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Abstract

:

Solketal, a widely used glycerol-derived solvent, can be efficiently synthesized through heterogeneous catalysis, thus avoiding the significant product losses typically encountered with aqueous work-up in homogeneous catalysis. This study explores the catalytic synthesis of solketal using solid acid catalysts derived from recovered carbon blacks (rCBs), which are obtained through the pyrolysis of end-of-life tires. This was further converted into solid acid catalysts through the introduction of acidic functional groups using concentrated H2SO4 or 4-benzenediazonium sulfonate (BDS) as sulfonating agents. Additionally, post-pyrolytic rCB treated with glucose and subsequently sulfonated with sulfuric acid was also prepared. Comprehensive characterization of the initial and modified rCBs was performed using techniques such as elemental analysis, powder X-ray diffraction, thermogravimetric analysis, a back titration method, and both scanning and transmission electron microscopy, along with X-ray photoelectron spectroscopy. The catalytic performance of these samples was evaluated through the batch mode glycerol acetalization to produce solketal. The modified rCBs exhibited substantial catalytic activity, achieving high glycerol conversions (approximately 90%) and high solketal selectivity (around 95%) within 30 min at 40 °C. This notable activity was attributed to the presence of -SO3H groups on the surface of the functionalized rCBs. Reusability tests indicated that only rCBs modified with glucose demonstrated acceptable catalytic stability in subsequent acetalization cycles. The findings underscore the potential of utilizing end-of-life tires to produce effective acid catalysts for glycerol valorization processes.
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1. Introduction


The continuous development of road transport worldwide has led to a steady increase in waste tires. According to Sofi [1], one billion tires are disposed of each year. A significant number of these waste tires are still stored in landfills, contributing to soil, water, and air pollution [2,3]. The shape of tires further exacerbates the problem by promoting water retention and contamination. Utilizing waste tires is a complex process due to their multi-component structure, and several methods are available. These include burning in cement kilns [4,5] and converting them for energy production, although these methods generate significant pollutants. Among various utilization methods—such as retreading, energy recovery, pyrolysis, and recycling—pyrolysis is the most versatile technology. It produces syngas, oil, and recovered carbon black (rCB). The efficiency of waste tire processing via pyrolysis depends on several factors, including pyrolysis temperature, reactor structure, total filler amount, presence of impurities, inert gas flow, and ash content [6,7]. The use of catalysts also plays a crucial role in the pyrolysis process, affecting the ratio of gas products, tire pyrolysis oil (TPO), and recovered carbon black [7].



Recently, extensive research has been conducted on the composition and application of pyrolysis products. Traditional carbon black (CB) is an industrial product, obtained by carbonization of hydrocarbon fuels, such as coal, tar, or gas, at relatively high temperatures. The resulting carbon black contains 95–99% pure carbon. It is characterized by a low content of mineral substances (max. 0.5%) and sulfur (max. 1%), with virtually no volatile or rubbery substances observed. In contrast, recovery carbon black (rCB) obtained from the pyrolysis of car tires contains less carbon compared to traditional carbon black (up to 80%). rCB is contaminated with a significant amount of mineral compounds (16–22%). It usually contains volatile substances and resins (1%), sulfur (4–5%), and zinc (5–7%) [8]. According to [7], depending on the composition of waste tires and the conditions of the pyrolysis process, the solid product, rCB, can be used as an adsorbent for separating gas and liquid mixtures, including organic compounds and dyes [9,10]. Moreover, after modification with acidic or basic reagents, rCB can be utilized as a catalyst for various processes [11] and as an anode material in alkali metal (Na or Li) batteries [12,13,14]. Carbon materials from waste tire pyrolysis have been used as catalysts for the catalytic cracking of municipal solid waste (MSW) and refuse-derived fuel (RDF), resulting in high hydrogen production [15]. The significant activity of rCB in the cracking process is due to the metal ions present in the material. It has been indicated that metal oxides or metal particles such as Cu, Fe, Ni, and Co show substantial activity not only for MSW and RDF cracking but also for the hydrogenation of bio-oil [11,16].



Recently, a number of authors have also indicated the high potential of carbon materials originating from carbohydrates and also biological wastes, after modification with sulfuric acid or alkaline modifiers, as catalysts for glycerol ketalization [17,18,19] and other acid-catalyzed processes [20,21]. However, recovered carbon materials obtained from the pyrolysis of waste tires have been applied to a relatively low extent as catalysts. Ayoob et al. [22] indicated that waste tire-derived activated carbon (WTAC), modified with KOH, may be successfully applied for biodiesel production based on the transesterification of non-edible oils with methanol or ethanol. On the other hand, we have previously indicated that pyrolytic residue from waste tires, modified with sulfuric acid, shows high and stable activity for the glycerol acetylation reaction [23]. However, although some applications of rCB materials as catalysts are indicated in the literature, the use of recovered carbon materials derived from the pyrolysis of waste tires as potential catalysts remains limited [11,16].



One of the intriguing possibilities for using acid-carbon catalysts derived from waste tires is their application in glycerol valorization, a by-product of biodiesel synthesis, an alternative fuel similar to conventional diesel. The high production cost is a major barrier to the widespread use of biodiesel as a substitute for petroleum diesel [24]. To address this challenge, various strategies have been explored and are currently under investigation to reduce biodiesel production costs, making it a more competitive fuel. These strategies include using highly active catalyst alternatives [25,26,27,28], as well as adopting technologies that require minimal energy input and enable faster transesterification. To further enhance the viability of biodiesel synthesis, efforts have been made to effectively utilize the excess waste glycerol [29,30,31] and to search for catalysts that are active in crude glycerol processing, including the ketalization of glycerol to solketal [29]. Among the different proposals, the application of rCB in the acetalization of glycerol to produce solketal seems to be particularly attractive [32,33]. This process not only aids in the effective management of glycerol by-products but also generates a valuable chemical compound with significant industrial applications. Solketal, the product of glycerol transformation with acetone, serves as a fuel additive, improving fuel properties and contributing to more sustainable energy solutions. According to Corrêa et al. [17], solketal enhances the octane number and oxidation stability of fuels while also reducing gum formation. Additionally, due to its high miscibility, solketal can be applied as a solvent for resins, paints, printing inks, and cleaning agents. Furthermore, its low toxicity makes solketal suitable for various pharmaceutical and cosmetic applications.



Conventionally, the condensation of glycerol with acetone is performed using large amounts of strong homogeneous Brønsted acid catalysts [34,35]. However, these methods have limitations, such as the use of unrecyclable and expensive reagents, and the need to neutralize the strongly acidic media, leading to the production of undesired wastes. The sustainability of the process can be improved by substituting homogeneous catalysts with heterogeneous ones. So far, several heterogeneous catalysts have been reported to be active in the condensation of glycerol with acetone. These include Amberlyst resins [36], sulfonic mesostructured silicas [37], modified silicalite with zeolite structure [38], and silica-supported heteropolyacids [39]. Among the explored catalysts, also zeolites demonstrated special potential, as highlighted in our previous studies, due to their cost-effective, large-scale production [29,40,41]. The activity of these catalysts is generally attributed to their Brønsted acidity [42,43,44,45].



Taking into account the above, in this paper, we explored the use of pyrolytic rCB materials, after acidic modification, as heterogeneous catalysts for transforming glycerol, a by-product of biodiesel production, into solketal. The idea behind using rCB, an industrial waste material produced from end-of-life tires by means of the so-called Molten technology, was to explore its potential in the role of a catalyst for producing valuable compounds such as solketal. An additional advantage of the research is the possibility of using glycerol derived from the biodiesel production process. Thus, the utilization of two potential industrial waste products (rCB and glycerol) adds value to the ongoing process. Our previous experience with the use of acidified rCBs in the glycerol acetylation process indicated the potential of this material. Additionally, to the best of our knowledge, this is the first time that such pyrolytic materials have been utilized in this capacity. Although carbon materials have demonstrated promise in other catalytic processes [15,17,18,19,29,41], their application in solketal production is less explored. The transformation of glycerol to solketal has only been performed on acidified CB produced from clean biological materials, mainly sugars [46]. Therefore, this work aimed to evaluate the method of generation of acid sites in pyrolytic rCB materials, optimize reaction conditions (time and temperature), and assess the reusability of these novel acidic waste tire-based catalysts. For this purpose, two different methods of acid site generation were employed: sulfuric acid treatment and using 4-benzenediazonium sulfonate (4-BDS). Additionally, glucose-pretreated rCB materials were obtained, resulting in new composite materials, which were then sulfonated to increase the reusability of the tested catalysts. The initial rCB, as well as the obtained acid–carbon materials, were characterized by elemental analysis, X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared (FT-IR) spectroscopy, and thermal gravimetric analysis (TGA).




2. Results and Discussion


2.1. Physicochemical Characterization of the rCB Samples


The rCB (recovered carbon black) material, obtained from the pyrolysis of waste tires at the CONTEC company, was modified with sulfuric acid (SA) or 4-benzenediazonium sulfonate (BDS) to induce acidic properties for subsequent use as catalysts in glycerol acetalization reaction with acetone. Additionally, the introduction of glucose followed by incomplete carbonization and sulfonation procedures was applied to improve the stability of the obtained catalysts.



The results of the textural analysis of rCB samples are presented in Table 1. Figure 1a,b show the nitrogen adsorption/desorption isotherms and pore size distributions, respectively. According to the new IUPAC classification and based on the analysis of the adsorption/desorption isotherms depicted in Figure 1a, it can be inferred that rCB and modified materials exhibit a type IV isotherm with H2 hysteresis loop, which is characteristic of mesoporous adsorbents [47].



The specific surface area of rCB samples was influenced by the type of sulfonating agent, the duration of the modification, and the use of glucose during the preparation step (please see Table 1). The treatment of rCB sample with sulfuric acid or 4-benzenediazonium sulfonate only slightly affects its specific surface area and pore size distribution. When sulfuric acid was used, a short sulfonation time of 3 h reduced the BET specific surface area (SBET) of rCB material from 75 m2/g to 68 m2/g for the rCB_SA_3h material. In contrast, extending the sulfonation time to 24 h increased the BET surface area from 75 m2/g to 91 m2/g, with an almost unchanged porous structure. Additionally, the increase in the micropore surface area (Smicro) and micropore volume (Vmicro) were observed for these materials. The use of BDS results in significant decreasing in specific surface area, pore volume and average pore diameter (Table 1). It is therefore reasonable to conclude that the Ph-SO3H groups on the carbon surface occupied part of the porous space, leading to a noticeable reduction in porosity. However, the mesopores of the carbon materials were not severely blocked by these groups. Similar observations have been made by other authors [48]. Incorporation of glucose via the wet impregnation method, followed by carbonization and sulfonation, significantly altered the specific surface area and affected the porosity. The surface area increased from 75 m2/g to 111 m2/g compared to the initial material, and Smicro increased from 3 m2/g to 67 m2/g. This is particularly evident in the BJH pore size distributions (Figure 1b), which show the presence of pores approximately 3 nm in size.



The morphology of the initial rCB and the modified samples, obtained through SEM and TEM micrographs, is depicted in Figure 2 and Figure S1. As shown in Figure 2a, rCB consists of large, irregularly shaped particles with rough surfaces. At higher magnification in Figure 2b, these fragments appear as clusters or aggregates of smaller particles bound together, forming a rough and porous texture. The smaller particles within the aggregates exhibit a roughly spherical to irregular shape. Additionally, they are not tightly arranged, generating void spaces or gaps between them, which may contribute to the sample’s porosity, as also indicated in Table 1. The SEM images obtained for the SA- or BDS-modified rCB (Figure 2c–f) did not differ significantly from those of the unmodified sample (Figure 2a,b), suggesting that the activating agents used slightly affected the rCB morphology. Only some minor changes in the aggregates’ size and shape were observed for the rCB_SA_3h (the aggregates appear smaller and resemble a coral reef), which is probably related to the removal of mineral matter from rCB (see also ash content in Table 2). The morphology of the G/rCB_SA_3h composite is somewhat different from the other samples. The aggregates are larger, and the primary particles are more irregular in shape and more tightly packed. However, voids and gaps are still visible within the aggregates’ structure, contributing to the sample’s porosity (see also Table 1).



The morphology of the selected rCB samples was further confirmed through TEM micrographs, as illustrated in Figure S1. Both the initial rCB and the selected sulfonated samples predominantly consist of spherical particles with a broad and varied size distribution. These particles exhibit a pronounced tendency to form agglomerates, particularly when the sulfonation time was extended (rCB_SA_24h) and when BDS was used as the sulfonating agent (rCB_BDS_20h).



The elemental composition of the initial rCB and modified samples is shown in Table 2. The carbon and hydrogen contents in the initial rCB and the catalysts treated with SA or BDS are very similar, measuring 68.5–72.4% and around 1%, respectively. The lower carbon content in the rCB samples, compared to the typical composition of carbon blacks, is attributed to a substantial amount of ash present in the samples, ranging from 13.6% to 25.5%. The presence of minerals on the rCB surface was also confirmed by PXRD results (see Figure 3). Notably, the initial rCB sample exhibits a substantial amount of sulfur, about 2.2%, resulting from the sulfur in the tire feedstock used during the vulcanization process. This sulfur value is similar to that reported by other authors [49,50]. The formation of acidic groups on the surface of carbon materials leads to a higher oxygen content, about 4.2–6%, compared to the initial rCB sample. The increase in oxygen content, apart from that contained in sulfonic groups, is likely due to oxidation/dehydrogenation processes occurring alongside sulfonation with sulfuric acid [51]. The highest oxygen content, around 12%, and hydrogen content, about 1.7%, are observed in the composites obtained by the partial carbonization of glucose on the surface of the carbon material. The formation of weak acidic centers, such as COOH and OH, due to the incomplete carbonization of the organic precursor has been previously reported in the literature and could account for this observation [48].



The results of the total acidity (Atot) and density of acidic centers of the materials are presented in Table 2. As observed, the initial rCB exhibited a low Atot of 0.1 mmol H+/g, most likely due to the presence of small amounts of oxygen in the sample (Table 2). The functionalization significantly increased the acidity of rCB by introducing -SO3H and oxygen groups on the sample surface (for details see further analyses of XPS and FT-IR). The observed effect was dependent on the type of modifying agent. The least efficient approach for inducing acidity was using BDS, which resulted in a sample with an Atot of 0.5 mmol H+/g. In contrast, the rCB_SA samples, obtained by pretreating the pyrolytic rCB exclusively with sulfuric acid, achieved an Atot of approximately 1.0 mmol H+/g. The acidity of rCB_BDS_20h likely stemmed from the anchoring of -PhSO3H on the rCB surface despite the modified sample containing less S than the initial rCB (see Table 2). This effect results from two opposing processes occurring during the rCB modifications: (i) the introduction of new S-containing groups into the sample matrix, and (ii) the removal of S originally present in the sample in the form of mineral matter (see ash contents in Table 2 and PXRD analysis in Figure 3). Additionally, some authors have claimed that the formation of internal salts, which results in the neutralization of -SO3H sites, can be responsible for the lower acidity of the sample modified with BDS [52]. Interestingly, the acidities of rCB functionalized with SA for 3 and 24 h did not differ significantly (1.0 and 0.9 mmol H+/g, respectively), favoring the approach using a shorter modification time. The highest total acidity was noted for the G/rCB composite modified with sulfuric acid (1.9 mmol H+/g), attributed not only to sulfonic groups but also to oxygen functionalities (see increased S and O contents for G/rCB_SA_3h compared to rCB in Table 2).



Powder XRD analysis of all the rCB samples is depicted in Figure 3. As shown, the initial rCB material exhibits an amorphous structure evidenced by a broad signal at 2θ with a maximum at around 24° (002 crystal plane) and a weak reflection at 2θ around 43° (100 crystal plane), typical for carbon materials [53]. The PXRD pattern of the rCB material also reveals the presence of impurities, mainly zinc in the forms of ZnS and ZnO, characterized by peaks at 2θ around 28.5°, 36°, 48°, and 56° [54,55,56,57]. Moreover, CaCO3 and CaSO4 compounds are indicted by a signal at 2θ equal to 29°, while SiO2 is identified by a small reflection at 2θ equal to 26.6° [54,55]. Additionally, the reflection at ca. 2θ around 43° observed in the initial rCB sample confirms the presence of CaCO3. The presence of such compounds results from tire compositions [58,59] and their persistence as residue after the pyrolysis process [56]. This also aligns with the ash content data presented in Table 2.



Modification of rCB material with concentrated sulfuric acid (SA) and BDS, as well as glucose carbonization followed by SA treatment, resulted in the vanishing of most reflections attributed to inorganic impurities. This suggests that these modifications effectively removed a significant portion of the mineral matter from the rCB material. This finding is consistent with the results in Table 2, which show decreased ash contents in the acid-functionalized rCB samples. Besides the broad bands indicating the amorphous structure of the carbon materials, only weak silica reflections were present in the PXRD patterns of the modified samples.



The surface chemical structure of selected samples was analyzed using X-ray photoelectron spectroscopy (XPS). The survey spectra of the initial rCB and a selected modified material in Figure 4 displayed well-resolved C 1s and O 1s peaks, along with lower-intensity peaks corresponding to Si 2p, Zn 2p, and S 2p for rCB, as well as to Si 2p and S 2p in functionalized carbons. According to the data presented in Table 3, rCB contained sulfur in its structure, which aligns with the data from elemental analysis (EA) shown in Table 2. Unlike EA, the XPS method revealed a very high oxygen content in the sample. This discrepancy is attributed to XPS’s ability to detect oxygen in various chemical forms on the surface, such as salts or oxides, whereas in EA, oxygen must be fully released and converted to a gaseous form for detection. Importantly, the functionalized samples exhibited an increased sulfur content compared to rCB, suggesting the successful introduction of new functionalities onto the carbon surface during the modifications.



A high-resolution XPS S2p spectra of rCB and selected modified carbons (Figure 5) showed that sulfur was present in the samples in different oxidation states. All the spectra exhibited signals around 164 and 168 eV (observed as a doublet), which can be attributed to the reduced and oxidized forms of S, respectively [23,60]. The contribution of these signals, however, varied between samples. In the rCB, sulfur was predominantly in the reduced form (peaks at 163.8 and 165.0 eV, assigned to -C-S-C- sulfide bridges, dominated) [61]. Conversely, in the functionalized carbons, sulfur was primarily in its oxidized state, with a high-energy doublet at 167.9 and 169.1 eV attributed to the -C-SOx-C- groups (where x = 2 or 3) being dominant [23,62]. This indicates the successful introduction of -SO3H groups during the functionalization (Figure 5). The relative concentrations of different S-containing surface groups are summarized in Table 4.



XPS measurements revealed that different sulfur-containing groups were predominant in the initial rCB material (-C-S-C-) compared to the modified rCB samples, where -C-SOx-C- groups were more prominent. Given that sulfur has two electron pairs [63], modifying carbon materials with sulfuric acid can influence the electronic structure of the system. Although sulfur’s electronegativity is similar to carbon’s (2.58 vs. 2.55), its larger atomic radius (102 pm compared to carbon’s 75 pm) leads to an increase in defects when sulfur atoms are introduced into carbon materials. Altering the electronic structure of materials with potential catalytic applications has been shown to significantly impact catalytic performance, as highlighted in the literature [64].



Figure 6 shows high-resolution XPS C 1s spectra of the initial rCB and selected modified samples. All these spectra can be deconvoluted into peaks centered at ~284.5 eV, 285.9 eV, 287.3 eV, 289.6 eV, and 290.6 eV (±0.1–0.2 eV in each case), typically assigned to (i) sp2 and sp3 hybridized carbon, (ii) C-O in hydroxyl/phenolic and ether groups and C-S, (iii) C=O in carbonyls, (iv) O-C=O in carboxylic acids, esters, and inorganic carbonates, and (v) π–π* transitions, respectively [23,65,66]. The relative abundance of different carbon species derived from the deconvoluted spectra is listed in Table 5. The results show that graphitic carbon predominates in all investigated samples, constituting more than 66%. The samples also contain a relatively high amount of moieties in which carbon is singly bound to an oxygen atom (C-O).



Figure 7 presents the FT-IR spectra of the initial rCB and the modified samples. As observed, rCB exhibits a broad band with a maximum of about 1100 cm−1, which is attributed to the presence of carboxyl groups [8]. This band overlaps with the band characteristic of the O=S=O group. Analysis of FT-IR spectra of acid-modified materials (Figure 7) shows that treatment with sulfuric acid and BDS generates new bands at about 1040 and 1380 cm−1, as well as a weak band at 1183 cm−1 [67,68]. According to Zhao et al. [68], these bands indicate the formation of SO2 (O=S=O) asymmetric and symmetric stretching vibrations. Notably, the bands at about 1380 cm−1 (stretching vibration of SO3) and 1040 cm−1 (stretching vibration of SO3H) are more pronounced for rCB modified with glucose followed by sulfonation compared to those directly sulfonated. Additionally, according to the literature [69], bands at approximately 1710 cm−1 and 1650 cm−1 indicate the presence of carboxyl and carbonyl bonds in acidic surface groups. This finding is consistent with the acidity measurement results (Table 2).



Thermogravimetric analysis performed under an inert gas flow further reflects the effectiveness of sample functionalization. Figure 8 shows the results of the TG and DTG analyses carried out for the initial recovered carbon black (rCB) and selected samples after functionalization. As observed in Figure 8a, rCB shows a slight weight loss in two temperature ranges seen in the DTG curves (Figure 8b). A small initial effect (~1% weight loss) was recorded in the temperature range of 25–100 °C due to the presence of physically adsorbed water. The second weight loss (~3%) in the range of 530–700 °C is likely related to the presence of inorganic additives identified as ash contents (refer to Table 2 and PXRD patterns in Figure 3) and further carbonization of a rubber-derived carbonaceous solid [70]. This effect is not pronounced in the modified materials, confirming the partial removal of mineral matter and impurities from the pure rCB material during treatment with sulfuric acid. In contrast, the modified materials exhibited significantly lower thermal stability compared to the parent sample, indicating efficient functionalization with new functional groups. Notably, a higher weight loss of approximately 11% was observed for the sample treated with sulfuric acid (rCB_SA_3h) and around 20% for the composite of rCB with glucose (G/rCB_SA_3h). This observation is also consistent with the S and O contents reported in Table 2. The weight loss for the modified samples is observed in two ranges: around 100 °C (for rCB_SA_3h—weight loss of 2% and G/rCB_SA_3h—6%) and broad signals in the temperature ranges of approximately 200–750 °C, with maxima at around 250, 400, and 510 °C (Figure 8b). The significantly higher mass loss at low temperatures, resulting from water removal, may be attributed to the more hydrophilic nature of the samples after modification due to the high density of hydrophilic functional groups bound to carbon. According to the literature data, the weight loss in the second-stage temperature range may be due to the decomposition of sulfonate groups present on the surface of the samples, as well as the presence of oxygen functional groups [71,72]. A similar effect was observed in our earlier work [23]. The presence of such groups results from the oxidizing properties of concentrated sulfuric acid [23]. In the case of the G/rCB_SA_3h composite, the oxygen-rich sample structure is also due to the method of preparation (see also Materials and Methods); i.e., low-temperature treatment of glucose typically produces oxygen-abundant (hydro)char [73]. The presence of these effects confirms the effective introduction of functional groups on the surface of the studied rCBs.




2.2. Catalytic Activity in Glycerol Acetalization Reaction with Acetone


Our previous research focused on synthesizing solketal as a potentially important fuel component using modified zeolite mesoporous matrices as catalysts due to their broad range of applications and economical large-scale production [40,41]. In this study, we explored the use of recovered carbon black (rCB) material as a catalyst for the acetalization reaction of glycerol. This approach is particularly promising for recycling waste materials. Notably, the use of carbon materials in the production of solketal has not been extensively studied [19,33,74,75,76] despite their demonstrated potential in other catalytic processes [23,77,78,79,80,81]. Therefore, in the present study, we used recovered carbon black materials, a by-product of waste tire pyrolysis, which were additionally functionalized with acidic groups as catalysts in the acetalization reaction of glycerol with acetone. The catalyst’s activity was tested using a sulfuric acid-modified sample across a temperature range of 30–70 °C, with reaction times of 0.5–1 h, under atmospheric pressure, and an acetone-to-glycerol molar ratio of 1:1 (Figure S2). The optimal conditions for producing solketal were found to be a temperature of 40 °C, with maximum glycerol conversion achieved after 0.5 h. These conditions were therefore applied in subsequent experiments. Further increases in glycerol conversion with rising temperatures were minimal, suggesting that the conditions proposed in our research are economically attractive.



Given that the unmodified rCB material showed practically no catalytic activity in the reaction tested (Figure 9), its performance was equal to that of the blank test, which did not use a catalyst. We presume this lack of activity is due to the absence of acid groups involved in the acetalization reaction. To address this, we attempted to functionalize the rCB surface to generate catalytically active sites. The modifications aimed at introducing sulfonic groups were achieved by treating the rCB with sulfuric acid (SA) or 4-benzenediazonium sulfonate (BDS). Additionally, the glucose/rCB (G/rCB) composite was prepared by first modifying the rCB surface with glucose, followed by partial carbonization, and then treating it with sulfuric acid (SA). The goal of this modification was to stabilize the material after partial carbonization and subsequent sulfonation with SA. This approach is similar to methods reported in previous studies [82].



Among the two modifiers used to introduce sulfonic groups onto the carbon material, treatment with sulfuric acid yielded significantly better results when compared to BDS alteration (Figure 9). Glycerol conversion on rCB treated with sulfuric acid (SA) for 3 h exceeded 92%, with a selectivity of 96% for the desired product, solketal. On the other hand, the introduction of glucose onto the surface of the rCB material with the following partial carbonization and sulfonation did not affect glycerol conversion and only slightly improved selectivity to solketal. In contrast, the sample modified with 4-benzenediazonium sulfonate (BDS) achieved only 60% glycerol conversion and 78% selectivity to solketal. Along with solketal, a small amount of the isomeric compound 1,3-dioxan-5-ol was also produced. The reaction between glycerol and acetone is a reversible process, resulting in the formation of 2,2-dimethyl-1,3-dioxolane-4-methanol (solketal), isomer, and water (as illustrated in Scheme S1).



Although solketal is a kinetically stable product, the formation of the thermodynamically stable isomer (2,2-dimethyl-1,3-dioxan-5-ol) is also observed. The advantage of the applied rCB materials, especially modified by means of SA treatment, is their ability to achieve a high glycerol conversion and excellent selectivity for solketal after a relatively short sulfonation process of just three hours. To investigate the effect of sulfonation time on the catalytic activity of the rCB material, a series of experiments with varying sulfonation durations were conducted. The study revealed that a three-hour sulfonation period is optimal, and extending the treatment time further is unnecessary, as supported by recommendations in the literature [23,70].



The modifications with sulfuric acid (SA) and 4-benzenediazonium sulfonate (BDS) lead to the formation of active sites with acidic functions, as shown in Table 2. The increase in glycerol conversion correlates with a higher density of acid sites (Figure 10, Table 2). The importance of Brønsted acidic functions in the glycerol acetalization reaction with acetone has been highlighted in numerous studies [42,43,44,45]. In the proposed mechanism, the activation of the acetone carbonyl group by the hydrogen of the SO3H group occurs, followed by a nucleophilic attack by the alcohol group of glycerol, leading to the formation of a bond between the carbonyl oxygen atom and the β-carbon of glycerol. This process results in dehydration and the formation of the five-membered ring of solketal (Scheme S2).



Not only activity but also the stability of catalysts is a crucial factor for their feasibility in industrial-scale applications. To assess their potential for reuse, the acetalization reaction of glycerol with acetone was tested using both a sulfonated catalyst and rCB impregnated with glucose followed by the sulfonation process. The activity of these catalysts was evaluated over two reaction cycles (Figure 11). All catalysts exhibited satisfactory initial activity, with glycerol conversion exceeding 92% and selectivity for solketal reaching 97%. However, the rCB_SA_3h catalyst, which was solely functionalized through sulfonation, showed a dramatic decrease in activity to below 1% in the second cycle. In contrast, only the catalyst obtained through the dual functionalization process—impregnation with glucose followed by partial carbonization and sulfonation—remained active in the second cycle. For this catalyst, glycerol conversion exceeded 69%, and the selectivity to solketal was around 80%.



To investigate the differences in activity among the reused samples, we conducted FT-IR studies on the spent catalysts. The FT-IR spectra of the spent rCB catalysts (Figure S3) still show bands characteristic of sulfur-containing groups (1380, 1040 cm−1), as well as a less intensive band from the stretching vibrations of carboxyl groups (C=O) around 1700 cm−1 [82]. This latter band is more pronounced for rCB impregnated with glucose followed by sulfonation, which correlates with the relatively high activity of this catalyst in the subsequent run (Figure 11). On the other hand, the FT-IR spectrum of spent rCB directly modified with sulfuric acid for 3 h indicates the presence of mainly sulfuric acid groups, whereas the carboxylic groups are hardly visible. Despite the presence of some acidic groups in spent rCB_SA_3h, this catalyst was completely deactivated after the first use. Therefore, it appears reasonable to conclude that sulfonic acid groups are not the sole active sites in glycerol acetalization. The carboxylic groups, whose presence on spent G/rCB sample was inferred from the higher carbon and oxygen content confirmed by elemental analysis (Table 2) and FT-IR spectra (Figure S3), also play a significant role in this process. The possible activity of -COOH groups in solketal formation was also indicated by other authors [33].



Looking for some further explanation of the observed catalytic results, the spent catalysts were also characterized using XPS spectroscopy (please refer to Tables S1–S3 and Figures S4–S6). After the reaction, in the case of the glucose-modified sample, the amount of graphitic carbon decreased with the simultaneous increase in content of carbon single and double bonded to oxygen. Sample rCB_SA_3h after the reaction shows an increase only in carbon double-bonded to oxygen at the expense of graphitic carbon (Figure S5 and Table S2). Furthermore, significant changes in sulfur content were observed in all spent catalysts, regardless of the preparation method (Figure S6 and Table S3). Notably, although sulfur content decreased more dramatically in the rCB/glucose composite, this catalyst maintained relatively high activity even in subsequent reaction cycles. This suggests that several factors contribute to catalyst deactivation. However, the reduction in sulfur content appears to be only one possible explanation for the decreased activity of the spent catalysts. The results clearly indicate that sulfonic groups are not the sole active acid sites in the studied catalysts. This is supported by the acidity measurements, which show that the rCB/glucose composite has significantly higher total acidity (Atot) values despite having similar sulfur content to the rCB_SA sample. This further supports that carboxylic groups are also important in glycerol acetalization. Their presence likely contributes to the relatively high activity of the rCB/glucose composite in the second reaction cycle, despite the observed decrease in sulfur content. The presence of hydrophilic –COOH groups has been discussed in the literature, highlighting their potential role in enhancing the catalyst’s activity by creating a strong affinity between the hydrophilic parts of the reactants and the catalyst [75].



Different activated carbons were applied as catalysts for synthesis of solketal. Table 6 presents a comparison of the catalytic performance achieved in glycerol acetalization over rCB divided from end-of-life tires and other carbon-type catalysts. As observed, the glycerol conversion obtained using carbons catalysts described in the literature was consistently high and comparable (in the range of 80–90%) across all cases. However, the conditions required to achieve these satisfactory results varied among the studies. For instance, Rodrigues et al. [83] found that activated carbon (AC) prepared by chemical activation of olive stone wastes could give more than 60% glycerol conversion within 6 h. However, a large excess of acetone (glycerol to acetone molar ratio of 1:4) and greater catalyst content (Table 6, line 2) were necessary to obtain results comparable to those presented in other studies. Other types of acid carbons (CAs), obtained by hydrothermal carbonization of a mixture of glycerol and sulfuric acid, were effective using a glycerol-to-acetone molar ratio of 1:3, achieving 84% glycerol conversion within 2 h [33]. On the other hand, the carbon produced from bio-oil and sulfuric acid (BS) showed excellent glycerol conversion using a glycerol-to-propanone molar ratio of 1:10, within 2 h [19]. In contrast, Nandan et al. [75], who investigated thermally (SCS1) and hydrothermally (HSCS1) activated sulphonated carbon–silica meso composite materials, found that the higher activity of HSCS1 was related to the higher acidity of these materials. All the carbon materials presented were functionalized or synthesized in the presence of sulfuric acid, which was a source of Brønsted acid sites. In some cases, the synthesis of these systems was sophisticated and required additional preparation steps. In view of the above, the catalytic performance of functionalized rCB, representing industrial waste, was very promising, as the samples achieved significant glycerol conversion (more than 90%) in a short time using an economically viable glycerol-to-acetone molar ratio of 1:1. This clearly demonstrates that problematic end-of-life tires can be successfully valorized into efficient carbon-based catalysts with promising activities in solketal formation, contributing to the recycling of troublesome rubber waste.





3. Materials and Methods


Recovered carbon black (rCB) in a pelletized form was supplied by Contec S.A. Poland and produced from used tires in a continuous waste tire pyrolysis process at 510 °C, using the so-called Molten technology [84]. Concentrated sulfuric acid (p.a., 96 wt.%) was purchased from Carlo Erba. Sulfanilic acid (p.a., 99 wt.%) was obtained from Chemat, sodium nitrite from Chempur, and hydrochloric acid (p.a., 35–38 wt.%) from Stanlab. The reagents used in the catalytic experiments—glycerol (p.a., 99.5 wt.%), acetone (p.a., 99 wt.%), and methanol (p.a., 99.8 wt.%)—were all purchased from Stanlab.



3.1. Functionalization of rCB


rCB was functionalized to endow the sample surface with acidic features. This was performed by modifying rCB with concentrated sulfuric acid or generated in situ with diazonium salt. Details of these functionalizations are presented below.



The process using sulfuric acid (denoted as ‘SA’) as a source of -SO3H groups was performed under an Ar flow, with continuous stirring in a three-neck round-bottom flask equipped with a condenser. In each case, 3.5 g of the sample and 90 mL of H2SO4 were mixed and heated to 140 °C. The reaction was carried out for various durations: 3 and 24 h. After the reaction, the mixture was cooled, diluted with distilled water, and filtered. The collected sample was then thoroughly washed with hot distilled water until the filtrate pH was neutral. Finally, the material was dried at 105 °C overnight. The samples were labeled according to the scheme: rCB_SA_3h, where SA stands for concentrated sulfuric acid, and 3h denotes the sulfonation process duration.



The procedure for introducing sulfonic groups on the surface of carbon material from in situ formed 4-benzenediazonium sulfonate (donated as ‘BDS’) was carried out using the same apparatus employed for the modification with SA. The sulfonation reaction took place under a reflux condenser at room temperature with vigorous stirring. For the reaction, 1.75 g of the test matrix was combined with 90 mL of distilled water, and the mixture was stirred vigorously for 30 min. Then, 2.5 g of sulfanilic acid was added and stirred until dissolved. Next, 1 g of sodium nitrite was added, and the stirring was continued for another 30 min. Consequently, 4-benzenediazonium sulfonate was formed in situ in the reaction between 4-aminobenzenesulfonic acid and sodium nitrite in water. Subsequently, 17.5 mL of concentrated hydrochloric acid was slowly added over the course of one hour. After 20 h, the resulting solution was diluted with distilled water and then filtered. The modified carbon material was washed with distilled, hot water. The washing procedure was repeated until the filtrate pH was neutral, after which the obtained material was washed twice with 50 mL each of methanol, DMF, and acetone to remove organic residues. Finally, the washed sample of modified carbon material was dried at 105 °C for 24 h. The sample was labeled as rCB_BDS_20h. Details of the modification procedures used can be found elsewhere [79].




3.2. Preparation of rCB Composite


The rCB material was modified using glucose to produce composite with enhanced acidity and stability. The composite was performed via impregnation method with glucose followed by carbonization of the deposited sugar.



This method was based on the procedure proposed by Mo et al. [82]. Briefly, the pre-dried rCB material (~1 g) was impregnated with a mixture of 0.5 g of glucose, 10 mL of deionized water, and 0.2 g of H2SO4. After drying at 105 °C, the sample was carbonized at 180 °C for 20 h under Ar flow. The prepared composite was subsequently sulfonated with SA for 3 h using the standard conditions described above. The obtained catalyst was labeled G/rCB_SA_3h.




3.3. Physicochemical Characterization of the Catalysts


Elemental analysis was performed using a FLASH 2000 instrument from Thermo Scientific, USA. The elemental content (C, H, N, S, and O) was determined using a standard curve. The ash contents were determined as the difference (100%-CHNSO%).



PXRD measurements were conducted using powder X-ray diffraction on a BRUKER D8 ADVANCE diffractometer equipped with a Cu lamp (Cu Kα1) emitting radiation with a wavelength of λ = 0.15406 nm. The analysis was conducted in the wide-angle (6–60°) range.



The FT-IR spectra were recorded using a Bruker Tensor 27 spectrophotometer. Measurements were performed using the transmission technique in the wavenumber range of 4000–400 cm−1 with a resolution of 1 cm−1. The sample was mixed with 200 mg of KBr and formed into pellets using a press (150 MPa).



The total acidity of the materials was measured using a back titration method. Approximately 100 mg of the sample, which was first activated at 105 °C for 24 h, was mixed with 50 mL of a 0.01 M NaOH solution and allowed to stand at room temperature for 24 h. Afterwards, the suspensions were filtered, and the filtrate was titrated with a 0.01 M HCl solution. A blank test (without a sample) was also performed, and the obtained value was used for the calculations.



The Brunauer–Emmet–Teller (BET) surface areas (SBET) were determined by N2 adsorption at −196 °C using a Micromeritics ASAP 2010 sorptometer. Total pore volume (VBJH) and average pore diameter (D) were determined by the Barrett–Joyner–Halenda (BJH) method to the desorption branch of the isotherm. The total pore volume (Vtot) was measured from the amount of N2 adsorbed at p/p0 = 0.99. Prior to the measurements of adsorption–desorption isotherms, the samples were outgassed at 90 °C for 8 h. The microporous surface area (Smicro) and volume (Vmicro) were determined using the t-plot method.



X-ray photoelectron spectroscopy (XPS) measurements were conducted using an Ultra-High-Vacuum (UHV) System (Specs, Berlin, Germany). The examined materials were irradiated with a monochromatic Al Kα radiation (1486.6 eV). The operating pressure in the chamber was close to 2 × 10−9 mbar. Binding energies (BEs) were calibrated against the C1s peak set at 284.5 eV. Spectroscopic data were processed through CasaXPS software (version 2.3.22PR1.0) developed by Casa Soft-ware Ltd., Teignmouth, UK, employing a peak-fitting algorithm with a non-linear Shirley-type background correction.



Material morphology was examined using scanning electron microscopy (SEM) with a Hitachi SU3500 instrument. Transmission electron microscopy (TEM) images were acquired using a JEOL 2000 microscope with an accelerating voltage of 80 kV. The materials studied were deposited on copper grids coated with a carbon film.



Thermogravimetric analysis was performed using SetSYS 1200 device (Setaram). The measurements were performed in a nitrogen atmosphere by heating about 1g of the sample to a temperature of 1000 °C with an increase of 10 °C/min.




3.4. Catalytic Tests


All tested carbon materials, both initial and modified, were evaluated as heterogeneous catalysts in the acetalization reaction of glycerol with acetone. Prior to catalytic testing, the materials underwent a 24 h activation process at 105 °C. In a typical experiment, the catalytic activity was assessed in a system comprising 1 g of glycerol, 0.8 mL of acetone, and 10 mg of catalyst. The acetalization reaction was conducted in closed glass vials on a magnetic stirrer. The reaction was performed at temperatures of 30 °C, 40 °C, and 70 °C, for approximately 0.5–1 h, to optimize the method. After the reaction time elapsed, the samples were cooled to room temperature, and 1 mL of dried methanol was added. The solid material was separated using a syringe filter, and the filtrate was analyzed using a Varian CP-3800 gas chromatograph equipped with a flame ionization detector (FID) and a VF-5ms capillary column (30 m length, 250 µm internal diameter). Product identification was achieved by comparing the retention times of the obtained peaks with those of standard substances. The reaction mixture contained unreacted glycerol, as well as acetone, methanol, solketal, 2,2-dimethyl-1,3-dioxolane-4-methanol and its isomer, 2,2-dimethyl-1,3-dioxolane-5-ol. The conversion of glycerol (denoted as Glycerol conv.), selectivity to products: solketal (denoted as Selectivity to solketal), and isomer were calculated according to the equations presented in the referenced paper [41]. The reuse of catalysts involved crucial steps such as washing and drying. Following the first reaction cycle, the catalyst was washed three times with 25 mL of methanol. It was then dried at 105 °C for 24 h. After cooling, the catalyst was ready for reuse in the second reaction cycle.





4. Conclusions


Acid-modified pyrolysis-recovered carbon black materials derived from post-consumer tires were prepared through a sulfonation process using concentrated sulfuric acid or BDS. The sulfonation procedure significantly influenced the properties of the acid-carbon catalysts. All sulfonated carbons exhibited high activity in the synthesis of solketal at 40 °C in a batch reactor. The functionalized rCB demonstrated excellent performance in glycerol acetalization, achieving a glycerol conversion rate of approximately 90% within just 30 min, with solketal selectivity exceeding 95%. The optimal results were obtained with samples treated with concentrated sulfuric acid for 3 h, achieving a solketal yield of around 90%.



Variations in glycerol acetalization performance were attributed to differences in structural parameters (e.g., surface area) and the presence of acidic functional groups (namely sulfonic and carbonyl). It was found that sulfonic groups are not the only active centers in glycerol acetalization and carbonyl groups also play a significant role. The BDS-modified rCB showed generally lower activity, likely due to partial pore blocking and limited access of reactants to the catalytic sites.



Reusability tests indicated that additional modification with glucose stabilized the acid-carbon catalytic system, enhancing the durability of the sulfonated pyrolytic recovered carbon black in a subsequent catalytic run.



The obtained results indicate a significant impact of the methods used for the acidic modification of carbon materials. The introduction of glucose into the modified materials, followed by incomplete carbonization and sulfonation, appears to be the most promising approach. Therefore, the subsequent research will focus on various methods of rCB acidification, considering the introduction of sulfuric acid at different stages of waste tire carbonization, as well as varying the time and amount of acidifying agents used. Particularly, the improvement in the stability of modified samples, as well as the role of ash presence on catalytic activity and the effect of its removal, will be the subject of future research.
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Figure 1. The influence of applied modification on the porosity of rCB samples: (a) nitrogen adsorption–desorption isotherms, (b) pore size distributions. 
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Figure 2. Scanning electron microscopy (SEM) images of initial rCB (a,b) and modified samples: rCB_SA_3h (c,d), rCB_SA_24h (e,f), rCB_BDS_20h (g,h), and G/rCB_SA_3h (i,j). 
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Figure 3. PXRD patterns of the initial rCB and modified samples. 
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Figure 4. The XPS survey spectra of indicated samples. 






Figure 4. The XPS survey spectra of indicated samples.



[image: Molecules 29 04102 g004]







[image: Molecules 29 04102 g005] 





Figure 5. High-resolution XPS S2p spectra of the selected rCB samples. 
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Figure 6. High-resolution XPS C1s spectra of the selected rCB samples. 
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Figure 7. FT−IR spectra of initial and modified rCB samples before the reaction cycle (initial catalysts). 
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Figure 8. TG (a) and DTG (b) analysis of rCB and selected modified samples (nitrogen atmosphere). 
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Figure 9. The influence of different methods of acidic group formation in rCB materials on glycerol conversion and selectivity to solketal, evaluated at 40 °C for 0.5 h. 
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Figure 10. The dependence of the density of acidic centers on glycerol conversion in the acetalization reaction. The density of acidic centers was calculated as acidity [mmol H+/g] divided by SBET [m2/g]. 
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Figure 11. The catalyst activity in 1st and 2nd reaction cycle. Acetalization reaction conditions of glycerol with acetone: acetone-to-glycerol molar ratio of 1:1, temperature 40 °C, time 0.5 h. 
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Table 1. Physicochemical characterization of the initial rCB and modified samples.
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	Sample
	Sulfonation Time [hour]
	Source of

-SO3H Group
	SBET a

[m2/g]
	Smicro b

[m2/g]
	Smeso c

[m2/g]
	Vtot d

[cm3/g]
	Vmicro e

[cm3/g

×10−4]
	D f

[nm]





	rCB
	-
	-
	75
	3
	72
	0.22
	0.35
	28.7



	rCB_SA_3h
	3
	H2SO4
	68
	13
	55
	0.19
	54.61
	31.1



	rCB_SA_24h
	24
	H2SO4
	91
	17
	74
	0.26
	71.47
	26.0



	rCB_BDS_20h
	20
	C6H7NO3S
	60
	3
	57
	0.20
	3.98
	28.6



	G/rCB_SA_3h
	3
	H2SO4
	111
	44
	67
	0.12
	196.74
	13.6







a SBET—BET specific surface area, b Smicro—micropore area from the t-plot method, c Smeso—external surface area (mesopore area) from the t-plot method, d Vtot—single point total pore volume at p/p0 = 0.99, e Vmicro—micropore volume from the t-plot method, f D—BJH desorption average pore diameter.













 





Table 2. The elemental composition, ash content, and total acidity obtained for the initial rCB and modified samples.






Table 2. The elemental composition, ash content, and total acidity obtained for the initial rCB and modified samples.





	Sample
	C

[wt.%]
	H

[wt.%]
	N

[wt.%]
	S

[wt.%]
	O a

[wt.%]
	Ash b

[wt.%]
	Total Acidity c

[mmol H+/g]
	Density of Acid Centers d

[mmol H+/m2 ×10−4]





	rCB
	68.5
	0.8
	0.1
	2.2
	2.9
	25.5
	0.1
	0.7



	rCB_SA_3h
	77.0
	0.9
	0.1
	2.3
	6.1
	13.6
	1.0
	14.0



	rCB_SA_24h
	69.7
	0.7
	0.1
	1.7
	6.1
	21.7
	0.9
	9.3



	rCB_BDS_20h
	72.4
	1.0
	0.3
	1.5
	4.2
	20.6
	0.5
	7.5



	G/rCB_SA_3h
	68.5
	1.7
	0.1
	2.3
	11.9
	15.5
	1.9
	17.1







a determined using a FLASH 2000 Thermo Scientific instrument; b calculated by the difference (100%-CHNSO%), c the total acidity of the materials was measured using a back titration method using Tashiro indicator, d density of acidic centers calculted as follows: total acidity [mmol H+/g] divided by SBET [m2/g].













 





Table 3. Elemental composition of selected rCB samples measured by XPS (in at.%).
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	Sample
	C
	O
	S
	Si
	Zn





	rCB
	74.0
	14.9
	2.2
	8.4
	0.5



	rCB_SA_3h
	76.4
	15.7
	3.9
	4.0
	0.0



	G/rCB_SA_3h
	69.9
	19.8
	3.9
	6.4
	0.0










 





Table 4. Results of the deconvolution of the S2p region, along with the relative atomic percentages of different sulfur species.
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Binding Energy

[eV]

	
Assignment

	
Sample




	
rCB

[%]

	
rCB_SA_3h

[%]

	
G/rCB_SA_3h

[%]






	
163.0–165.5

	
-C-S-C-

	
76.9

	
35.8

	
37.5




	
167.5 and 170.5

	
-C-SOx-C-

	
23.1

	
64.2

	
62.5











 





Table 5. Results of the deconvolution of C1s regions together with the relative atomic percentage of different carbon species.
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Binding Energy

[eV]

	
Assignment

	
Sample




	
rCB

[%]

	
rCB_SA_3h

[%]

	
G/rCB_SA_3h

[%]






	
284.5

	
C-C, C-H, C=C

	
65.4

	
69.0

	
65.3




	
285.9–286.1

	
C-O in phenol, alcohols, ethers, C-S

	
19.8

	
17.8

	
18.0




	
287.2–288.0

	
C=O in carbonyl and quinone

	
6.6

	
3.9

	
6.4




	
288.4–289.7

	
O-C=O in carboxyl, esters, carbonate

	
3.4

	
5.7

	
5.5




	
>291.0

	
π-π*

	
4.8

	
3.6

	
4.8











 





Table 6. Comparative analysis of the catalytic performance of carbon materials, including rCB materials, based on literature findings.
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	Catalyst
	Operating Conditions
	Catalytic Performance
	Ref.





	AC-S-18M
	a batch reactor

Gly:A molar ratio = 1:1, t = 6 h; RT;

2.7 wt.% of catalyst
	XGly = 64%,

SSolketal = 98%
	[83]



	AC-S-18M
	a batch reactor

Gly:A molar ratio = 1:4, t = 6 h; RT;

2.7 wt.% of catalyst
	XGly = 97%,

SSolketal = 96%
	[83]



	GC-1:2
	a batch reactor

Gly:A molar ratio = 1:3, t = 2 h; RT;

3 wt.% of catalyst
	XGly = 84%,

SSolketal = 90%
	[33]



	BS 9.2
	a batch reactor

Gly:P molar ratio = 1:10, t = 2 h; 55 °C;

0.2 wt.% of catalyst
	XGly = 90%,

SSolketal = 98%
	[19]



	SCS1
	a batch reactor

Gly:A molar ratio = 1:6, t = 2 h; 70 °C;

5 wt.% of catalyst
	XGly = 79%,

SSolketal = 76%
	[75]



	HSCS1
	a batch reactor

Gly:A molar ratio = 1:6, t = 2 h; 70 °C;

5 wt.% of catalyst
	XGly = 82%,

SSolketal = 98%
	[75]



	rCB_SA_3h
	a batch reactor

Gly:A molar ratio = 1:1, t = 0.5 h; 40 °C;

1 wt.% of catalyst
	XGly = 92%,

SSolketal = 96%
	This work



	G/rCB_SA_3h
	a batch reactor;

Gly:A molar ratio = 1:1, t = 0.5 h; 40 °C;

1 wt.% of catalyst
	XGly = 92%,

SSolketal = 97%
	This work







Gly—glycerol; A—acetone; P—propanone; XGly—glycerol conversion; SSolketal—selectivity to solketal; AC-S-18M—activated carbon (AC) prepared by chemical activation of olive stone wastes using 18 M aqueous H2SO4 under 100 °C for 15 h; GC-1:2—acidic carbon-based catalysts prepared by hydrothermal carbonization of a mixture of glycerin and sulfuric acid under 150 °C for 24 h, where the glycerol/H2SO4 mass ratio was 1:2; BS 9.2—B refers to bio-oil, S refers to sulfuric acid, and 9.2 is the mass ratio H2SO4/bio-oil; SCS1—thermally treated sulfonated carbon–silica meso composite; HSCS1—hydrothermally treated sulfonated carbon–silica meso composite; rCB_SA_3h—recovered carbon black from the pyrolysis of waste tires, treated with H2SO4 at 140 °C for 3 h; G/rCB_SA_3h—glucose-modified recovered carbon black from the pyrolysis of waste tires, treated with H2SO4 at 140 °C for 3 h.
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