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Abstract 

Bio-based glycerol and aldehydes have been valorised by acetalization reaction over novel macroporous sulfonated 

polystyrene-type resins (MR-SP20-SO3H and MR-SP50-SO3H). The influence of reactants molar ratio, catalyst 

amount, temperature, and reaction time on the activity and selectivity to acetals have been investigated. Results 

showed that MR-SP20-SO3H and MR-SP50-SO3H confirm a high performance in the acetalization of the glycerol 

derivatives 1,2- propandiol, 1,3-propandiol, 3-methoxy-1,2-propandiol and monoacetin; these catalytic systems enable 

recover and reuse.    
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1. Introduction 

The policies and regulatory requirements that are in force worldwide on the use of renewable energy, are ever more 

stringent. For example, the European Renewable Energy Directive set rules for EU to achieve a renewable target of 

32% by 2030. In this context, biodiesel fuel has attracted considerable attention as a biodegradable, clean burning, 

low toxic alternative fuel for diesel engines, which can be blended with fossil-based diesel conventional fuels.[1] 

Driven by these characteristics, the global biodiesel market has a reasonable growth pace. Though the biofuels industry 

has been strongly impacted by the Covid‑19 pandemic, with an 11.6% drop in 2020 from 2019’s record production 

(162 billion L, 41 billion L of which were biodiesel), the output has started to recover robustly in 2021. The fuel 

demand recovery and stronger market policies are anticipated to boost biofuel rebound by a further 4% in 2022, with 

a forecast of 45 billion L biodiesel production.[2] 

Biodiesel is a mixture of long-chain C10–C22 fatty acid methyl esters (FAMEs). Typically, biodiesel is industrially 

produced by base-catalyzed transesterification reaction of triglycerides from vegetable oils, animal fats or waste oils 

with an alcohol (i.e. methanol, ethanol).[3] Crude glycerol (Figure 1) is the byproduct of the reaction, and represents 

~10 wt % of the transesterification products. The biodiesel global production has therefore generated a large excess 

of glycerol, which inevitably affects the sustainability of biodiesel manufacturing. [4-5]  

Thus, the scientific community has directed great efforts towards the development of strategies [6-12] to convert 

glycerol into high added-value products such as fine chemicals, diols, polymer precursors, solvents, fuel additives, 

and flavouring agents. This is also driven by the favourable toxicological and eco-toxicological profile of glycerol, 

and by the current need for a transition towards a circular (bio)economy, where waste valorisation plays a pivotal 

role.[13]   

According to various authors, [9,14-25] crude glycerol might represent a suitable, abundant, and low-priced feedstock 

for biomass acetalization. 

Broadly speaking, acetalization denotes the nucleophilic addition of an alcohol or an ortho-ester to a carbonyl 

compound, in the presence of an acid catalyst, to afford acetals (or ketals) and water byproduct. [26-27] The catalytic 

acetalization of glycerol, as a tri-alcohol, with an aldehyde or a ketone typically generates a mixture of different cyclic 

acetals (ketals), consisting of six- or five-membered rings. Such compounds are valuable chemicals that can be used 

e.g. as fuel additives, “green” solvents, flavouring agents, plasticizers, or as building blocks for surfactants. [9,14-25]  



 

 

Figure 1. Scheme of this work. 

 

However, the synthesis of acetals (ketals) via traditional techniques is not considered a clean and efficient procedure, 

since the presence of water byproduct can suppress the yield due to the thermodynamic limitations, lead to side 

transesterification reactions, [7] and hamper the efficiency of the catalyst employed, specifically under heterogeneous 

catalytic conditions. 

In this study, the attention has been focused on the development of sustainable protocols for the use of glycerol 1a in 

the acetalization of a set of aldehydes derivable from lignocellulosic biomass. Specifically, we explored furan-based 

aldehydes 2a-2c (i.e., furfural, 5-methyl furfural and 5-hydroxymethyl furfural), which can be obtained from the 

polysaccharide fraction of the lignocellulose, [28] along with aromatic aldehydes such as benzaldehyde (5a), p-

anisaldehyde (5b), vanillin (5c), and trans-cinnamaldehyde (5d). These latter can be considered as model compounds 

from lignin depolymerization. [29] (Chart 1).  

We also explored the use of the glycerol-derivatives 1,2- propandiol (1b), 1,3-propandiol (1c), 3-methoxy-1,2-

propandiol (1d) and monoacetin (1e) as alcohols (Chart 1). The rationale behind the substrates’ choice is to realize 

fully renewable acetals (Chart 1), with mutual valorization of glycerol and lignocellulosic biomass. 
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Chart 1. Acetals and their precursors. 

 

Concerning the acidic catalyst, we focused on specifically designed heterogeneous systems based on sulfonic acid 

groups (-SO3H catalytic sites) immobilized on polystyrene-type (i.e. Merrifield’s type) [30] macroreticular resins. 

These resins comprise a polymer network obtained by employing a large and rigid 1,4-bis(4-vinylphenoxy)benzene 

cross-linker which replaces the 1,4-divinyl benzene used in traditional Merrifield’s counterparts.  The catalytic 

systems are a new introduction in the family of polystyrene-type resins (namely SPACeR) developed by us and have 

already proven to be efficient in biomass valorization processes, owing to the ability of the cross-linker to impart the 

resin a high compatibility with the highly oxygenated bio-based substrates. [31-37] 

2. Materials and Methods 

All reagents were purchased from commercial sources and used without further purification, unless otherwise noted. 

Commercial Amberlyst-15® (4.7 mmol SO3H/g, particle size < 0.3 mm) and commercial Dowex 50W-8X (4.4 mmol 

SO3H/g, particle size < 0.25 mm) were purchased at Sigma-Aldrich Co. Elemental microanalyses were performed 

using Elemental UNICUBE analyzer using atropine, 2,5-bis-2-(5-tertbutylbenzoxazol-yl)-thiophene (BBOT), and 

phenanthrene as a reference standard, with an accuracy of ca. 2 µmol g−1. GLC analyses were performed by using 

Hewlett–Packard HP 5890A instrument equipped with a capillary column DB-35MS (30 m, 0.53 mm), an FID detector 

and hydrogen as gas carrier. GLC-EIMS analyses were carried out by using a Hewlett–Packard HP 6890 N Network 

GC system/5975 Mass Selective Detector equipped with an electron impact ionizer at 70 eV. High resolution scanning 



electron microscopy (HR-SEM) images were taken with a field-emission scanning electron microscope (Auriga, 

Zeiss) operated at 8 kV. 

Specific surface area, total pore volume and average pore size were measured by nitrogen adsorption/desorption 

isotherms at −196 °C using a N2 adsorption Micromeritics Triflex analyzer (Micromeritics Instrument Corp); data 

were acquired in the p/p0 range from 0.01 to 0.99. Isotherm analyses were performed using the 3Flex Version 4.05 

software. Samples were previously outgassed at 200 °C for 4 h 

. Fourier-transform infrared (FTIR) analyses were carried out with a Bruker Vertex 70 spectrometer (Bruker Optik 

GmbH) equipped with a single reflection Diamond ATR cell. Thermogravimetric (TG) analyses were performed using 

an SDT Q600 (TA Instruments) analyzer. 

2.1. Catalysts’ preparation 

2.1.1. Synthesis of macroreticular resin MR-SP. 

A solution of polyvinyl alcohol (PVA, Mw= 31.000-50.000; 1.5 g, 1.5 wt %) and NaCl (4.5 g, 4.5 wt%) in distilled 

water (100 mL) was introduced in a three-neck flat bottom cylinder-shaped glass vessel. Next, the mixture was heated 

at 40°C under mechanical stirring and N2 flux. A pre-mixed solution of styrene (2.4 g, 22.9 mmol or 1 g, 9.6 mmol) 

and azobisisobutyronitrile (AIBN, 0.1 g; 0.62 mmol, 4.4 wt%) in toluene (1mL) was then added under stirring and the 

resulting mixture was kept at 65 °C for 1 h. After that, a pre-heated (65°C) solution of 1,4-bis(4-vinylphenoxy) 

benzene (1.8 g, 5.73 mmol or 3 g, 9.6 mmol) in 9 mL of toluene-cyclohexanol (1:1 v/v) was introduced into the vessel 

under stirring. The reaction system was kept under mechanical stirring at 65 °C for 24 h. After the reaction completion, 

the resin beads were filtered under vacuum, and then washed with water (6 h), THF (6 h) and hexane (6 h) by using a 

Soxhlet apparatus. Finally, the polymer was dried by a vacuum pump. 

2.1.2. Synthesis of –SO3H functionalized MR-SP resins. 

The previously synthesized polystyrene resin (0.5 g) was dried over-night at 50 °C. Then, a swelling agent was added 

(CH2Cl2, 2 mL), and the system was kept under stirring for 1h at 60°C. After the CH2Cl2 removal, 2.5 mL of 37% 

H2SO4 (0.09 mmol g−1 of polymer) were added dropwise at 0 °C, and the system was subsequently heated and kept at 

60 °C for 24 h.  After the reaction time, the mixture was cooled to r.t., and the obtained MR-SP-SO3H was filtered, 

washed with water (10 h) using a Soxhlet apparatus, and dried overnight under vacuum at 80 °C. The degree of 



functionalization for MR-SP20-SO3H and MR-SP50-SO3H catalysts was determined by elemental analysis The ionic 

exchange capacity (IEC) was calculated by titration method (see Table S2 in ESI). 

2.1.3. Representative experimental procedure for the acetalization of aldehydes 2 and 5 with alcohols 1 

The catalytic experiments were performed in vials equipped with a polytetrafluoroethylene (PTFE)-coated magnetic 

stirring bar. In a typical procedure, 1 or 5 mmol of alcohol 1a-d, catalyst (5 mol % or 15 mol%), 1 mmol of aldehyde, 

and 50 wt % of molecular sieves (4Å) were added to the reactor. The reactor was kept in a thermo-statically controlled 

oil bath heated at either T=50 °C or 100 °C.  The reaction mixture was kept under inert atmosphere. After the reaction 

time completion, the mixture was cooled down to room temperature, the catalyst was filtered, and washed with 4 mL 

of ethyl acetate. The reaction was monitored by GLC-EIMS analysis. 

3. Results and discussion 

In the following section, we report the synthetic procedure as well as the chemical-physical and morphological 

properties of the novel macroreticular resins prepared with different degrees of cross-linkers (20% and 50%). Next, 

the catalytic activity of both systems is illustrated in terms of catalyst amount, reactants’ molar ratio, reaction 

temperature and time, and compared with benchmark commercial acidic resins. The section is continued by discussing 

about the correlations between the catalyst structure and its efficiency. 

3.1. Synthesis and characterization of sulfonated macroreticular resin catalysts (11 a,b) 

Scheme 1 depicts the general route followed for the synthesis of the acidic macroreticular heterogeneous catalysts 

11a-11b. First, MR-SP20 (10a) and MR-SP50 (10b) resins were prepared by free radical copolymerization between 

styrene (8) and 1,4-bis(4-vinylphenoxy) benzene (9, 20mol% or 50 mol%) in the presence of azo-bis-isobutyronitrile 

(AIBN, 4 wt%) as initiator, and using ciclohexanol/toluene mixture (1:1 volume ratio) as porogen system. As a result 

of SEM connecting to the morphological characteristics and bead size of 10a and 10b, polyvinyl alcohol (PVA) acted 

as the optimal stabilizer in the synthesis of aforementioned copolymers (Table S1). It is noteworthy to mention here 

that, during the polymerization reaction, the aggregation of polymer microgel colloids (through primarily 

intramolecular crosslinking reactions) is responsible for the permanent porosity characteristics for a macroreticular 

resin; several studies have widely demonstrated that microgels formation is strongly dependent on the chemical 

affinity between the polymeric phase and the porogen.[38] Therefore, to increase swelling of styrene-based polymers 

in a porogenic solvents and ‘solvent porosity’ within the resin, toluene was selected as porogen. Moreover, it is known 



that cyclohexanol ensures a good phase separation, which is expected to aid the formation of a pore structure with the 

morphology of a typical macroreticular resin.[39] A spherical form of the polymer beads was achieved by addition of 

the cross-linker in a single shot, after one hour from the beginning of the styrene polymerization (Table S1, entries 2 

and 4) [40]. In addition, good internal and external morphology of the polymer beads were achieved (Table S1, entries 

2 and 4). 
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Scheme 1. General synthetic approach to catalysts 11a and 11b. aCross-linking. 

 

Further support was given by two bands at ∼1150 and ∼1200 cm−1, which were assigned to the asymmetric and 

symmetric S=O stretching of sulfonic groups, respectively. The spectrum of bare resin 10a (Figure S1) is reported for 

reference. Thermogravimetric analysis (Figure S2) indicated that 11a and 11b have good thermal stability up to 

~175°C and ~200°C, respectively, i.e. the temperatures at which begins the loss of sulfonic groups. 

 



 

Figure 2. Representative SEM images of external and internal morphologies of MR-SP20-SO3H (A, C) and MR-

SP50-SO3H (B, D).    

 

3.2. Acetalization of furan-containing aldehydes (2a-c) 

Catalyst screening. The activity of the novel catalytic systems (11a and 11b) was tested in the reaction between 

glycerol (1a) and furfural (2a) to give (2-(furan-2-yl)-1,3-dioxolan-4-yl)methanol (3a, Figure 3), an important added 

value acetal having specific chemical-physical properties which make it suitable as fuel additive. [19, 22, 41] 

At this stage, it is worthy to highlight that, based on previous findings, [34] the reaction was performed in the presence 

of molecular sieves (4Å) and under inert gas (N2,) to trap produced water from the system, and, hence, enhancing the 

process efficiency. The screening was carried out under solvent-free conditions, by employing fivefold excess glycerol 

and 5 mol% amount of catalysts at 100 °C (Table S3, Figure 3). Under these conditions, catalyst MR-SP20-SO3H 

(11a) has proved to be very efficient, providing furfural conversion into products up to ~90% in a short time (4h). 

(Table S3, entry 1). 

Under the same conditions, MR-SP50-SO3H (11b) demonstrated a lower efficiency, enabling a maximum 70% 

conversion of 2a into products (Table S3, entry 2). The decrease in conversion might stem from, at least in part, the 

higher degree of cross-linking of 10b compared to 10a, that confers the resin a higher rigidity, ultimately leading to a 

poorer reactants’ accessibility to the catalytic sites. 
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Figure 3. Catalyst screening for the acetalization of furfural (2a) with glycerol (1a). Reaction conditions: 1a:2a=5:1, 

5 mol% catalyst, 100°C, 4h.  Data obtained by GLC and GLC-EIMS analyses.    

 

More importantly, the reaction was also performed using commercially available macroreticular Amberlyst-15 and 

gel-type Dowex 5WX8 as benchmark polystyrene-based catalytic systems. In addition, the activity of 11a and 11b 

was compared with that of SP-SO3H_A, i.e., a gel-type catalyst previously developed by our group, which possesses 

the same cross-linker of 11a and 11b, namely 1,4-bis(4-vinylphenoxy) benzene [34] (Table S3, entries 3-5). 

As a result of comparison, macroreticular catalysts enabled better results in terms of 2a conversion towards the 

products compared to gel-type resins. However, the selectivity achieved was similar (Table S3, entries 1-3 vs 4 and 

5, respectively).  

Interestingly, Amberlyst-15 gave a lower 2a conversion (78% vs 88%, Table S3) and a poorer selectivity towards 3a 

(64% vs 75%) compared to MR-SP50-SO3H 11a. Since Amberlyst-15 used in this study has also a cross-linking 

degree of ~20% (see Experimental section), the enhanced efficiency may be ascribed to the presence of 1,4-bis(4-

vinylphenoxy) benzene cross-linker in 11a. On the other hand, by comparing the results of using the two gel-type 

resins it was demonstrated that SP-SO3H_A assured a better catalytic efficiency (60% conversion of 2a, 80% 

selectivity towards 3a). This might be attributed, at least to some extent, to the different type of resins’ cross-linking. 



In fact, Dowex 50W-8X features 1,4-divinylbenzene (DVB) as cross-linker, which is less polar and smaller than the 

1,4-bis(4-vinylphenoxy) benzene in SP-SO3H_A, likely leading to a hindered access of reactants to the catalyst sites. 

To certify catalytic activity of the systems, almost negligible 2a conversion was observed in the absence of catalyst 

(Table S3, entry 6).  

On these bases, MR-SP20-SO3H (11a) was chosen for the optimization study of this reaction. Catalytic efficiency was 

evaluated by varying key parameters such as 1a:2a molar ratio, catalyst amount, temperature, and reaction time. The 

most significant data are presented in Table S4. 

As it is possible to observe in Figure 4A, the use of a fivefold excess of 1a rather than equimolar amount of 1a and 2a 

allows a higher conversion of 2a (88% vs 42%, Table S4, entries 4 and 8). On the other hand, no variation in the 

selectivity towards 3a (75%) was noted (Figure 4A, inset). 

 

 

 

 



 

Figure 4. Influence of experimental conditions on the MRSP20SO3H activity for the acetalization of 2a with 1a. (A) 

Effect of the mole ratio on conversion of 2a into 3a and 4a and on selectivity towards 3a. Reaction conditions: 5 mol% 

catalyst, 100°C; (B.) Effect of temperature on conversion of 2a into 3a and 4a and on selectivity towards 3a. Reaction 

conditions: 1a:2a= 5:1, 5 mol% catalyst. (C.) Effect of catalyst amount on conversion of 2a into 3a and 4a (plot c1) 

and on selectivity towards 3a (plot c2). Reaction conditions: 1a:2a= 5:1, 100°C.  

 

On the other hand, by lowering the reaction temperature from 100 °C to 50 °C (Figure 4B), the catalyst has proved 

to be less efficient, enabling a maximum conversion of 68% (Table S4, entry 2), though no relevant effect in the 

selectivity towards 3a was observed (Figure 4B, inset). When the catalyst amount was increased from 5mol% to 15 

mol%, furfural 2a rapidly converted into a dark insoluble solid, and no acetalization product was observed. Indeed, 

the combination of more acidic conditions and relatively high temperatures, caused the degradation of 2a (Figure 4C 

and Table S4, entry 5).  

The optimal result in terms of both conversion and selectivity, therefore, was achieved by using 5:1 1a to furfural 

molar ratio and 5 mol% of 11a catalyst at 100 °C. There was negligible internal mass transfer effect associated with 

this process. In fact, under the optimal reaction conditions, the activity of the catalyst in its original bead shape was 

essentally the same as the powder form, which was obtained by grinding the beads on a mortar.  

Substrate scope. To broaden the scope of catalyst 11a, the optimized reaction protocol was extended to other 

substrates. For the aldehydes, we used 5-hydroxymethyl furfural (2b) and 5-methylfurfural (2c). For the alcohols, 

besides glycerol 1a, we considered 1,2-propandiol, (1b) 1,3-propandiol (1c) and 3- methoxy-1,2-propandiol (1d). The 

corresponding acetals 3b-i [18, 23] and 4b-d are reported in Scheme 3.  

Scheme 2 shows that the catalyst 11a confirmed a high efficiency in the reaction of furfural 2a with the three diols 

1b-1d, enabling good conversion values into products 3b-3c and 4d (75-87%). The reaction of 5-hydroxymethyl 



furfural (2b) with 1a-1d also gave satisfactory results, enabling the efficient formation of acetals 3d, 3e, 3f and 4c 

(72-83%). However, poor selectivity towards the five-membered ring acetal was observed with glycerol 1a (54%). 

(Scheme 2). The use of 5-methylfurfural (2c) required a further tuning of the reaction conditions, and optimal results 

were obtained by decreasing the reaction temperature to 50°C and employing an equimolar amount of reactants. Under 

these conditions, 11a enabled aldehyde conversion values in the range 62%-78%, with a selectivity of 80% towards 

the five-membered acetal when using glycerol (Scheme 2). 
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Scheme 2. Synthesis of furan-based acetals (3b-i, 4b-d) using catalyst 11a. aConversion data obtained by GLC 

analyses. Selectivity in parenthesis. Reaction conditions: 5 eq. of 1a-c, 5 mol% catalyst, 100°C, 4h. b Reaction 

conditions: 1 eq. of 1a-c, 5 mol% catalyst, 50 °C, 4h. 

 

Catalyst recycling. Applying the optimal conditions for acetalization of 2a and glycerol (Table S4, entry 4), the 

recycling of catalyst 11a was studied.  After the first run, the catalyst was separated from the reaction mixture by 

filtration, washed with ethyl acetate, dried overnight under vacuum, and reused. The catalysts substantially retained 

its efficiency after three representative consecutive runs (Table 1). 



 

 

Table 1. Recycling of MR-SP20-SO3H.a      

Entry Run C (%)b S(%)b 

1 I 88 75:25 

2 II 88 74:26 

3 III 86 74:26 

a Reaction conditions: 5 eq. of 1a, 5 mol% catalyst, 100°C, 4h. b Data obtained by GLC analyses. 

 

3.3. Acetalization of benzaldehyde (5a) and derivatives (5b-d). 

Catalyst screening. Based on the satisfactory results obtained for the acetalization of furan-based aldehydes, we 

explored the acetalization benzaldehyde (5a) with glycerol (1a), targeting (2-phenyl-1,3-dioxolan-4-yl)methanol (6a), 

typically used as fragrance, and having chemical-physical characteristics which may enable its use as solvent (Figure 

5).[42]   

A major challenge in this transformation [43] is to achieve good selectivity towards acetals 6a or 7a. In fact, 

benzaldehyde easily undergoes oxidation in the presence of acidic water. Therefore, the combined use of molecular 

sieves and nitrogen flow was of crucial importance to scavenge produced water in the reaction.  By performing the 

reaction in the presence of 11a (5 mol%) and using a 5:1 1a:5a molar ratio, under solvent-free conditions, a 

benzaldehyde conversion of 94% and a selectivity towards 6a of 80% was achieved after 4h. (Table S5, entry 1). 

Under the same conditions, catalyst MR-SP-50SO3H (11b) showed a comparable efficiency, enabling a benzaldehyde 

conversion of 90% and a selectivity towards 6a of 78% (Table S5, entry 2). No traces of benzoic acid were detected 

in both cases. The study of the effect of the change of the mole ratio of 1a to 5a on the reaction outcome enabled the 

identification of an interesting trend. In fact, it was found that by employing an equimolar amount of 1a and 5a, both 

the 5a conversion (84%) and selectivity towards 6a (72%) decreased over 11a (Table S5, entry 1). Moreover, the 

formation of a small percentage of benzoic acid was observed (4%). On the other hand, 11b enabled a selectivity of 



84% towards 6a, and a total selectivity towards acetals was maintained, though a slight decrease in 5a conversion 

(85%) was observed (Table S5, entry 2). For comparison purposes, the reaction was also carried out using Amberlyst-

15. In this case, poorer conversions were obtained by using both 5:1 1a:5a and 1:1 1a:5a molar ratio (85% and 67%, 

respectively), though the selectivity towards 6a remained comparable (~80%). Notably, when using an equimolar 

amount of reactants, Amberlyst-15 behaved similarly to 11a, leading to the formation of benzoic acid (7%). (Table 

S5, entry 3). Reference gel-type catalysts Dowex 5WX8 and SP-SO3H_A also gave less satisfactory results (Table 

S5, entries 4 and 5). 

 

 

Figure 5. Catalyst screening for the acetalization of benzaldehyde (5a) with glycerol (1a). Reaction conditions: 

1a:5a=1:1, 5 mol% catalyst, 100°C, 4h.  Data obtained by GLC and GLC-EIMS analyses. 

 

Therefore, 11b was chosen for the continuation of this study. The advantage of using 11b is that the use of excess 

glycerol is avoided.    

The MR-SP-50SO3H catalytic efficiency was further studied by varying key parameters such as catalyst amount, 

temperature, and reaction time. The most significant data are presented in Table S6. 

 



 

    

 

 

Figure 6. Influence of the experimental conditions on MRSP50SO3H activity in the acetalization of 5a. A.) Effect of 

temperature on conversion of 5a into 6a and 7a and on selectivity towards 6a. Reaction conditions: 5a:1a= 1:1 molar 

ratio, 5 mol% catalyst. B.) Effect of catalyst amount on conversion of 5a into 6a and 7a and on selectivity towards 6a. 

Reaction conditions: 5a:1a= 1:1 molar ratio, 100°C. 

 

For example, the decrease of the reaction temperature from 100°C to 50 °C (Figure 6A) gave a lower conversion value 

(34%, 1h and 63% 4h; Table S6, entry 5). On the other hand, a comparable selectivity towards 6a was observed after 



4h (Figure 6A, inset). Using 15%mol of 11b, a lower 5a conversion was observed (66%) (Figure 6B, plot b1; Table 

S6, entry 8). Selectivity towards 6a is closely comparable (Figure 6B, inset). Interestingly, by employing a 1:1 1a:5a 

molar ratio, reaction time exerted a clear influence on selectivity towards 6a, with maximum values achieved at shorter 

reaction times (Table S6, entries 5-8).   

Consequently, the prime results in terms of both 5a conversion (85%) and selectivity towards 6a (94%) was reached 

by using 1:1 1a to benzaldehyde molar ratio and 5 mol% of 11b catalyst at 100 °C, after 1h. 

Substrate scope. The optimized protocol was also extended to other substrates. For the aldehydes, we used p-

anysaldehyde (5b), vanillin (5c), and trans-cynnammaldehyde (5d). For the alcohols we considered 1,2-propandiol 

(1b), 1,3-propandiol (1c), 3-methoxy-1,2-propandiol (1d) and 3-acetoxy-1,2-propandiol (1e). The corresponding 

acetals 6 [19, 21, 24] and 7 are reported in Scheme 3.  
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Scheme 3. Acetalization of aromatic aldehydes 5a-5d with 1a-1e, over catalyst 11b. Selectivity in parenthesis. 
aReaction conditions: 1 eq. of 1a-d, 5 mol% catalyst, 100°C. b Reaction conditions: 5 eq. of 1a-d, 15 mol% catalyst, 

100°C 

 

Catalyst 11b confirmed a high efficiency in the reaction of benzaldehyde 5a with all the diols under investigation, 

except 1e, for which a still acceptable 52% was achieved.  

The use of p-anysaldehyde (5b), vanillin (5c), and trans-cynnammaldehyde (5d) required a further tuning of the 

reaction conditions, and optimal results were obtained by using a five-fold excess alcohol and increasing the catalyst 

amount (15 mol%). Under these conditions, 11b enabled aldehyde conversion values in the range 46%-91%, with 

selectivities   towards the five-membered ring acetals of ~80% when using glycerol.  

In all cases, no oxidation by-products were observed. 

Catalyst recycling. By using the optimal conditions for the reaction between 5a and glycerol (Table S6, entry 7), the 

recycling of catalyst 11b was investigated. After the first run, the catalyst was separated from the reaction mixture by 

filtration, washed with ethyl acetate, dried overnight under vacuum, and reused. The catalyst substantially retained its 

efficiency after three representative consecutive runs (Table 2). 

 

Table 2. Recycling of MR-SP50-SO3H.a      

Entry Run C (%)b S (%)b 

1 I 85 94:6 

2 II 85 94:6 

3 III 84 92:8 

a Reaction conditions: 1:1 1a:5a, 5 mol% catalyst, 100 °C, 1 h. bData obtained by GLC analyses. 

 

4. Conclusions 

We have introduced a novel class of highly-spaced macroreticular sulphonated resins (MR-SP20-SO3H and MR-

SP50-SO3H) as heterogeneous catalysts. The new acidic resins feature the 1,4-bis(4-vinylphenoxy)benzene cross-



linker, which is larger and more polar than the 1,4-divinyl benzene cross-linker typically used for classic Merrifield 

resins. Their catalytic activity was investigated in the acetalization reaction of bio-based aldehydes with glycerol and 

its derivatives, aiming at the mutual valorisation of glycerol and lignocellulosic biomass, in the frame of a circular 

bio-economy approach. Generally, they have proven to be efficient and versatile catalyst systems for a broad range of 

substrates. 
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Appendix A. Supplementary data 

The following is Supplementary data to this article: Table S1: Data for the synthesis of copolymers MR-SP20 (10a) 

and MR-SP50 (10b) and their chemical-physical and morphological characteristics; Table S2: Microanalytical data, 

acid capacity, and textural properties of 11a,b; Figure S1: FTIR patterns of 11a,b and bare resins 10a;  Figure S2: 

TGA plots for 11a,b; Table S3: Catalyst screening for the reaction between glycerol 1a and furfural 2a; Table S4: 

Catalytic activity of MR-SP20-SO3H (11a) in the reaction between glycerol (1a) and furfural (2a). Table S5: Catalyst 

screening for the reaction between glycerol (1a) and benzaldehyde (5a). Table S6:  Catalytic activity of MR-SP50-

SO3H (11b) in the reaction between glycerol (1a) and benzaldehyde (5a). 
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