as high catalytic activity, high selectivity, etc., when creating new

industrial catalysts, preference is often given to heterogeneous catalytic systems, which have an important advantage of

relatively easy separation from the reaction mixture for subsequent regeneration and reuse . However, existing

methods of separation (filtration, centrifugation, decantation, etc.) are laborious, time consuming, and may lead to losses

in the catalysts , especially if their particles are small in size and density . These problems can be avoided, or at

least their impact on production costs can be significantly reduced, if the catalyst particles have magnetic properties 

. Over the past 10–15 years, a large number of magnetic catalysts have been developed and successfully applied for

hydrogenation, oxidation, carbon–carbon coupling, click reactions, Suzuki–Miyaura reactions, chiral and enzyme

catalysis, photocatalysis , in transesterification and esterification reactions for the production of biodiesel fuel ,

etc. Magnetic catalyst separation has the following advantages: fast and efficient separation (the process of separating

the catalyst by a magnetic field takes seconds or minutes and the catalyst is completely removed); low energy

consumption of separation process (by both a permanent magnet and an electromagnet); the catalyst remains inside the

reactor and the process can be quickly restarted with minimal catalyst losses after removing the reaction mixture and

introducing a new portion of the substrate into the reactor; magnetic catalysts exhibit their properties only in the presence

of a magnetic field and there are thus no additional requirements for the storage, handling, and use of such catalytic

systems; sampling and product separation are greatly simplified if the reaction takes place in an inert atmosphere; solvent

consumption and waste generation are minimized; the process is easily scaled from laboratory to industrial volumes; and

magnetic properties can be imparted to any catalysts (based on enzymes, metals, solid acids, etc.) . Magnetic catalysts

are currently being actively developed and have great potential for practical applications in industrial catalytic processes

. However, they are not yet used on an industrial scale for a number of reasons. First, the synthesis of magnetic metal

and metal oxide nanoparticles often requires expensive precursors and toxic organic solvents, which limits large-scale

production .

Since HPS has proven to be a suitable catalytic support, we have developed a method for the synthesis of magnetic Ru-

containing catalysts based on commercial HPS sorbent MN270 (Purolite, UK). The catalyst was prepared using a two-

stage procedure. First, magnetite nanoparticles were synthesized in the pores of HPS through the thermal decomposition

of iron (III) acetate. At the second stage, Ru-containing nanoclusters were synthesized on the surface of the composite. To

achieve this, the composite powder was impregnated with a solution of ruthenium (IV) hydroxochloride in a complex

solvent, dried and kept in hydrogen at 300 °C for 2 h. The resulting magnetic catalysts were tested in the conversion of

plant polysaccharides, namely in the process of direct conversion of microcrystalline cellulose into glycols: ethylene glycol

(EG) and propylene glycol (PG) . EG and PG are the most important raw materials for the production of drugs, fuels,

surfactants, antifreezes, lubricants and solvents, lactic acid, etc. ) and in the hydrolytic hydrogenation of inulin to

mannitol .

The process of conversion of cellulose Into EG and PG is quite complex (Figure 2) and includes several types of

reactions, like hydrolysis, isomerization, retro-aldol condensation, hydrogenation, and hydrodeoxygenation . In this

regard, development of highly selective catalytic system seems to be rather difficult .
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Figure 2. Scheme of the cellulose hydrogenolysis to glycols .

The magnetic support (Fe O /MN270) for the Ru-based catalyst was synthesized using the following procedure. FeCl

was dissolved in 95% ethanol. HPS powder (diameter < 45 microns) was put into the solution in the ratio of 1 g HPS per 2

g FeCl , mixed thoroughly and left for 10–15 min. Then sodium acetate was added to this mixture in an amount

corresponding to the FeCl /CH COONa ratio of 1/1.5. The mixture was dried until ethanol was completely removed. The

resulting red-brown powder was moistened with ethylene glycol, placed in a quartz tube and purged by argon. Then, it

was heated up to 300 °C and kept in an argon flow for 5 h. The synthesized Fe O /MN270 powder was washed several

times with water, then with ethanol, separated from the solvent with a magnet, and dried to constant weight in an oven at

70 °C in ambient air. The synthesis of 3% Ru-Fe O /MN270 catalyst was carried out using a procedure described in

paragraph 4.1 of this review.

Special attention has been paid to the optimization of magnetite particle formation inside HPS pores. Thus, the use of iron

(III) nitrate as a precursor , turned out to be harmful for the porous structure of HPS (see Table 4). We attributed this

result to the formation of strong oxidants during the thermal destruction of nitrate (4Fe(NO )  → 2Fe O  + 12NO  + 3O ).

The table data show that the specific surface area of such a sample (Entry 3) is about 50-fold smaller as compared to the

sample synthesized using FeCl  (Entry 2) as a precursor. It has been shown that the sequential introduction of iron and

ruthenium oxides (Entry 4) into the HPS support, the SSA (BET) decreases from 1075 to 364 m /g. Although the

proportion of pores with a diameter <6 nm decreases slightly, the samples retain their micro/mesoporous character.

Table 4. Porosity data for the HPS and the Fe O /MN270 samples.

Therefore, co-impregnation by iron (III) chloride and CH COONa was used for the synthesis of Fe O /MN270 composites.

The reactions occurring during the synthesis process can be represented as follows:

FeCl  + 3CH COONa = Fe(CH COO)  + 3NaCl.

 

As a result of the exchange reaction, Fe(CH COO)  is formed in the pores of HPS. It is important to use 95% ethanol as a

solvent to prevent hydrolysis of the resulting iron acetate. In the case when hydrolysis does not occur, the subsequent

reaction of thermal decomposition of acetate at 300 °C takes place :

6Fe(CH COO)  → 2Fe O  + 9CH COCH  + 9CO  + ½O ,

 

4Fe(CH COO)  → 2Fe O  + 6CH COCH  + 6CO ; 2Fe O  + ½O  → 3Fe O .
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During these reactions, a significantly smaller amount of oxygen is formed, which is quickly removed by a flow of inert

gas, protecting the polymer pore system.

The synthesized composite was characterized by various methods. First, its magnetic properties were determined and the

presence of magnetite nanoparticles with superparamagnetic properties in the pores of HPS was confirmed. Figure 3
shows the magnetization curves of Fe O /MN270 obtained at 25 °C. The absence of hysteresis in the curves indicates the

superparamagnetic nature of the material. In addition, a fairly high saturation magnetization value of 4.0 ± 0.5 emu/g was

confirmed, which allows the catalyst to be separated from the reaction mixture quickly and fully.

Figure 3. Curves of the Fe O /MN270 sample (red line—magnetization curve; blue line—demagnetization curve) .

Powder X-ray diffraction data confirmed the magnetite particles formation. The XRD pattern of Fe O /MN270 displays

sharp Bragg reflections whose intensity and positions are typical for magnetite (Figure 4).

Figure 4. XRD pattern of the Fe O /MN270 .

X-ray fluorescence analysis of the 3% Ru-Fe O /MN270 catalyst gave an Fe content of 19.6 wt.%, and a Ru content of

2.7 wt.%.

Based on TEM results, the mean diameter of Ru nanoparticles of 2.0 ± 0.5 nm and magnetite particles of 40 ± 5 nm was

determined.

The synthesized catalyst was used in the hydrogenolysis of microcrystalline cellulose under optimal reaction conditions

: 255 °C; 60 bar H ; 55 min; 0.3 g of cellulose; 0.07 g of catalyst; 30 mL H O; and 0.195 mol of Ca(OH)  per 1 mol of
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cellulose.

It was found that the glycol selectivity with the 3% Ru-Fe O /MN270 magnetic catalyst is approximately equal to the

selectivity of 5% Ru-Fe O -SiO  at the same conversion level . However, due to the lower ruthenium content of the

HPS catalyst, its specific activity (calculated per gram of Ru) was higher by 35% for EG and 20% for PG.

A comparison of the results for the 3% Ru/MN270 (entry 3) and for the 3% Ru-Fe O /MN270 catalysts shows that Fe O

promotes hydrogenolysis, increasing the yield of glycols. According to , the activity and selectivity of catalytic

hydrogenation are significantly improved when catalytic nanoparticles are supported on iron oxide. Moreover, an intimate

contact of catalytic and magnetic nanoparticles can lead to electron transfer from the iron oxide to ruthenium surface ,

facilitating hydrogenation .

The reuse of the 3% Ru-Fe O /MN270 catalyst in multiple reaction cycles showed its stability under hydrothermal

conditions without any loss of magnetic properties . This is an important advantage for its application in biomass

processing, which often is characterized by incomplete conversion of the initial substrates and the formation of large

number of byproducts; a separation of the catalyst thus becomes a challenge.

This catalyst was also used for the hydrolytic hydrogenation of inulin, a plant polyfructosan (Figure 5). The high content of

inulin in some plants allow this polysaccharide to be a promising renewable source for the production of chemicals and

fuel . For example, Jerusalem artichoke (Helianthus tuberosus L.) contains up to 82% inulin and has great prospects

for cultivation. The main product of the reaction is mannitol, which is used, in particular, in the treatment of brain diseases

, as a food additive, in perfumery, and for the production of varnishes, resins, surfactants, and other products .

Figure 5. Scheme of the hydrolytic hydrogenation of inulin .

Heinen et al.  studied the conversion of inulin to mannitol using Ru-containing activated carbon treated with ammonium

persulfate as a catalyst. The maximum selectivity for mannitol was 40%. The authors found a certain amount of short-

chain inulin oligomers of the GF  composition (G-glucose, F-fructose) in the solution. The authors explain their presence

in the reaction medium after the reaction completion by the fact that the formation of hexitols from inulin occurs

simultaneously along two paths: hydrolysis of inulin to monosaccharides with their subsequent hydrogenation and

hydrogenation of F  fragments of inulin with their subsequent hydrolysis. The GF  fragments formed during the hydrolysis

of inulin do not undergo hydrogenation and accumulate in some quantities in the catalyst. In , the process of hydrolytic

hydrogenation of inulin was studied in the presence of a Ru-containing homogeneous catalyst based on trisulfonated

triphenylphosphine ((TPPTS, P(m-C H SO Na) )—Ru-TPPTS. It was shown that after hydrogenation of the main part of

fructose, the hydrogenation of glucose, and, consequently, the formation of sorbitol becomes more pronounced, and the

mannitol/sorbitol ratio in the final solution decreases. However, with hydrolytic hydrogenation of inulin, the

mannitol/sorbitol ratio is approximately 30% higher than with the hydrogenation of a mixture of glucose and fructose. As a

result, the authors concluded that the stereoselectivity of the hydrogenation of D-fructose units in partially hydrolyzed

inulin oligomers is higher than in the hydrogenation of pure fructose. In , Ru-containing catalysts based on a Cs-

substituted tungsten phosphate support (Ru/Cs H -xPW O ) were proposed for the hydrolytic hydrogenation of

cellulose and inulin. The total yield of hexitols (sorbitol and mannitol) during the hydrolytic hydrogenation of inulin was

84%. The authors noted that the new catalyst exhibits high activity, despite the absence of strong internal Brønsted acid

sites.

For the first time, magnetic catalysts based on mesoporous silicon dioxide for this process were proposed by our group

. Testing a new magnetic catalyst based on HPS in the hydrolytic hydrogenation of inulin to mannitol was carried out

under previously determined optimal conditions: 0.1167 mmol Ru per 1 g of inulin; 30 mL H O; 150 °C; and P(H ) 60 bar,

45 min. Inulin conversion was 100% for both catalysts. It can be seen that the selectivity to mannitol for 3% Ru-
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Fe O /MN270 is slightly higher than for the 5% Ru-Fe O /SiO  . However, considering the lower ruthenium content in

the polymer catalyst, the productivity of 3% Ru-Fe O /SiO  is almost twice as high.

The 3% Ru-Fe O /MN270 was stable when reused in the hydrolytic hydrogenation of inulin. It was shown that the

selectivity to mannitol and the catalyst activity do not change after three consecutive reactions, demonstrating excellent

stability in the inulin-to-mannitol conversion. Magnetic properties of the catalyst allow easy separation from the reaction

mixture without any loss.

In general, the results of our study confirm that magnetic catalytic systems based on HPS are promising in the conversion

of plant polysaccharides into substances of high added value.

3. Hydrolytic Oxidation of Cellobiose to Glucaric Acid

Glucaric acid is an important platform compound used to produce detergents, polymers, and other valuable products 

. The glucaric acid market is constantly growing and should reach USD 1.46 billion by 2027 . Currently, glucaric

acid is obtained by chemical oxidation of glucose with nitric acid, which is a non-selective, expensive, and environmentally

hazardous process . Another option for the synthesis of glucaric acid is oxidation using heterogeneous catalysts

through the stage of formation of gluconic acid. The main disadvantage of the existing methods for producing glucaric acid

is the use of mono- and disaccharides as raw materials, which have nutritional value (glucose and sucrose). In this

regard, plant biomass, which has no nutritional value, is an ideal raw material for the synthesis of acids . Thaore et al.

 conducted a feasibility study for the production of pure glucaric acid from corn stover by two methods: homogeneous

oxidation of glucose with nitric acid and oxidation of glucose with air in the presence of heterogeneous catalysts. The

study showed that both options can be economically feasible for industrial use since the costs per 1 kg of product were

2.91 and 2.53 US dollars for homogeneous and heterogeneous oxidation. However, the process using heterogeneous

catalysts has about 22% lower environmental impact. In this case, the main problem is the selection of a stable catalyst,

which should present a high yield of glucaric acid.

Previously reported results on the HPS-based catalysts for the oxidation of monosaccharides  suggested that such

catalytic systems can be successively applied for producing aldonic and aldaric acids directly from plant biomass. For this

purpose, our group synthesized a series of catalysts based on hypercrosslinked polystyrene MN270 containing Pt, Pd, Au,

and Ru. The synthesized catalysts were characterized and tested in the conversion of cellobiose to glucaric acid .

The synthesis of these catalysts was carried out according to the method given in paragraph 4.1 of this review. The

precursors were ruthenium (IV) hydroxochloride, hydrogen hexachloroplatinate (IV) hydrate, sodium tetrachloropalladate

(II), and gold (III) chloride hydrate (pure; OJSC Aurat, Moscow, Russia). Thus, using the appropriate precursors, 3%

M/MN270 catalysts were synthesized (M = Pt, Pd, Au, Ru).

The synthesized catalysts were characterized via transmission electron microscopy (TEM). The images and the average

diameters of metal clusters were obtained (Figure 6). The average size of platinum nanoclusters was 2.8 nm; palladium—

3.4 nm; and ruthenium—1.8 nm. The diameter of gold nanoclusters turned out to be approximately an order of magnitude

larger, 32.1 nm. It should be noted that nanoparticles of all metals were uniformly distributed within the catalyst volume,

and there was no metal crust on the surface of the polymer. We hypothesize that the large size of gold nanoparticles is

likely due to the nature of the precursor, interaction with the hydrophobic polymer matrix of the support, and the tendency

of gold nanoparticles to aggregate. In our recent work, large gold particles (19.3 ± 8.7 nm) were also obtained using a

similar method for the synthesis of the 0.5%-PdAu/HPS-R catalyst . In , with a gold content of 1 wt.% in the catalyst,

the size of Au-containing nanoparticles was also relatively large (10.9 nm or more). Since our catalyst contains

significantly more gold (3 wt.%), the particles formed are larger.
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Figure 6. TEM images of catalysts (a) 3% Pt/MN270; (b) 3% Pd/MN270; (c) 3% Au/MN270; (d) 3% Ru/MN270 .

The 3% Au/MN270 catalyst was less effective in the cellobiose oxidation reaction. After the end of the experiment, a fairly

large amount of glucose and cellobionic acid, as well as a small amount of gluconic acid, were found in the catalyst.

Glucaric acid was present in trace quantities. The conversion of cellobiose was 86.2%. The low activity of the Au-

containing catalyst could be due to the large particle size of the active phase. Catalysts containing Pd and Ru showed the

worst results: low conversion of the initial substrate and extremely low yields of gluconic and glucaric acids. The

experiment without a catalyst showed that the catalyst plays the main role in the cellobiose hydrolysis reaction and that

the degree of hydrolysis obviously depends on the nature of the metal in the catalyst.

The process conditions were optimized (temperature of 145 °C, an O  pressure of 5 bar, and a substrate/catalyst mass

ratio of 4/1), and the obtained yields of gluconic and glucaric acids reached 21.6 and 63.4%, respectively, at 100% of

cellobiose conversion. The maximum yield of gluconic acid was observed after 1 h of reaction while the maximum yield of

glucaric acid was after 2 h.

In the process of the conditions optimization for the hydrolytic oxidation of cellobiose, the obtained qualitative and

quantitative results were analyzed and allowed to propose reaction scheme for the conversion of cellobiose into gluconic

and glucaric acids in the presence of 3% Pt/MN270 (Figure 7).
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Figure 7. Proposed scheme for the conversion of cellobiose into gluconic and glucaric acids in the presence of the 3%

Pt/MN270 catalyst .

4. Hydrogenation of Furfural

Technological advances in the field of biomass conversion make it possible to produce a wide range of products of

different chemical natures, in particular, furfural (FF), which belongs to the furan group. These compounds are widely used

in chemical synthesis because they are highly reactive . FF can be produced by sequential hydrolysis and

dehydration reactions of xylans that are obtained from biomass. Selective hydrogenation of furfural is important reaction in

the production of furfuryl alcohol (FA), methylfuran, tetrahydrofurfuryl alcohol, and other compounds (Figure 8).

Figure 8. Schematic representation of the FF hydrogenation (the target reaction product is highlighted in red). Reprinted

from ref. , Copyright 2020, with permission from John Wiley and Sons (Hoboken, New Jersey, USA).

Furfuryl alcohol is mainly used for the production of special resins, lubricants, plasticizers, polymers and the coatings

based on them, etc. . Considering that FF hydrogenation is a complex multi-stage process that occurs with the
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formation of a large number of products, the synthesis and selection of a suitable catalytic system is very important.

The Pd-containing catalysts based on HPS type MN270 were proposed for the FF hydrogenation. The influence of the

precursor nature on the structure, composition, and catalytic properties was studied . Bis(acetonitrile) palladium

chloride (PdCl (CH CN) ) and palladium acetate (Pd(CH COO) ) were used as palladium precursors. All catalysts under

study were synthesized via incipient wetness impregnation. The selected Pd (II) precursors have different polarities, which

influence their compatibility with HPS and, accordingly, the formation of palladium nanoparticles. The dielectric constants

of acetonitrile and acetate are 36.64 and 6.2, respectively . Our previous work  showed that HPS is extremely

hydrophobic, but due to its unusual porosity and high crosslink density, it can accommodate even completely polar

compounds. We believe that the behavior of any compound introduced into a porous matrix depends on its ability to either

propagate along the pore walls, when both the matrix and the metal compound have similar properties, or to be repelled

from the pore walls (when both are particularly different). This results in particles of different sizes and arrangements

depending on the properties of the metal precursor. Therefore, the result depends on the balance of hydrophobicity and

hydrophilicity between the metal precursor and HPS . The study using the low-temperature nitrogen physisorption of

initial HPS samples and final catalysts showed that the specific surface area of HPS after impregnation with Pd precursors

decreased, suggesting pore clogging. It should be noted that the volume of mesopores decreased, while the volume of

micropores remained unchanged. These data indicate the formation of palladium nanoparticles in HPS mesopores.

The TEM data (Figure 9) show for the 3% Pd/HPS composite with the PdCl (CH CN)  precursor, a relatively narrow

distribution of Pd nanoparticles with an average diameter of 5.4 ± 1.2 nm (Figure 9a). When using the more hydrophobic

precursor Pd(CH COO) , a bimodal distribution of particles with average particle sizes of 3.7 ± 1.0 nm and 13.8 ± 5.4 nm

is seen (Figure 9b). This observation is consistent with the literature, in that the behavior of metal species in HPS

depends on the hydrophobic-hydrophilic balance. The obtained TEM data are also consistent with the BET results, and

confirm Pd nanoparticles formation in mesopores rather than micropores.

Figure 9. TEM images of the 3% Pd/HPS (PdCl (CH CN) ) (a) and 3% Pd/HPS (Pd(CH COO) ) (b). Reprinted from ref.

, Copyright 2019, with permission from Elsevier (Amsterdam, The Netherlands).

The results obtained from small-angle X-ray scattering (SAXS) showed that in the case of 3% Pd/HPS (PdCl (CH CN) ),

Pd nanoparticles form a monomodal distribution with an average diameter of 7.5 nm. For the 3% Pd/HPS composite

(Pd(CH COO) ) (b), there are two fractions: a main fraction of small particles (≈7 nm) and a small amount of larger

particles (10–35 nm) (Figure 10). In general, these results are consistent with the TEM data.

Figure 10. SAXS data for 3% Pd/HPS catalysts after their impregnation with masking liquids (a). Volume particle size

distributions of Pd particles in the catalysts (b). Reprinted from ref. , Copyright 2019, with permission from Elsevier

(Amsterdam, The Netherlands).
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XPS data confirm the Pd  nature and oxide form of Pd nanoparticles using both precursors. The XPS spectrum of 3%

Pd/HPS(PdCl (CH CN) ) is deconvoluted into two components: with Pd 3d  binding energies of 335.2 eV and 337.2 eV,

which we assign to Pd  (32%) and Pd  (68%), respectively (Figure 11). In the case of 3% Pd/HPS(Pd(CH COO) ) Pd 3d

spectrum is also deconvoluted into two components: with Pd 3d  binding energies of 335.2 eV (40%) and 336.7 eV

(60%) which we also assign to Pd  and Pd , respectively (Figure 11). The typical values of Pd 3d  binding energy for

Pd  state is about 335.0–335.4 eV and the range of 336–337 eV corresponds to PdO. As the samples were kept on air

before XPS study, some part of metal Pd is present in oxide form. The ratio of oxide form/metal form is higher in more

disperse samples because small particles are more easily oxidized compared to larger particles. This value could be used

to estimate of the ratio between small and large particles in series of such samples. Also, it could be concluded that the

nature of Pd precursor in HPS matrix essentially does not influence the Pd oxidation state.

Figure 11. Pd 3d XPS spectra for both Pd/HPS samples and their deconvolution on metal and oxide form of Pd (black line

—raw spectrum; red line—synthetic spectrum; blue line—chemical state of palladium Pd ; purple line—chemical state of

palladium Pd ). Reprinted from ref. , Copyright 2019, with permission from Elsevier (Amsterdam, The Netherlands).

A comparison of the catalytic activity of Pd-containing catalysts showed that a more dispersed sample (3% Pd/HPS

(PdCl (CH CN) ) showed higher values of FF conversion and selectivity towards FA due to the presence of smaller

particles catalytically active phase. After 200 min of the reaction, FA selectivity for both catalysts reached its maximum–

87.4% for 3% Pd/HPS(PdCl (CH CN) ) and 83.8% for the 3% Pd/HPS (Pd(CH COO) ) catalyst at FF conversion of

55.6% and 36.3%, respectively).

Considering good catalytic properties of Pd–Cu alloys in the hydrogenation of FF to FA  and the advantages of

micro/mesoporous HPS supports in a number of hydrogenation reactions , we developed new catalysts with Pd–Cu

alloy nanoparticles in the pores of HPS and compared their properties with those of monometallic Pd nanoparticles .

The catalyst was synthesized by impregnating HPS with a solution containing both palladium and copper acetates,

followed by treatment with Na CO  to precipitate Pd–Cu mixed oxide nanoparticles in the pores of HPS. These as

synthesized samples are denoted “as”. The reduction of Pd and Cu species was performed prior to the catalytic reaction

in the hydrogen flow at 275 °C. The reduced samples are denoted “r”. SAXS and transmission electron microscopy (TEM)

methods were used to estimate the size of nanoparticles (Figure 12). The average nanoparticle size determined by using

both methods was about 6–7 nm.
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Figure 12. Volume NP size distribution from the SAXS data (a,b), and a comparison of the NP sizes from TEM and SAXS

data (c,d) for Pd–Cu/HPS-r (a,c) and Pd/HPS-r (b,d). Reprinted from ref. , Copyright 2020, with permission from John

Wiley and Sons (Hoboken, New Jersey, USA).

XRD data for Pd/HPS-r shows typical Pd  reflections for a monometallic sample and a crystallite size of 6 nm, indicating

that the Pd nanoparticles are most likely single crystals. For bimetallic Pd–Cu nanoparticles in the Pd–Cu/HPS-r sample,

the X-ray diffraction pattern is almost identical, but its reflections are shifted towards large angles, and the peak positions

are between the positions characteristic of the Pd and Cu phases. According to data from the literature, this peak location

indicates the formation of the structure of a Pd–Cu bimetallic alloy. The absence of reflections from Cu metal, as well as

its oxides or hydroxides, once again confirms the formation of the alloy. The size of Pd–Cu nanoparticles remains ~6 nm.

XPS showed the enrichment of the surface of nanoparticles with Cu atoms, as well as the presence of both zero-valent

and cationic forms of Pd and Cu, i.e., heterogeneity of nanoparticles. This structure of Pd–Cu alloy nanoparticles

immobilized in HPS provides almost 100% conversion and excellent selectivity towards FA (95.2%). These exceptional

performances were attributed to the prevention of furan ring adsorption on Pd due to neighboring Cu species and

facilitated desorption of FA, resulting in higher selectivity. Controlled adsorption of hydrogen and FF due to the mixed

valence states of Pd and Cu species leads to higher conversion. These factors, as well as the remarkable ability to reuse

the catalyst in ten successive reactions, make this catalyst promising for industrial applications.

5. Hydrogenation of Levulinic Acid

Levulinic acid (LA) is one of the most valuable multifunctional substances obtained from biomass. LA is a precursor to

many industrially important chemicals and is widely used in the production of lubricants, chiral reagents, resins,

biologically active substances, adsorbents, electronics, and batteries . Due to the presence of two highly active

functional groups (carbonyl and carboxyl), LA easily enters oxidation, reduction, esterification, substitution, and

condensation reactions, which makes it a very valuable platform compound . One of the most important reactions

involving LA is hydrogenation to form γ-valerolactone (GVL) (Figure 13), a key reaction in the conversion of plant

carbohydrates into renewable fuels and chemicals . GVL can be used as an environmentally friendly solvent, an

additive to liquid fuels, and also for the synthesis of polymer precursors such as adipic acid and diols .
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Figure 13. Scheme of LA hydrogenation to GVL. Reprinted from ref. , Copyright 2021, with permission from Elsevier

(Amsterdam, The Netherlands).

Today, the mostly used in the LA selective hydrogenation to GVL are bifunctional catalysts based on inorganic supports

containing Lewis acid sites (LAS) and Brønsted acid sites (BAS). Despite the advantages of bifunctional catalysts in this

process, there are some problems caused by the presence of LAS and BAS in the oxide supports. Thus, the high acidity

of the support may lead to the formation of coke, which can initiate rapid deactivation of catalysts . In addition,

during the hydrogenation of LA in an aqueous environment, agglomeration and leaching of active metal from the support

can occur, which can affect the catalyst stability and significantly complicates its effective reuse . The stability of

catalysts can be increased by using carbon supports, which include polymers with a variety of useful properties: high

porosity, the presence of functional groups, the ability to vary molecular weight, and hydrophilicity. Balla et al. 

synthesized uniformly distributed Ni nanoparticles (NPs) with narrow size distribution around 6 nm embedded in a

mesoporous carbon substrate (Ni@C) obtained from an organic copolymer. The mesoporous carbon support provided

various defect sites for the attachment of Ni particles, and strong interactions between the carbon phase were observed. A

total of 100% conversion of LA was achieved in 4 h at 200 °C and 3 MPa in 1,4-dioxane. Balla et al.  also synthesized

copper NPs (5.5 nm in diameter) embedded in an ordered mesoporous carbon (OMC) carrier by a multicomponent

assembly method using chelates. The OMC surface was functionalized with various oxygen-containing functional groups,

which enhanced the interaction with copper NPs. The synthesized Cu/OMC catalyst demonstrated high activity and

stability in the hydrogenation of LA to GVL in continuous mode (260 °C, 0.1 MPa H ) due to the effects of Cu retention in

mesoporous carbon. Sychev et al.  synthesized catalysts based on ruthenium NPs (with a diameter of about 1.5 nm)

deposited on the graphite-like mesoporous carbon material Sibunit-4 (initial and oxidized at different temperatures). The

presence of oxygen-containing functional groups on the surface of the support was responsible for the distribution of Ru

NPs and the acidic properties of the catalyst. The resulting catalysts containing 1% and 3% (wt.) Ru showed high activity

in the hydrogenation of LA to GVL (GVL yield 98 mol.% at 160 °C, 1.2 MPa H ).
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